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Proteins and enzymes

Get the most from this book

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

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

Prorknowledge
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Test yourself on prior knowledge
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1 Give one way in which the composition of an amino acid differs from that of a
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bond that links
3 What makes one protein different from another?.

4 Other than speeding up a reaction, Eive two properties common to catalysts.
B =
results in each enzym
a) catalysing only one lype of reaction

b) being affected by high temperatures.

| The proteins and peptides of cells

Proteins make up about two-thirds of the total dry mass of a cell. These organic
molecules differ from carbohydrates and lipids in that they contain the clemer
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Amino acids, the building blocks of peptides
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The linking of amino acids together in different produces
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How amino acids combine

Peptide bond A covalent
bond between the amino
group of one
In the presence of an appropriace enzyme, two amino acids combine in a condensation
reaction to form a dipeptide. During this reaction, a covalent bond known as a peptide

acid and nffEa
bond forms between the amino group of one amino acid and the carboxyl group of the
other (Figure 2.2).

condensation eacton.

Key terms and formulae

.

These are highlighted in the text and

Examples

Examples of questions and

alculations feature full workings
and sample answers

Get the most from this book
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Test yourself questions -

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

Activities and Core —
practicals

These practical-based activities
will help consolidate your learning
and test your practical skills.
Edexcel's Core practicals are

clearly highlighted.

In this edition the authors describe
many important experimental
procedures to conform to recent

14 Name the membrane that surrounds the vacuole in a plant cell.
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changes in the A level curriculum.

Teachers should be aware that, although there is enough information to
inform students of techniques and many observations for exam purposes,
there is not enough information for teachers to replicate the experiments
themselves, or with students, without recourse to CLEAPSS Hazcards or
Laboratory worksheets which have undergone a risk assessment procedure.

Exam practice

questions

You will find Exam practice
questions at the end of every
chapter. These follow the

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

Exam practice questions

@ 1 The graph shows the effect of temperature on the

rate of an enzyme-catalysed reaction.

‘Which of the following statements is true about

the graph?

A The enzyme starts to become denatured at
point W,

B The enzyme starts to become denatured at
point X.

C The enzyme starts to become denatured at
pointY.

D The enzyme starts to become denatured at
point Z.

2 Denaturation involves breakage of which types of bond?
A Hydrogen bonds, ionic bonds and peptide bonds
B Disulfide bonds, hydrogen bonds and peptide bonds

weakly acidic solution?
A It will not ionise.

B It will ionise as an anion.
C It will ionise as a cation.

D It will ionise as a zwitterions.

4 Collagen and hacmoglobin are two different proteins. Exphin one way
in which the structure of each molecule is adapted for its function,

5 The diagrams represent four different types of molecule important in
biology. Identify cach type of molecule.

0 4
temperature"C

)

“
Question 4 tests recall
with understanding (AO1).
Note that the command
word is ‘explain’ a simple:
description of each
molecule will not gain full
marks.

Tips
These highlight important facts,
common misconceptions and
signpost you towards other relevant
topics.

Question 5 tests recall
with understanding (A01)
from Chapters 1 and 2.

Dedicated chapters for developing your Maths and Preparing for your

exam are also included in this book.

Get the most from this book ’




Introduction

Welcome to Edexcel A level Biology 1. This book has
been written to cover the content of the first year of
the Pearson Edexcel Level 3 Advanced GCE in Biology
B (9BIO0). Since the subject content is the same, it also
covers the content of the Pearson Edexcel Level 3
Advanced Subsidiary GCE in Biology B (8BIO0).

The first twelve chapters of this book cover the
essential concepts, facts, principles and terminology of
the four Biology topics in the AS qualification and the
first year of A level course. The final chapters contain
advice about developing skills that are assessed in your
final examinations. Since you will need to put into
practice the principles they contain, you are advised

to read these final chapters at the start of your course.
You will also find it useful to dip into them during the
course, especially when preparing your examination
strategy.

The biological content of each chapter has been
written to ensure you cover everything that you can
be expected to recall with understanding in your
examinations. To help you and to encourage you

to take an active part in your learning, the chapters
contain the following features.

o Clear definitions of technical terms that you will be
expected to understand and use correctly.

o Tips that offer reminders, hints or warnings.

o Regularly spaced Test yourself questions that
encourage recall and understanding.

o Activities that encourage you to apply your
knowledge, analyse information and make
judgements.

At the end of each chapter you will find a series

of Exam Practice Questions. By simulating the

types of questions that you will encounter in your
examinations, these questions will help you to develop,
and maintain, the skills that will be assessed. To help
you further, these questions have been graded to
indicate their accessibility level (8 = AS/A level grade
E-C, @ = AS grade C-A/A level grade C and @ =
AS grade A/A level grade C—A). In addition, each
chapter contains Stretch and challenge questions. Some

of these are similar to questions in an A level paper
that are targeted at the more able students. Others
encourage you to use the learning resource centre in
your college or school to carry out further research.
Don’t feel you have to do this alone; group research
will develop your skills and can be more satistying
than working alone.

Practical work is an essential part of science. The
Edexcel Biology specification contains core practicals
that you are expected to carry out and on which you
can be tested in examinations. This book covers these
core practicals in a way that will encourage you to
think about what you are doing, make comments on,
or develop practical procedures, analyse results and
make judgements. Again, these are all skills that can be
assessed in your examinations.

Above all else, Biology is a fascinating subject which
we hope you enjoy. We hope that some of our own
enjoyment of Biology is reflected in this book and in
the supporting material.

Acknowledgements
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Introducing the chemistry of life

Prior knowledge

In this chapter you will need to recall that:

=» carbohydrates contain the chemical elements carbon, hydrogen and oxygen in the ratio C,(H,0)

=» carbohydrates include simple sugars, such as glucose, and complex carbohydrates, such as
cellulose and starch

=» simple sugars are used in respiration; complex carbohydrates might be glucose stores (starch) or
structural components of cells (cellulose)

=> lipids also contain the chemical elements carbon, hydrogen and oxygen, but there is much less
oxygen in lipids than in carbohydrates

=> lipids can be useful storage compounds and can also be structural components of cells

=» inorganic ions are present in the cytoplasm of cells and in body fluids; each type of ion has a
specific function

=» water is essential for life and most of the mass of an organism comprises water

=» water is a reactant in many cell reactions; these reactions also occur in solution in water.

Test yourself on prior knowledge

1 Give one way in which the composition of a carbohydrate molecule is similar to
that of a lipid and one way in which it is different from that of a lipid.

y

2 Name one type of carbohydrate used for energy storage in an animal and one
used for energy storage in a plant.

3 How do animal lipids differ from plant lipids at room temperature?
4 Give two functions of lipids.

5 Calcium ions are essential for healthy growth in animals and plants. Give one
function of calcium ions in humans and one function of calcium ions in plants.

6 In cells, water is a reactant in hydrolysis reactions and in condensation reactions.
Describe the difference between these two types of reaction.

| Some basic concepts

Chemical elements are the units of pure substance that make up our world. The
Earth is composed of about 92 stable elements; living things are built from some
of them. Table 1.1 shows a comparison between the most common elements in the
Earth’s crust and in us. You can see that the bulk of the Earth is composed of the
elements oxygen, silicon, aluminium and iron. Of these, only oxygen is a major
component of our cells.

Some basic concepts °



key terms [

Atom The smallest part
of an element that can

take part in a chemical
change.

lons Charged particles
formed when atoms

gain or lose electrons.
Cations are positively
charged, whereas anions
are negatively charged.

Acid A compound that
releases hydrogen
ions in solution. Acidic
solutions have a pH
value below 7.

Table 1.1 Most common elements

Oxygen 47.0 Hydrogen 63.0
Silicon 28.0 Oxygen 25,5
Aluminium 7.9 Carbon 9.5
Iron 4.5 Nitrogen 1.4
Calcium S5 Calcium 0.3
Sodium 2.5 Phosphorus 0.2

In fact, about 16 elements are required to build up all the molecules of the cell, and are
therefore essential for life. Consequently, the full list of essential elements is a relatively
short one. Furthermore, about 99 per cent of living matter consists of just four elements:
carbon, hydrogen, oxygen and nitrogen.

The elements carbon, hydrogen and oxygen predominate because living things contain
large quantities of water, and also because most other molecules present in cells and
organisms are compounds of carbon combined with hydrogen and oxygen, including
the carbohydrates and lipids. We will examine the structures and roles of carbohydrates
and lipids shortly.

The element nitrogen is combined with carbon, hydrogen and oxygen in compounds
called amino acids, from which proteins are constructed (Chapter 2). First, we will
introduce some inorganic ions essential for organisms, and then discuss water.

Atoms, molecules and ions

The fundamental unit of chemical structure is the atom. Atoms group together to form
molecules and molecules are the smallest part of most elements or compounds that can
exist alone under normal conditions. For example, both oxygen and nitrogen naturally
combine with another atom of the same type to form a molecule (O, and N,, respectively).

If an atom gains or loses an electron, an ion is formed. Depending on their charge, ions
migrate to the poles of an electric field. Positively charged ions migrate to the negative
pole (cathode) and so are called cations. In contrast, negatively charged ions migrate to
the positive pole (anode) and so are called anions.

Acids and bases

An acid is a compound that releases hydrogen ions in solution. We are familiar with
the sharp taste that acids such as lemon juice or vinegar give to the tongue. These are
relatively weak acids, weak enough to use on foods. The stronger the acid the more
dangerous and corrosive it is, and the more hydrogen ions it releases. An example of a
strong acid is hydrochloric acid. In water, this acid dissociates completely. The word
dissociate means ‘separates into its constituent ions’

HCI — H* + Cl”
hydrochloric acid hydrogen chloride
ion (proton) ion

1 Introducing the chemistry of life



With organic acids such as citric acid (present in lemon juice) and ethanoic acid (found
in vinegar), which we recognise as weak acids, relatively few molecules dissociate, and
few hydrogen ions are present:

C,H,COOH — CH.COO~ + H'
ethanoic acid ethanoate hydrogen
ion ion (proton)

A base 1s a compound that can take up hydrogen ions in solution. In doing so it can
neutralise an acid, forming a salt and water in the process. Many bases are insoluble in
water. Those that are soluble in water are called alkalis. Examples of strong bases (that
are also alkalis) are sodium hydroxide and potassium hydroxide. Strong alkalis, like
strong acids, are completely dissociated in water:

NaOH — Na* + OH~
sodium hydroxide sodium hydroxide
ion ion

pH and buffers

pH is a measure of the acidity or alkalinity of a solution. Strictly, pH is a measure of the
hydrogen ion concentration. Since these concentrations involve a very large range of
numbers, the pH scale uses logarithms:

pH = —log,,H" concentration

The pH value of pure water is 7. A solution with a pH value less than 7 is acidic; strong
acids have a pH value of O to 2. A solution with a pH value more than 7 is alkaline;
strong alkalis have a pH value of 12 to 14.

pH can be measured experimentally, either using an indicator solution or a pH meter.
For example, universal pH indicator is a mixture of several different indicators, and
changes colour with the pH, as shown in Figure 1.1.

pH strong acid weak acid neutral weak alkali
number o 1 2 3 4 5 6 7 8 9 10

Base A compound that
can take up hydrogen
ions in solution. Basic
solutions have a pH
value above 7.

Remember when dealing
with logarithmic values
that a value of

2 (log,,100) is ten
times greater than a
value of 1 (log, 10),
not two times greater.

strong alkali
12 13 14

dilute orange sea water washing soda
. € blood ;
hydrochloric lemon juice (sodium carbonate)
acid juice ‘clean’ milk concentrated
(citric acid) ; . sodium
Eogcenglratgd rain water ija;gecreatlc hydroxide
yldroc oric vinegar pure .

aci (ethanoic acid) water [saliva

-

‘acid rain’

Figure 1.1 The pH scale of universal pH indicator solution

Some basic concepts °




ey term I

Buffer solution

A solution that resists
changes in pH; usually a
mixture of a weak acid
and one of its soluble
salts.

Metabolism All the
chemical reactions
that occur within an
organism.

pH is very important in living organisms, largely because pH affects the shape of enzymes,
almost all of which are proteins (page 34). In a mammal’s body there are mechanisms that
stabilise pH at a value just slightly above pH 7.0. If the pH varies much from this value this
lack of stabilisation is quickly fatal. For plants that obtain essential mineral ions from the
soil solution, the pH of the soil affects the availability of the ions for absorption.

A buffer solution is one that will resist pH change when diluted, or if a little acid or
alkali is added. Many buffers used in laboratory experiments contain a weak acid (such
as ethanoic acid and one of its soluble salts, for example sodium ethanoate). In this case,
if acid is added, the excess hydrogen ions are immediately removed by being combined
with ethanoate ions to form undissociated ethanoic acid. Alternatively, if alkali is
added, the excess hydroxyl ions immediately combine with hydrogen ions, forming
water. At the same time, more of the ethanoic acid dissociates, adding more hydrogen
ions to the solution. The pH does not change in either case.

In the body of a mammal, the blood is very powerfully buffered by the presence of a
mixture of phosphate ions, hydrogencarbonate ions and blood proteins (page 226).
The blood is held between pH 7.35 and 7.45.

Test yourself

1 Distinguish between a sodium atom and a sodium ion.

2 A pH value is calculated as —log,, hydrogen ion concentration. By how many times
is the concentration of hydrogen ions in a solution with a pH value of 2 greater
than one with a pH value of 8?

3 Explain the importance of using buffer solutions during investigations into the rate
of enzyme-controlled reactions.

4 Explain the meaning of the term dissociation.
5 Explain why a positively charged ion is called a cation.

Inorganic ions used by plants

Metabolism involves a range of inorganic ions, in addition to those mentioned above.
Table 1.2 shows four inorganic ions whose roles in plants you are required to know.

Table 1.2 The role of selected ions in plants

Nitrate (NO57) Used to synthesise the nitrogenous bases in DNA and RNA
nucleotides and to synthesise the amino groups of amino acids.
Calcium (Ca2*) Used to synthesise calcium pectate, which exists as a layer, called
the middle lamella, between the walls of adjacent plant cells.
Magnesium (Mg 2+) Used to synthesise the photosynthetic pigment, chlorophyll.
Phosphate (P043‘) Used to synthesise adenosine triphosphate (ATP) from adenosine

diphosphate (ADP) and to synthesise DNA and RNA

| Water

Living things are typically solid, substantial objects, yet water forms the bulk of their
structures — between 65 and 95 per cent by mass of most multicellular plants and
animals (about 80 per cent of a human cell consists of water). Despite this, and the fact
that water has some unusual properties, it is a substance that is often taken for granted.

1 Introducing the chemistry of life



Water is composed of atoms of the elements hydrogen and oxygen. One atom of
oxygen and two atoms of hydrogen combine by sharing of electrons in an arrangement
known as a covalent bond (see Figure 1.2). The large nucleus of the oxygen atom
draws electrons (negatively charged) away from the smaller hydrogen nuclei (positively
charged) with an interesting consequence. Although overall the water molecule is
electrically neutral, there is a weak negative charge (represented by 87) on the oxygen
atom and a weak positive charge (represented by 6™) on each hydrogen atom. In other
words, the water molecule carries an unequal distribution of electrical charge within it.
This arrangement is known as a polar molecule.

unshared electrons
(negative charge)

one oxygen atom combines
with two hydrogen atoms by
sharing electrons (covalent
bond)

nucleus of < Q
oxygen atom // / \
o shared electrons
. - ]
in the water molecule the - 'Q S0 i
oxygen nucleus draws 4
Y9 , R . %

electrons (negatively VN~ =T
charged) away from the | /C_D/ N d

hydrogen nucleus (positively \

\@\7‘ atom (proton —
1 -
positive charge)

charged) \\/ - /' \ ~ !
N . >
e
e AN
e N
) s angle about N
the water molecule carries 105° N
an unequal distribution of
electrical charge, even
though overall it is
electrically neutral Note the water molecule is
triangular in shape, not linear.

small

negative ——— —
polar water molecule charge
there is electrostatic small
attraction between the positive +
positively charged region of charge
one water molecule and the hydrogen bond hydro bond

/ ! Q ydrogen bon

negatively charged region of \\\\\\ @JJ/

W

a neighbouring one, giving
rise to weak bonds called
hydrogen bonds

Figure 1.2 A water molecule and the hydrogen bonds it forms

Hydrogen bonds

The positively charged hydrogen atoms of one molecule are attracted to negatively
charged oxygen atoms of nearby water molecules by forces called hydrogen bonds.
These are weak bonds compared with covalent bonds, yet they are strong enough to hold
water molecules together. This is called cohesion; it not only attracts water molecules

to each other but also to another charged particle or charged surface. In fact, hydrogen
bonds largely account for the unique properties of water, which are examined next.

nucleus of hydrogen

ey terms [

Covalent bond

A relatively strong
chemical link between
two atoms in which
electrons are shared
between them.

Polar molecule

A molecule that contains
weak positive charges
(represented by 6*) and
weak negative charges
(represented by &)

key torms [

Hydrogen bond A
relatively weak link
between two atoms in
which a weakly negative
atom attracts another
weakly positive atom.

Cohesion The force by
which hydrogen bonds
hold polar molecules
together, or to a charged
surface.

Water °
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Hydrophilic Refers to
substances that will mix
with water.

Hydrophobic Refers to
substances that will not
mix with water.

The specific heat
capacity of water
given in the text is
4.184kJkg™1°C 1. You
need to be confident
in using compound
units. In this case,
the unit means that
it takes 4.184 kJ of
heat to increase the
temperature of 1kg
of water by 1 degree
Celsius.

Solvent properties of water

Because water molecules are polar, water is a powerful solvent for other polar substances
(Figure 1.3). These include:

e ionic substances like sodium chloride (Na*™ and CI7). All ions become surrounded by
a shell of orientated water molecules (Figure 1.3)

o carbon-containing (organic) molecules with ionised groups, such as the carboxyl
group (~COQO") and amino group (-NH;"). Soluble organic molecules like sugars
dissolve in water due to the formation of hydrogen bonds with their slightly charged
hydroxyl groups (-OH").

Once they have dissolved, the solute molecules are free to move around in water (the
solvent) and, as a result, are more chemically reactive than when in the undissolved
solid state.

Polar substances that can dissolve in, or mix in, water are termed hydrophilic (water-
loving). On the other hand, non-polar substances are repelled by water, as in the case of
oil on the surface of water. Non-polar substances are hydrophobic (water-hating).

R

lonic compounds like

NaCl dissolve in water: QD

NaCl ==Na* + CI- ) C@ (tj)
8 qo™

Cg i) Na® ( ;)
with a group of orientated
water molecules C@ 523

around each ion.

Sugars and alcohols
dissolve due to hydrogen
bonding between polar

groups in their molecules H CI—O H
(e.g. —OH) and the polar \C/H N/
water molecules.

cleé%Cg

Figure 1.3 Water as universal solvent

High specific heat capacity of water

A lot of heat is required to raise the temperature of water. This is because heat is
needed to break the hydrogen bonds between water molecules. This property of
water is its specific heat capacity. The specific heat capacity of water is extremely
high (4.184kJkg™' °C™"). Consequently, the temperature of aquatic environments like
streams and rivers, ponds, lakes and seas is very slow to change when the surrounding
air temperature changes. Aquatic environments have much more stable temperatures
than do terrestrial (land) environments.

Another consequence is that the temperature of cells and the bodies of organisms
does not change readily. Bulky organisms, particularly, tend to have a stable
temperature in the face of a fluctuating surrounding temperature, whether in
extremes of heat or cold.

1 Introducing the chemistry of life



Surface tension of water

Compared with other liquids, water has extremely strong adhesive and cohesive
properties.

As we saw earlier, cohesion is the force by which charged molecules stick together.
Water molecules are held together by hydrogen bonding. In practice, these bonds
continually break and reform with other surrounding water molecules but, at any one
moment, a large number are held together by their hydrogen bonds.

At an air—water interface, cohesion between water molecules results in surface tension.
The outermost molecules of water form hydrogen bonds with water molecules below
them. This gives a very high surface tension to water, which you can see being exploited
by the pond skater in Figure 1.4. This insect has a waxy cuticle that prevents wetting of
its body and its mass is not great enough to break the surface tension of the water.

Incompressibility of water

Water is essentially incompressible. Incompressibility is a common property of liquids
but water is especially so. There is much less distance between the molecules in a liquid
than in a gas, and the intermolecular force of the hydrogen bonds aids this property.
Because of this incompressibility, a water-filled cavity within an organism can act as a
hydrostatic skeleton.

Maximum density of water at 4°C

Most liquids contract on cooling, reaching maximum density at their freezing point. Water
is unusual in reaching its maximum density at 4°C (Figure 1.5). So as water freezes, the

ice formed is less dense than the cold water around it. As a consequence, ice floats on top
of very cold water. The floating layer of ice insulates the water below. The consequence is
that lakes rarely freeze solid; aquatic life can generally survive freezing temperatures.

ice forms at surface (because ice is
less dense than water)

Because ice freezes from

below, it is difficult to judge
its depth. It can therefore be
very dangerous to walk on!

| can survive
| below the ice

))

The angle between the
covalent bonds in the water
molecule is very close to the
angles of a perfect
tetrahedron. In ice the
molecules form a regular
tetrahedral arrangement, and
are spaced more widely
apart than they are in liquid
water.

nes

hydrogen
bonds

outline of a
regular
tetrahedron

-
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a
&
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molecular structure of ice
Figure 1.5 Ice forms on the surface of water

&){(«

molecular structure of water

Figure 1.4 A pond skater
moving over the water
surface

ice acts as an insulator (reducing the
chance of water freezing below)

In water the molecules are
arranged more irregularly
than in ice and are closer
together, but with almost
as many hydrogen bonds
asin ice.

Water °
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Organic compound

A compound in which
carbon atoms are linked
by covalent bonds

to each other and to
hydrogen molecules.
The molecules of organic
compounds can be very
large and can exist as
chains or rings of carbon
atoms.

Test yourself

6 Suggest what symptoms would be shown by a plant growing in magnesium-
deficient soil. Explain your answer.

7 What is meant by the term metabolism?
8 The text includes five properties of water that make it essential in biology. Use
your knowledge of metabolism to suggest a sixth property.

9 Water that evaporates from the leaves of a flowering plant is replaced when a
water column is pulled up the plant in xylem tissue. This water column is under
negative pressure (tension). Explain why this does not cause the water column to
break.

10 Explain why the pond skater shown in Figure 1.4 can walk on water but you
cannot.

Introducing the carbon of organic
compounds

Carbon is a relatively uncommon element of the Earth’s crust but, as Table 1.1 showed,
in cells and organisms it is the third most abundant element. The majority of the
carbon compounds found in living organisms are relatively large molecules in which
many carbon atoms are linked together and to hydrogen and oxygen atoms by covalent
bonds. They are known as organic compounds.

Some carbon-containing compounds are not like this — for example, the gas carbon
dioxide (CO,) and hydrogencarbonate ions (HCO;") are not organic forms of carbon.

The properties of carbon

Carbon has remarkable properties. It has a relatively small atom, but it is able to form

four strong, stable, covalent bonds. As you can see in Figure 1.6, these bonds point to the
corners of a regular tetrahedron (a pyramid with a triangular base). This is because the four
pairs of electrons that form the covalent bonds repel each other and so position themselves
as far away from each other as possible.

Carbon atoms are able to react with each other to form extended chains. The resulting
carbon ‘skeletons’ can be straight chains, branched chains or rings. Carbon also bonds
covalently with other atoms, such as oxygen, hydrogen, nitrogen and sulfur, forming
different groups of organic molecules with distinctive properties.

o 1 Introducing the chemistry of life



Covalent bonds are formed by sharing of electrons, one from the carbon atom and one from the neighbouring atom it reacts with:

shared electrons

electron yet to be shared

Carbon atoms bond with other carbon atoms to form carbon ‘skeletons’:

— straight e branched
short long
H H o H H HHHHHHH HaC H
[ 7 [ I I I O O N 4 ’ [y
H—C—C—C H—C—C—C—C—C—C—C—C—C—C CH—C—
L R |
H NH, OH H H H H H H H H H H3C NH, OH
short chain (in the long chain (in a fatty acid) branched chain (in the
amino acid alanine) amino acid valine)
The carbon atom is at the centre of the tetrahedron,
a three-dimensional structure, e.g. methane:
‘ball and spring’ model space-filling model
H
N

You may be able to see models of these types
in your school or college chemistry laboratory.

H

Figure 1.6 A tetrahedral carbon atom, its covalent bonds and the carbon ‘skeletons’ it can form

One inevitable outcome of these features is that there are vast numbers of organic
compounds — more than the total of known compounds made from other elements,

in fact. Biologists think the diversity of organic compounds has made possible the
diversity of life. Fortunately, very many of the organic chemicals of living things

fall into one of four discrete groups or ‘families’ of chemicals with many common
properties, one of which is the carbohydrates. We will consider this family of molecules
first before looking at a second family, the lipids.

| Carbohydrates

Carbohydrates include sugars, starch, glycogen and cellulose. They contain only three
elements: carbon, hydrogen and oxygen, in the ratio C,(H,0),. Table 1.3 summarises
features of the three types of carbohydrates you should recognise.

or ring forms
CH,OH

C—0O
H H
\c/FI' \C/
A
Hoo M oH
[

H OH

the ring form
(of a-glucose)

perspective formula

Carbohydrates



molecular
formula

C6H12C6
CHo
H—C—OH
HO— C—OH
H—C—OH
4
H—C—OH
5
CH,OH
6

structural
formula

CH,0H
I-ll sC——0O,

H
]
4C<E|)H H>C|
AN 1 |
OH (|:3_2C| OH
H OH
in skeletal
form

CH,OH

/H
OH C\
- OH
OH

OH

this is a-glucose

Figure 1.7 The structure of
alpha glucose

key terms [

Molecular formula
Shows the nature and
number of atoms in a
molecule, for example
CgH, 05

Structural formula
Shows the way in which
the atoms within a
molecule are arranged in
space.

Isomers Two or more
different structural
formulae of the same
molecular formula.

Table 1.3 Carbohydrates of cells and organisms.

Monosaccharides Simple sugars, including:

e trioses (C;Hg05), which you will learn more about in Year 2
e pentoses (C;H,,05), €.¢. ribose and deoxyribose (see Chapter 3)
e hexoses (C4H,,04), €.8. glucose, fructose, galactose.

Disaccharides Two simple sugars chemically linked by a glycosidic bond during a

condensation reaction, e.g.

e sucrose = glucose + fructose
e lactose = glucose + galactose
e maltose = glucose + glucose.

Polysaccharides Very many simple sugars chemically linked by glycosidic bonds, e.g.

e starch (a fuel store in plants)
e glycogen (a fuel store in animals)
e cellulose (a major component of plant cell walls).

Monosaccharides — the simple sugars

Monosaccharides are carbohydrates with relatively small molecules. They are soluble
in water and taste sweet. In biology, glucose is an especially important monosaccharide
because:

o all green leaves manufacture glucose using light
o all cells use glucose in respiration — we call it one of the respiratory substrates.

The structure of glucose

Glucose is a hexose, i.e. it has a molecular formula of C,;H,,0O,. This type of
formula tells us what the component atoms are, and the numbers of each in the
molecule. But the molecular formula does not tell us how these atoms are arranged
within a molecule. You can see in Figure 1.7 that glucose can be written on paper as
a linear molecule. It does not exist in this form because, as you saw in Figure 1.6, the
four bonds in each of its carbon atoms are arranged into a tetrahedron; the molecule
cannot be ‘flat’. Rather, glucose is folded, taking a ring or cyclic form. Figure 1.7 also
shows the structural formula of glucose.

The carbon atoms of an organic molecule can be numbered. This allows us to identify
which atoms are affected when the molecule reacts and changes shape. For example, as
the glucose ring forms, the oxygen on carbon atom 5 (carbon-5) becomes linked to that
on carbon atom 1 (carbon-1). As a result, the glucose ring contains five carbon atoms
and an oxygen atom; again, you can see this in Figure 1.7.

Isomers of glucose

Molecules with the same molecular formula but different structural formulae are
known as isomers. Many organic compounds exist in isomeric forms, and so it
is often important to know the structure of an organic compound as well as its
composition.

In the ring structure of glucose the positions of —H and —OH that are attached to
carbon-1 can lie in one of two directions, giving rise to two isomers, known as
alpha-glucose (a-glucose) and beta-glucose (B-glucose). You can see these isomers
in Figure 1.8. The significance of the differences between them will become apparent
when we compare the structures of starch, glycogen and cellulose (pages 13—16).

1 Introducing the chemistry of life



?H

6
Glucose exists in two ring forms. HH_\C|5_H
In solution, glucose molecules H C—OH
constantly change between the two N / //O glucose, folded
ring structures. ¢’OH HIC
|\(|:3 zé/ \H
OH| |
/ H OH
6?HZOH 6C|HZOH
H s5C O, H H 5C ) OH
\4C/||_| \1‘C/ < | Olucosein | \4c/||_| \]‘C/
J \QH ﬁ'/ L pyranose rings J/ OH E'/ N
OH 3$_2C| OH  The two forms of glucose OH 3C|_2 I H
a-glucose p OH depend on the positions of H OH
the —H and —OH attached I
-glucose
. to carbon-1 when the ring closes. b-9
6
CHOH CH,OH

For simplicity and convenience
it is the skeletal formulae that
are most frequently used in
recording biochemical reactions
and showing the structure of
skeletal formula biologically active molecules. skeletal formula
of a-glucose of B-glucose

Figure 1.8 Alpha and beta glucose

A test for the presence of glucose, a ‘reducing sugar’

Glucose and some other sugars are known as ‘reducing sugars’. This is because, when
they are heated with an alkaline solution of copper(i1) sulfate (a blue solution, called
Benedict’s solution), the carboxyl group (-COOH) that their molecule contains
(known as an aldehyde group) reduces Cu?* ions of copper(1) sulfate to Cu” ions,
which then form a brick-red precipitate of copper(1) oxide. In the process, the aldehyde
group is oxidised to a carbonyl group (-C=0).

This reaction is used to test for reducing sugar, and is known as Benedict’s test
(Figure 1.9). If no reducing sugar is present the solution remains blue after heating. The
colour change observed depends on the concentration of reducing sugar. The greater
the concentration the more precipitate is formed, and the more the colour changes:

blue — green — yellow — brown — red

3 -~ :
5 cm” of Benedict’s solution test tubes were placed in a boiling tubes were transferred to a rack and the

3 5
(k:cluel) vt\{as atddkfdttot1 % cm water bath for 5 minutes colours compared
of solution to be teste

1 2 3 |
boiling
water bath with distilled with sucrose
water solution
(control)
with 0.1% with 1.0% with 10%
glucose solution  glucose solution glucose solution

Figure 1.9 The test for reducing sugar. Wear eye protection when performing this test
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Condensation reaction
A reaction in which two
molecules are chemically
linked together with

the elimination of a
molecule of water.

Glycosidic bond
A covalent bond between
two monosaccharides.

Hydrolysis reaction

A reaction in which

a molecule of water

is used in breaking

a chemical bond

(the reverse of a
condensation reaction).

Other monosaccharides of importance in living cells

Glucose, fructose and galactose are examples of hexose sugars commonly occurring in
cells and organisms, but it is only the structure of a- and B-glucose that you need to
know. Other monosaccharide sugars produced by cells and used in metabolism include
a 3-carbon sugar (Table 1.4), and two 5-carbon sugars (pentoses), namely ribose and
deoxyribose. These pentoses are components of the nucleic acids and you will learn
about their structure in Chapter 3.

Table 1.4 Other monosaccharides important in cell chemistry

3C = triose glyceraldehyde C,H;0, H\ /o intermediate in
C/ respiration and
| photosynthesis
H—(li—OH
CH,OH
5C = pentoses  ribose C5H,005 H o] in RNA, ATP and
N\ 7
C CH,OH OH hydrogen acceptors
| © NAD and NADP
H—Cl—OH
H—Cl—OH
H—C—OH
| HO OH
CH,OH
deoxyribose CsH,00,4 H\ //o in DNA
c CH,OH  OH
| O
H—Cl—H
H—Cl—OH
H—C—OH
| HO
CH,OH

Disaccharides

A disaccharide is a carbohydrate made of two monosaccharides linked together. For
example, sucrose is formed from a molecule of glucose and a molecule of fructose
chemically linked together.

Condensation and hydrolysis reactions

When two monosaccharide molecules are combined to form a disaccharide, a molecule
of water is also formed as a product, and so this type of reaction is known as a
condensation reaction. The bond between monosaccharide residues, after the removal
of H-O-H between them, is called a glycosidic bond (Figure 1.10). This is a strong,
covalent bond. The condensation reaction is catalysed by an enzyme (Chapter 2).

In the reverse process, disaccharides are ‘digested’ to their component monosaccharides
in a hydrolysis reaction. Of course this reaction involves adding a molecule of water
(‘hydro-") as splitting (“~lysis’) of the glycosidic bond occurs. It is catalysed by an enzyme,
too, but it is a different enzyme from the one that brings about the condensation reaction.
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Apart from sucrose, other disaccharide sugars produced by cells and used in metabolism
include:

e maltose, formed by a condensation reaction of two molecules of glucose
e lactose, formed by a condensation reaction of galactose and glucose.

hydrolysis
sucrose + water — glucose + fructose
condensation

CH,OH
o) glycosidic
linkage CH,OH
1
OH 9 o CH,OH . 0, HO o CH,OH
HO / + H0 hydrolysis .
HO wat condensation OH HO
HO ater
HOH,C HO OH  HOHC
OH HO OH
This structural formula shows us how the glycosidic linkage forms/breaks.
hydrolysis
maltose + water — glucose + glucose
condensation
hydrolysis
lactose + water ES galactose + glucose

condensation

Figure 1.10 Sucrose, a disaccharide, and the monosaccharides that form it

Polysaccharides

A polysaccharide is built from many monosaccharides linked by glycosidic bonds
formed during condensation reactions. ‘Poly’ means many, and in fact thousands

of saccharide (sugar) units make up a polysaccharide. So a polysaccharide is a giant
molecule, a macromolecule. Normally each polysaccharide contains only one type
of monomer. A chemist calls this a polymer because it is constructed from a huge
number of identical monomers.

Some polysaccharides function as fuel stores. Both glycogen and starch are examples,

as we shall shortly see. On the other hand, some polysaccharides, such as cellulose,
have a structural role. Cellulose has huge molecules that are not so easily hydrolysed by
enzyme action.

Starch

Starch is a mixture of two polysaccharides, both of which are polymers of a-glucose:

e amylose — an unbranched chain of a-glucose residues
e amylopectin — branched chains of a-glucose residues.

The glycosidic bonds between a-glucose residues in starch bring the molecules together
in such a way that a helix forms. The whole starch molecule is then stabilised by
countless hydrogen bonds between parts of the component glucose residues.

Key terms [

Polymer A large
molecule comprising
repeated, identical
smaller molecules
(monomers) linked
together by chemical
bonds.

Residues When
monomers are linked
together in a polymer,
we can no longer refer
to them as molecules.
Instead, we can call
them residues.
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Starch is the major storage carbohydrate of most plants. It is laid down as compact
grains. It is useful because its molecules are both compact and insoluble, but are readily
hydrolysed to form sugar when required. Of course, enzymes are involved in this

reaction, too.

We sometimes see ‘soluble starch’ as an ingredient of manufactured foods. Here the
starch molecules have been broken down into short lengths, making them dissolve
more easily.

A test for the presence of starch
We test for starch by adding a solution of iodine in potassium iodide. lodine molecules
fit neatly into the centre of a starch helix, creating a blue-black colour (Figure 1.11).

CHZOH CH,OH CHZOH CH,OH

amylose
(a straight-chain
olymer of a-gl
poly glucose) oH
---0 0 0---
OH OH

oc-1 4-glycosidic linkages

CH,0H CH,0H
o] O
OH OH
) ---0 0

amylopectin
(a branched- OH HO
chain polymer o 1,6-glycosidic -'ﬁ‘,
of a-glucose) Imkage

RSR-R-NER

In the test for starch with iodine in potassium iodide solution, the blue-black colour comes from a starch/iodine complex:

1% starch solution
0.1% starch solution
0.01% starch solution

a) on a potato tuber cut surface b) on starch solutions of a range of concentrations

starch chain

jodine molecules

Figure 1.11 Starch
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Glycogen

Glycogen is also a polymer of a-glucose. It is chemically very similar to amylopectin,
although larger and more highly branched. Granules of glycogen are seen in liver
cells and muscle fibres when observed by the electron microscope, but they occur
throughout the human body, except in the brain cells (where there are virtually

no carbohydrate reserves). During prolonged and vigorous exercise we draw on

our glycogen reserves first. Only when these are exhausted does the body start to
metabolise stored fat.

Structural formula residue at
branch point

HOCHZ HOCHZ HOCHZ

o-1,6 linkage
between two
glucose residues
residues at the — HO
end of chains
HOCH, HOCHZ HOCH, HOCH, HOCH, CH, HOCH,
H o H H o H H o H H o H H o H
H H H H H
OH H OH H OH H OH H OH H
O 0] 0 O (0] R
H OH H OH H OH H OH H OH

o-1,4 linkage
between two
glucose residues

Diagram to show the branching pattern
of a glycogen molecule

TEM of a liver cell (x7000)

Glycogen and amylopectin compared

glycogen amylopectin
mitochondria glycogen branch point every branch point every
granules 10 glucose residues 30 glucose residues

Figure 1.12 Glycogen

Carbohydrates e



Cellulose

Cellulose is a polymer of around 2000 to 3000 units of beta-glucose (B-glucose). Look
back to Figure 1.8, which shows the difference in structure between a-glucose and

B-glucose.

Can you spot what it is?

The only difference between the two molecules is the way in which the —-H and —-OH
groups are bonded to carbon-1. In a-glucose the —H group is uppermost whereas in
B-glucose the —OH group is uppermost. Although this might seem trivial, it has a big
effect when molecules of B-glucose become linked together. As Figure 1.13 shows,
the way glycosidic bonds form causes adjacent f-glucose units to be upside down with
respect to each other. These glycosidic bonds are referred to as B-1,4 glycosidic bonds.
This arrangement leads to cellulose molecules being long, straight-chains.

About 200 of these chains naturally become packed into fibres, held together by
hydrogen bonds (Figure 1.13). The strength of plant cell walls results from the
combined effect of the bonds between B-glucose monomers, the hydrogen bonds
within and between these chains of B-glucose and the way in which the fibres are
arranged in different directions.

alternate glucose units
are rotated by 180°

the strands are held straight by bonds between glucose
units, and by hydrogen bonds within the strand

/

the strands are held together
by hydrogen bonds

CH,OH HO OH CH,OH SH— CH,OH o) OH
SV
0 oY o)
—0 0 0] o 0] O
o S S 0
H Wy H
2 /O 2 /O 2
HQ OH CH, HQ OH CH,
Q 0]
the cellulose fibre is
strengthened by all —© 0 o o o—
these bonds 0 0
CH,OH HO OH CH,OH HO OH
fibres of cellulose
Iad down at cellulose
different angles strands
packed glucose molecules
together form straight,

of cellulose

Figure 1.13 The chemistry and structure of cellulose
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Test yourself

11 Explain the difference between a molecular
formula and a structural formula.

12 o-glucose and p-glucose are isomers. Explain the type of reaction by which both are broken
what this means. down.

13 What is the difference between a pentose and a 17 The reaction by which amylose and amylopectin
hexose sugar? are hydrolysed produces disaccharides.

14 Lactose is a disaccharide found in milk. Into a) Name the disaccharide formed.
which monosaccharides is it broken down in your b) Which compound, amylase or amylopectin,
intestines? would you expect to be hydrolysed faster?

15 Starch is a polymer. What is meant by a polymer? Explain your answer.

16 Both starch and glycogen can be broken down
to provide glucose, used in respiration. Name

| Lipids

The second ‘family’ of organic molecules to consider here is the lipids. These occur in
mammals as fats and in plants as oils. Fats and oils appear to be rather different substances,

but the basic difference between them is that, at about 20 °C (room temperature), oils are Ester hond The bond
liquid and fats are solid. Like the carbohydrates, lipids also contain the elements carbon, formed during a
hydrogen and oxygen, but in lipids the proportion of oxygen is much less. condensation reaction

Lipids are insoluble in water, i.e. are hydrophobic. However, lipids can be dissolved in
organic solvents such as alcohol (for example ethanol).

Here we will consider only two types of lipid:
triglycerides and phospholipids.

Triglycerides

Triglycerides are formed during condensation
reactions between glycerol (an alcohol) and
three fatty acids. The bonds formed are
known as ester bonds.

Fatty acids are long hydrocarbon chains,
anything between 14 and 22 carbon
atoms long.

The structures of a fatty acid commonly
found in cells and that of glycerol are shown
in Figure 1.14 and the steps to triglyceride
formation in Figure 1.15. Enzymes catalyse
the condensation reactions by which
triglycerides are formed.

between a fatty acid and

glycerol.
Fatty acid
hydrocarbon tail carboxyl group
H H H H H H H 0
NP NP NP NP NP NP NP NP
[ [ = [ H [ H I H I H ] H] OFH
H H H H H H H H
this is palmitic acid, with 16 carbon atoms
molecular formula the carboxyl group ionises to
of palmitic acid: form hydrogen ions,
CH3(CH2)14COOH i.e.itis a weak acid
Glycerol
| Vi Ve
HO—C—H —C = —C +H
| \ \
HO—Cl—H O—H 0
HO—C—H
}L molecular formula
of glycerol:
C3Hs(OH)3

Figure 1.14 Fatty acids and glycerol, the building blocks of lipids
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The hydrophobic properties of triglycerides are caused by the hydrocarbon chains

of the component fatty acids. A molecule of triglyceride is quite large, but relatively
small when compared with macromolecules such as starch. However, because of their
hydrophobic properties, triglyceride molecules clump together (aggregate) into huge
globules in the presence of water, making them appear to be macromolecules.

a bond is formed between the carboxyl group (-COOH) of fatty acid
and one of the hydroxyl groups (~OH) of glycerol, to produce a monoglyceride

H 0 ) . H 0

| \\ condensation reaction | |
H—Cl—OH + /C—(CHZ)nCH3 H—Cl—O—C—(CHz)nCH3 + H,0
H—C—OH OH H—C—OH with an

| | ester linkage
H—Cl—OH H—Cl—OH

H / H
glycerol + fatty acid monoglyceride +  water

condensation reaction
is repeated to give a diglyceride

0]

[l
H—C—0—C—(CH,),CH;

H
I
C
| [
H—C|—O—C—(CH2),,CH3 + H,0
I
H

l

condensation reaction to form a triglyceride

l

N
H—C—O—C—(CH,),CH;

| (|)| The three fatty acids in a
H—C—O—C—(CH,),CH; triglyceride may be all the

| ﬁ same, or may be different.
H—Cl—O—C—(CHZ),,CH3

H

+
H,0

Figure 1.15 Formation of triglyceride

Saturated and unsaturated lipids

We have seen that the length of the hydrocarbon chains is different from fatty acid to fatty
acid. These chains can differ in another way, too. To understand this latter difference, we
need to note another property of carbon atoms and the ways they can combine together in
chains. This concerns the existence of double covalent bonds (Figure 1.16).
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a double bond is formed when two space-filling model
pairs of electrons are shared

— Key terms [
Unsaturated fatty acid
. A fatty acid in which
e.g. in ethene .
(ethene is a plant growth regulator) one or more pairs of
adjacent carbon atoms
H H in the hydrocarbon
\ / . .
/c:c\ chain are linked by a
H H double covalent bond
(represented as C=C).
Figure 1.16 A carbon-carbon double covalent bond Saturated fatty
acid One in which all
A double covalent bond is formed when adjacent carbon atoms share two pairs of the bonds between
electrons, rather than the single electron pair shared in a single covalent bond. Carbon carbon atoms in the
compounds that contain double carbon—carbon bonds are known to chemists as hydrocarbon chain are
unsaturated compounds. On the other hand, when all the carbon atoms of the single covalent bonds
hydrocarbon tail of an organic molecule are combined together by single bonds, the (represented as C-C).
compound is described as saturated. This difference is illustrated in Figure 1.17.
palmitic acid, C45H3;COOH, a saturated fatty acid oleic acid, C47H33COOH, an unsaturated fatty acid
HHHHHHHHHHHHHH HHHHHHHHHHHHHHHEHEH
|||||||||||||//O ||||||||||||||||//O
HyG=C—C—C—C—C—C—C—C—C—C—C—C—C— HyC— (=== C—C—(—(—C=C—(—(—(—C—C—(—C—C
T T I I O R R R | [ e e R A e R R R
HHHHHHMHGHMHGHEHEHH O—H HHHHBHHH HHHHHHH O—H

skeletal formula
\/\/\/\/\/\/\/\C4O
“OH

skeletal formula

(the double bond causes
a kink in the hydrocarbon
‘tail’)

i
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i
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9 e
CHO—C NSNS CH~0—C
tristearin, m.p. 72°C triolein, m.p. -4°C

Figure 1.17 Saturated and unsaturated fatty acids and triglycerides formed from them




Test yourself

18 State the molecular formula of glycerol.

19 Name the type of bond formed by the condensation of glycerol and a single fatty
acid to produce a monoglyceride.

20 A fatty acid can be represented as CH;—(CH,),—COOH. Would this represent a
saturated or unsaturated fatty acid? Explain your answer.

21 Is a triglyceride a polymer? Explain your answer.
22 What makes a triglyceride hydrophobic?

The roles of lipids in living organisms
You need to be familiar with three ways in which the structure of lipids relates to their
role in living organisms.

Energy storage

When triglycerides are oxidised during respiration, energy is released. Some is lost to
the environment as heat but some is used to make ATP — the energy currency of cells,
introduced in Chapter 9. Mass for mass, when fully respired, lipids release more than
twice as much energy as do carbohydrates (Table 1.5). Lipids, therefore, form a more
‘concentrated’ energy store than do carbohydrates.

A fat store is especially typical of animals that endure long unfavourable seasons in
which they survive on reserves of food stored in the body. Oils are often a major energy
store in the seeds and fruits of plants, and it is common for fruits and seeds to be used
commercially as a source of edible oils for humans, for example maize, olives and
sunflower.

Table 1.5 Lipids and carbohydrates as energy stores — a comparison

Energy released ~37 ~17

on complete

breakdown/kJg

Ease of breakdown Not easily hydrolysed — energy More easily hydrolysed — energy
released slowly released quickly

Solubility Hydrophobic, so do not cause Sugars are highly soluble in water,
osmotic water uptake by cells SO can cause osmotic water uptake

by cells
Production of A great deal of metabolic water Less metabolic water produced on
metabolic water produced on oxidation oxidation
Waterproofing

Since lipids are hydrophobic, they repel water.

Oily secretions from the sebaceous glands, found in the skin of mammals, act as

a water repellent, preventing fur and hair from becoming waterlogged when wet.
Birds have a preen gland that fulfils the same function for feathers. You might have
seen birds preening — they use their beaks to spread lipids from this gland over their
feathers.

1 Introducing the chemistry of life



Insulation
Lipids are poor conductors of both heat and hydrophilic ions.

Triglycerides are stored in mammals as adipose tissue, typically
under the skin, where it is known as subcutaneous fat. Fat
reserves like these have a restricted blood supply (Figure 1.18)
so little body heat is distributed to the fat under the skin. In
these circumstances, the subcutaneous fat functions as a heat
insulation layer.

Myelin is a lipid found in the surface membranes of cells that
wrap around the long fibres of nerve cells in animals (Edexcel
A level Biology 2, Chapter 12). Over much of its length, the
many layers of myelin insulate the fibre, preventing the
passage of sodium and potassium ions that are essential for the
conduction of the nerve impulse. As a result, nerve impulses
travel along nerve fibres surrounded by myelin much faster
than along those that are not surrounded by myelin.

Figure 1.18 Adipose tissue

Phospholipids

A phospholipid has a similar chemical structure to a triglyceride, except one of the fatty
acid groups is replaced by a phosphate group.

phosphate group ionised
under conditions in cells

HC—CO0” NN | non-polar hydrocarbon
2 tails of two fatty acids
HC—C00” S S S S NS

condensed with glycerol
?,
0—P—0—C—H,

%_/

phosphate group has condensed
with the third -OH group of

lycerol
glycero fatty acid

glycerol

phosphate

Figure 1.19 Phospholipid

You can see from Figure 1.19 that a phospholipid molecule has a ‘head’ composed of a
glycerol to which is attached an ionised phosphate group. Since hydrogen bonds readily
form between this phosphate group and water molecules, this part of the molecule has
hydrophilic properties. The remainder of a phospholipid consists of two long, fatty
acid residues, comprising hydrocarbon chains. As we have seen above, these ‘tails’ have

hydrophobic properties.

So phospholipid molecules are unusual in being partly hydrophilic and partly
hydrophobic. The effect of this is that a small quantity of phospholipid in contact with
water will float, with the hydrocarbon tails exposed above the water. It forms a single
layer (monolayer) of phospholipids (Figure 1.20).

Lipids e



Phospholipid molecules in contact When mixed with water, phospholipid

with water form a monolayer, with molecules arrange themselves into a
heads dissolved in the water and the bilayer, in which the hydrophobic tails
tails sticking outwards. are attracted to each other.

A phospholipid molecule has ——

a hydrophobic tail — which water
repels water —and a

hydrophilic head — which

attracts water.

Figure 1.20 Phospholipid molecules and water

W When slightly more phospholipid is added the molecules arrange themselves as a
bilayer, with the hydrocarbon ‘tails’ facing together, away from the water, and

Bilayer A single the hydrophilic heads in the water (Figure 1.20). Their hydrophobic/hydrophilic
structure made of two nature and their ability to form a bilayer are two extremely important properties of
layers of molecules, phospholipids, as you will see when we consider cell surface membranes in Chapter 9.

usually used to describe

the arrangement of
phospholipids in a cell Test yourself

membrane. 23 Some people believe that a camel stores water in its hump. In fact, the hump is
a lipid store. Use information in Table 1.5 to suggest how this lipid store is an
adaptation to living in desert conditions.

24 Explain how the structure of triglycerides results in their waterproofing properties.
25 How does a molecule of triglyceride differ from a molecule of phospholipid?

26 When mixed with water, phospholipids often form micelles — small droplets with
the fatty acid ‘tails’ on the inside and the ‘heads’ on the outside. Suggest why.
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Exam practice questions

@ 1 The general formula for a carbohydrate is:

A C6H1206
B C,(H,0),
C C,H,0),,
D C,(H,0),

2 Sucrose is a disaccharide formed by the condensation of:
A glucose and fructose
B glucose and glucose
C glucose and galactose
D fructose and galactose
3 Phospholipids are mainly
A used as an energy store
B found in plasma membranes
C used for waterproofing
D hormones

4 Copy and complete the table to show similarities and differences
between glycogen and starch. (4)

Found in cells of which group
of organisms?

Formed from which
monomer?

Name of polymer(s)

Degree of branching

5 The structure of biological molecules is related to their function.
Explain two ways in which the structure of glycogen is related to
its function and two ways in which the structure of a triglyceride is
related to its function. (4)

6 Cellulose forms cell walls in plants. Describe the structure of cellulose and
explain how its properties contribute to the functions of cell walls. (6)

7 The diagram shows a molecule of a-glucose.
a) How can you tell that this is a-glucose and not p-glucose. (1)

b) i) Draw a diagram to show a condensation reaction between two
molecules of a-glucose. 2)

ii) Name the products of this reaction. (1)

iii) Explain why the bond linking the two units of glucose is called an
a-1,4 glycosidic bond. (3)




@ 8 A group of scientists investigated milk production by dairy cattle. For
28 days, they fed one group of cows their normal diet and fed a second
group of cows the same diet with added animal fat.

After 28 days, the scientists made several measurements on the cows and
on the milk they produced.The table shows their results.

Mean body mass/kg

Mean concentration of lipid
in blood/mg per 100 cm?3

Mean milk production/kg
per cow per day

Mean content of butterfat in 4.6
milk/%

a) Suggest a null hypothesis that the scientists were testing in their
investigation. (1)

b) Explain the difference in the concentration of lipids in the blood of
the two groups of cows. (3)

c) Calculate the percentage increase in milk production of the cows with

added fat in their diet. (1)

d) Can you conclude from the data in the table that adding fat to the diet
of the cows resulted in a change in the composition of the milk they
produced? Explain your answer. (4)

@ 9 Earthworms have a body that is divided into
discrete segments. Figure 1 shows a longitudinal
section through one segment. The outer
region of the body has two layers of muscle
surrounding an inner fluid-filled space, called
the coelom.The fluid in this coelom (coelomic
fluid) is mainly water.

coelomic fluid circular muscle

longitudinal
muscle

The diagrams in Figure 2 represent different
times as an earthworm moves forwards.
Contraction of the circular muscle in one body
segment causes that segment to become long
and thin. Contraction of the longitudinal
muscle in one body segment causes that
segment to become short and fat.

Earthworms normally live in a burrow in the soil.




direction of
movement

chaetae
withdrawn

chaetae
protruded

Figure 2

il

circular
muscle
contracting,
front end
pushed
forwards
longitudinal
muscles
contracted,
rear of worm
provides
anchor

longitudinal
muscles
beginning to
contract,

rear of worm
pulled forwards

a) Use your knowledge of the properties of water to explain how the
coelomic fluid enables the movement of the earthworm shown in

Figure 2.

(4

b) The chaetae shown in Figure 2 are short, bristle-like structures.
Suggest their role in the movement of the earthworm.

(4




Proteins and enzymes

Prior knowledge

In this chapter you will need to recall that:

=¥ proteins are long chains of amino acids

=» only 20 different amino acids are common in the proteins of living organisms

=» there is a vast number of different proteins found in living organisms. The differences between them
result from the sequence of their amino acids

=» the shape of a protein, whether a straight chain of amino acids or a three-dimensional complex,
is related to its function

=» enzymes are proteins with a complex three-dimensional shape; each enzyme acts as a catalyst,
speeding up a specific reaction or type of reaction

=» the ability of enzymes to catalyse a reaction is affected by changes in pH and changes in
temperature.

Test yourself on prior knowledge

1 Give one way in which the composition of an amino acid differs from that of a
carbohydrate and a lipid.

2 Name the chemical bond that links two amino acids together.

3 What makes one protein different from another?
4 Other than speeding up a reaction, give two properties common to catalysts.

5 An enzyme has a complex three-dimensional shape. Explain how this shape
results in each enzyme:

a) catalysing only one type of reaction
b) being affected by high temperatures.

| The proteins and peptides of cells

Proteins make up about two-thirds of the total dry mass of a cell. These organic
molecules differ from carbohydrates and lipids in that they contain the element
nitrogen, and often the element sulfur, as well as carbon, hydrogen and oxygen. Amino
acids are the monomers from which the polymers — peptides and proteins — are built.
Typically several hundred, or even thousands of amino acid molecules, are combined
together to form a protein. Incidentally, the terms ‘polypeptide’ and ‘protein’ can be
used interchangeably, but when a polypeptide is about 50 amino acid residues long it is
generally agreed to be have become a protein.

Once the chain of amino acids is constructed, a protein takes up a specific shape. Shape
matters with proteins — their shape is closely related to their function. This is especially
the case in proteins that are enzymes, as we shall shortly see.

@ 2 Proteins and enzymes



Amino acids, the building blocks of peptides

All amino acids contain two functional groups: an amino group (-NH,) and a
carboxyl group (-COOH). In naturally occurring amino acids, both functional groups
are attached to the same carbon atom (Figure 2.1). The remainder of the amino acid
molecule, the side chain (represented by —R), is very variable and is what makes one
amino acid different from any other.

An amino acid can ionise:

e asan acid: -COOH = -COO~ + Hf
e orasabase: -NH, + H" & -NH,"
e or even as both: NH,-CHR-COOH = NH,*-~CHR-COO".

Molecules, like amino acids, that can ionise as both an acid and a base are described
as being amphoteric and an ion with both positive and negative charges is called a
zwitterion (German for double ion).

carbon atom to which R group
the two functional /
groups are attached

H N— C —= C — carboxyl group

) (acidic)
amino group

OH
(basic) H

The 20 different amino acids that make up proteins in cells and organisms differ in their side
chains (R groups). Below are three examples.

H3C\ /CH3
ClH
H o) CHs 0 CH, 0
|7 |~ 7 | 7
H,N—C—C H,N— C—C H,N— C—C
Y |\ I\
H OH H OH H OH
glycine alanine leucine

Some amino acids have an additional -COOH group in their R group (= acidic amino acids).
Some amino acids have an additional -~NH, group in their R group (= basic amino acids).

Figure 2.1 The structure of amino acids

The linking of amino acids together in different sequences produces proteins with very
different properties. This helps explain how the many proteins in organisms are able to
fulfil the very different biological functions they have.

How amino acids combine
In the presence of an appropriate enzyme, two amino acids combine in a condensation
reaction to form a dipeptide. During this reaction, a covalent bond known as a peptide

bond forms between the amino group of one amino acid and the carboxyl group of the
other (Figure 2.2).

ey term [

Amino acid The
monomer from which
dipeptides, polypeptides
and proteins, are made.
All amino acids have

the general formula
NH,-CHR-COOH, where
R represents the only
part of the molecule that
is different in different
amino acids.

key torm [

Peptide bond A covalent
bond between the amino
group of one amino

acid and the carboxyl
group of another amino
acid. Each peptide

bond is formed by a
condensation reaction.
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A further condensation reaction between the dipeptide and another amino acid results

in a tripeptide. In this way, long strings of amino acid residues, linked by peptide

bonds, are formed. As you will see in Chapter 3, polypeptides are assembled by adding

one amino acid at a time.

amino acids combine together, the amino group of one with the carboxyl group of the other

carboxyl amino
group group
H T 0 H/ I—ll 0 condens_atlon H T ﬁ T T o
\N C C// \N C C// #ﬂ \N C N—C C//
2T New -/ T N\, hydrolysis 7| N
H OH H oH nydroysis OH
H R reaction H ﬁf—’ R
peptide
linkage
amino acid 1 amino acid 2 dipeptide
for example, glycine and alanine can react like this:
H H H O H H
H 0 H 0 H 0
Si—t—? y—s—c’ Sl — 7
—— i ——  —(—N—(C—
H | \OH H/ | \OH nd | | \OH
H CH; H j; CH;
peptide
linkage
glycine alanine glycyl-alanine

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

H CH,
three amino acids |

combine together /CH\ /NH\ /CO\ /CH\
‘ - :
to form a tripeptide H,N o CH NH

| COOH
CHs
glycine alanine cysteine
residue residue residue

Figure 2.2 Peptide bond formation

Testing for the presence of protein: the biuret test

H,0

water

H,0

The biuret test is used as an indicator of the presence of protein because it gives a purple

colour in the presence of peptide bonds (-CO-NH-).

We test for the presence of a protein by adding an equal quantity of sodium hydroxide
solution to the test solution, followed by a few drops of 0.5% copper(1) sulfate solution.
After gentle mixing, the appearance of a distinctive purple colour confirms that protein

is present in the test solution (Figure 2.3).
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egg white wheat flour 1% starch
to the solution to be tested add: solution  solution  solution (control)

2 moldm=3 sodium hydroxide solution l i l

then:

0.5% copper(i) sulfate
solution (via dropping bottle)

N N\

purple colour remains
develops blue

Figure 2.3 The biuret test on protein solutions. Wear goggles when performing this test

The structure of proteins

We have already noted that the shape of a protein molecule is critical in determining
the properties and the role that protein has in a cell. There are four levels of protein
structure: primary, secondary, tertiary and quaternary.

The primary structure of a protein is the sequence of the amino acids in its molecule.
As you have seen above, the amino acids are held together by peptide bonds. Proteins
differ in the variety, number and order of their constituent amino acids. As you will

see in Chapter 3, the order of amino acids in a polypeptide chain is controlled by the
DNA of the cell producing it. Just changing one amino acid in the sequence might
completely alter the properties of a protein.

The secondary structure of a protein develops immediately after its formation when
parts of the polypeptide chain become folded or twisted, or both. The most common
shapes are formed either by coiling, to produce an o helix, or folding into [ sheets.
These shapes are shown in Figure 2.4 and are permanent, being held in place by
hydrogen bonds.

The tertiary structure of a protein is the compact structure, unique to that protein,
that arises when the molecule is further folded and held in a particular complex three-
dimensional shape. Figure 2.5 shows a polypeptide with a tertiary structure, together
with the three types of bond that hold the shape in place — ionic bonds, hydrogen
bonds and disulfide bonds.

The quaternary structure of a protein arises when two or more polypeptides become
held together, forming a complex, biologically active molecule.

The proteins and peptides of cells
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Figure 2.4 The secondary structure of proteins

polypeptide chain made Sy

up of amino acid residues

T
Ny

hydrogen bond
in a hydrogen bond a hydrogen atom
is shared by two other atoms, e.g.

((zo=—0—

O(((

Il
— O —HMO C—OH
AN |
CH,
— O—HMIN—
AN
N N—H ))))))O/
AN
/
N—HIN —
/ t\
electropositive electronegative
hydrogen atom

Hydrogen bonds are weak, but are
common in many polypeptide chains;
they help to stabilise the protein molecule.

B sheets

\E)olypeptide chain

=— hydrogen bond

position of amino
acid residues and
peptide linkages in
two B sheets

polypeptide
chain

amino acid residue

van der Waals forces (bonds)

these come into play when two or more

atoms are very close (0.3-0.4nm apart)
CH\

disulfide bond

e strong covalent bond formed
by the oxidation of —=SH groups
of two cysteine side chains

ionic bond

electrostatic interaction
between oppositely charged
ions: may often be broken by
changing the pH

— CHy~CH;—~CH;~CH;~NHy* "0—C—CH;—

Figure 2.5 The types of bond holding together the tertiary structure of a protein
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Fibrous and globular proteins

Collagen and haemoglobin are examples of proteins. Both consist of more than one
polypeptide chain, i.e. they both have a quaternary structure. Their shape, however, is
quite different. One is fibrous and the other is globular.

Fibrous proteins contain long, coiled polypeptide chains, shaped like a rod or wire.
Collagen, a component of bone and tendons, is a fibrous protein. Figure 2.6 shows
that a single collagen molecule has three polypeptide chains, held together by covalent
bonds and hydrogen bonds, forming a triple helix. This structure makes collagen
resistant to denaturing and provides its strength.

the chemical basis of the Photomicrograph of collagen fibre — many triple helices bound together
strength of collagen B o &

three long & G :

polypeptide

molecules, coiled
together to form
a triple helix

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

covalent bonds
form between
the polypeptide
chains - together
with many hydrogen ‘
bonds

Pt ¥
Figure 2.6 Collagen - an example of a fibrous protein
Globular proteins are more spherical. Their polypeptide chains wind in such a
way that their hydrophilic amino acids are at the surface of the ‘sphere’ whilst their
hydrophobic amino acids are at its core. Haemoglobin, the respiratory pigment
found in our red blood cells, is an example of a globular protein. A haemoglobin
molecule consists of four polypeptide chains, each bound to an iron-containing
haem group (Figure 2.7). The iron in the haem groups binds to oxygen. As the first
molecule of oxygen binds to a haem group, it causes a change in the shape of the
haemoglobin molecule, making it easier for further oxygen molecules to bind. You
will see the effect of this property when you learn about the transport of oxygen in
Chapter 10.
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Each red blood cell contains about
280 million molecules of haemoglobin.

VALY O, \)

haem group \
IPAPNAYY
Each subunit is a conjugated \\J\ \‘\\ \\J
\

In haemoglobin four
subunits interlock to form
\\J a compact molecule.

protein, consisting of a
protein chain (globin) attached
to a prosthetic group (haem).
A prosthetic group is a
‘helper’ molecule, enabling
other molecules to be T —
biologically active. ST
globin
(protein)
Haem is a flat molecule of
four pyrrole groups, held
together by =C— groups: at
the centre is an atom of iron(ll).

each iron atom of
haemoglobin may
combine loosely and
reversibly with a
molecule of oxygen

> porphyrin ring Y\”ﬁ o

Globin consists of 150 amino acid residues in
the form of a helix that is folded 5-7 times.

Figure 2.7 Haemoglobin: an example of a globular protein

Test yourself

1 In a chemical reaction, two amino acids join together.
a) What type of chemical reaction occurs when two amino acids join together?
b) Name the chemical bond that forms between these amino acids.

2 Amino acids can act as buffers, resisting changes in pH. Use your knowledge of
amino acids to suggest how amino acids act as buffers.

3 How does the shape of a fibrous protein differ from that of a globular protein?

4 Myoglobin is an oxygen-carrying protein found in skeletal muscle cells. Figure 2.8
shows one molecule of myoglobin.How many levels of protein structure can you

NH, see in the diagram? Explain your answer.

Figure 2.8 A molecule of 5 Are enzyme molecules fibrous proteins or globular proteins?
myoglobin
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Denaturation

We have seen the variety of shapes that different protein molecules might have. The
different shapes are related to the functions these proteins have in cells and organisms.
You will learn about the functions of several proteins throughout your course. For
now, some of their important roles, together with their dynamic states, are reviewed
in Figure 2.9.

(o : . . Types and roles
in animals amino acids nucleus controls and directs

obtained by digestion and protein synthesis via mRNA

absorption (heterotrophic nutrition) structural proteins

(fibrous proteins), e.g. collagen
of skin and bone, keratin of hair

enzymes (biological catalysts)
of organelles and cytosol

synthesis
Wtjal breakdown and
rebuilding of proteins means

muscles/movement proteins e.g.

AN

N arlnino'a_cid the nucleus is able to . myosin and actin of muscle myofibrils
r " ’;00: 1L frequently update its PIgteins
ytoplasm  ,mmand of cell metabolism transport proteins e.g.

and cell structure haemoglobin of red blood cells

breakdown
defence against disease proteins —
antibodies (immunoglobulins)
secreted by B-lymphocytes

in plants amino acids obtained
by synthesis from NH, and organic
acids (autotrophic nutrition)

protein of membranes — part
structural, also as enzymes,
pumps and receptors

<

regulatory proteins e.g. hormones

Figure 2.9 Cell proteins - origins, types and roles

Look again at the range of bonds that hold the 3-D shape of the tertiary structure W
of a protein in Figure 2.5. Their roles in maintaining the 3-D shape of the protein

are confirmed when any protein loses its specific 3-D shape (we refer to this as Denaturation A change
denaturation). This happens only because these bonds that maintain the 3-D shape in the shape of a protein

that alters, or destroys,
the ability of the protein
to carry out its function.
The change results from
the breakage of bonds
holding the shape of the

of the protein molecule are changed. This change can be caused by exposure to high
temperature, to heavy metal ions, and to some organic solvents, but is also triggered
by changes in pH and by certain other chemicals. When the shape of a protein
changes, the protein may cease to be useful. The biochemistry of cells and organisms is
extremely sensitive to conditions that alter proteins in this way.

Incidentally, when high temperature and heavy metal ions cause denaturation, protein together.
the changes are irreversible, typically causing the protein to become elongated,
disorganised strands, which are insoluble in water. This apart, however, it is often

the case that proteins will revert back to their former shape, once the conditions

that triggered denaturation are removed. This observation led to the idea that it is
simply the amino acid sequence of a protein that decides its tertiary structure. This
may well be true for many polypeptides and small proteins. However, in most proteins
within the cell environment, folding is a speedy process in which some accessory
proteins, including enzymes, are normally involved. These might determine the shape
as much as, or more than, the primary structure does.
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ey torm [

Metabolite The term
used to describe any
molecule involved in the
reactions occurring in
cells and organisms (in
other words involved in
metabolism).

ey torm [

Catalyst A substance
that increases the rate
of a chemical reaction.
Only a small amount of
the catalyst is required.
Additionally, the catalyst
is chemically unaffected
by the reaction it
catalyses and can be
recovered once that
reaction is complete.

Test yourself

6 Is a protein a polymer? Explain your answer.
7 Name three types of chemical bond that might be present in a protein molecule.

8 Pickling is one form of food preservation. It involves immersing food in vinegar,
i.e. weak ethanoic acid. Suggest how this slows decomposition of the food.

9 Muscle wastage is one of the symptoms of a protein-deficient diet. Explain why.

10 When a hen’s egg is cooked its protein is denatured irreversibly. Is protein
denaturation always irreversible?

| Enzymes — biological catalysts

There are literally many thousands of chemical reactions taking place within cells and
organisms. We saw in Chapter 1 that metabolism is the name we give to these chemical
reactions of life. The molecules involved are collectively called metabolites. Many

of these are made within organisms. Other metabolites have been imported from the

environment, for example water and oxygen.

Metabolism actually consists of chains (linear sequences) and cycles of enzyme-
catalysed reactions, such as we see in protein synthesis (see Chapter 3), respiration
(Edexcel A level Biology 2, Chapter 1) and photosynthesis (Edexcel A level Biology 2,
Chapter 2). These reactions may be classified as one of just two types, according to
whether they involve the build-up or breakdown of organic molecules.

e In anabolic reactions, larger molecules are built up from smaller molecules.
Examples of anabolism are the synthesis of proteins from amino acids and the
synthesis of polysaccharides from simple sugars.

o In catabolic reactions, larger molecules are broken down. Examples of catabolism
are the digestion of complex foods and the breakdown of sugar in respiration.

Overall: metabolism = anabolism + catabolism

Introducing catalysis

For a reaction between two molecules to occur there must be successful collisions between
them. The molecules must collide with each other at the right angle and with the right
velocity. If the angle of collision is not correct, the molecules bounce apart. Only if the
molecules are lined up and collide with the correct energies does a reaction occur.

Most chemical reactions do not occur spontaneously. In a laboratory or in an industrial
process, chemical reactions can be made to occur by applying high temperatures, high
pressures, extremes of pH, and by maintaining high concentrations of the reacting
molecules. If these drastic conditions were not applied, very little of the chemical
product would be formed quickly.

Alternatively, a catalyst can be used. You might recall from your GCSE science course
the industrial use of a catalyst in the Haber process. If so, you will know that a catalyst
(iron in the Haber process) is a substance that increases the rate of a reaction without
itself being chemically changed. Chemical reactions in cells and organisms can occur at
normal temperatures, under very mild, almost neutral, aqueous conditions and often at
low concentrations of reactants, because cells contain many catalysts. We will now see
how these catalysts enable reactions to occur in cells and organisms.
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Enzymes as catalysts

The catalysts that are produced in cells are enzymes. Most are protein molecules. Like
all catalysts, enzymes:

e do not change the nature of the reaction they catalyse
o are effective in small amounts
e remain chemically unchanged at the end of the reaction.

How enzymes work: the enzyme—substrate complex

An enzyme molecule (E) works by binding to a specific substance, known as its
substrate molecule (S), at a specially formed pocket in the enzyme, called its active

site. As the enzyme and substrate bind, they form an unstable enzyme—substrate complex
(ES), which immediately breaks down to form the product(s) (P), plus the unchanged
enzyme. Using these letters, this reaction can be shown as a simple equation:

E+S+=ES=P+E

In your GCSE science course, you probably learnt about the ‘lock-and-key’ model of
enzyme action. In this model, the enzyme and substrate molecules have a fixed shape
and the substrate fits into the active site of the enzyme just like a key fits into a lock.
Further studies show that this model is too simplistic. In fact, an enzyme molecule does
change shape as a substrate molecule binds to its active site, rather like a glove changes
shape as you put your hand into it. Only during this binding of enzyme and substrate
does the active site become truly complementary to the part of the substrate molecule
to which it attaches. As often happens in science, new evidence disproves or modifies a
previously held model or theory. In this case, the new model is called the induced-fit
hypothesis. You can see how the substrate induces the enzyme to fit in Figure 2.10.
Notice in this computer-generated model, how the active site of the enzyme is only a
general fit until the substrates combine with it.

slight change in
shape of active
site as substrate

| molecule fits,
glucose and reaction
L ATP takes place

two polypeptide
chains make up
the enzyme

hexokinase
(computer-generated
molecular model)

Figure 2.10 The induced-fit hypothesis to explain enzyme action

ey torms

Enzyme An organic
catalyst that speeds up
a metabolic reaction in
cells and organisms.

Substrate A molecule
that binds to the active
site of an enzyme to form
an enzyme-substrate
complex. As a result, the
substrate is converted to
product and the enzyme
remains unchanged.

Active site Enzyme
molecules are usually
much bigger than their
substrate molecules.
The active site is the
small part of the enzyme
molecule that binds to
its specific substrate and
causes the catalysis.

Induced-fit hypothesis

A model used to explain
enzyme action. When an
enzyme and substrate
combine, the enzyme’s
active site changes
shape to become truly
complementary to the part
of the substrate to which
it attaches. Combination
with its substrate induces
the enzyme’s active site
to fit.

Most enzymes work
within cells, in other
words they are
intracellular. Some,
like the enzymes of our
digestive system or of
the microorganisms
that cause the recycling
of nutrients within

an ecosystem (see
Chapter 13 in Edexcel
A level Biology 2), are
secreted from the cell -
they are extracellular.
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Specificity:

e Some amino acid residues allow a
particular substrate molecule to ‘fit’
e Some amino acid residues bring about

particular chemical changes.

polypeptide of 49 amino acid residues,
making up a simple enzyme

active site (pocket/crevice
in the protein molecule)

The amino acids in a
protein have different
roles.

The substrate molecule
combines (temporarily)
with the enzyme by
inducing a change in
shape of the enzyme

. ) lecule.
the ‘induced fit" process plays a molecuie

part in bringing about the chemical
changes, which are the enzyme-

catalysed reacton\
O

some amino acid residues

match certain groupings on the
substrate molecule, enabling the
enzyme—substrate complex to form,
e.g. residues 3-4-5 and 24-25-26

other amino acid
residues are ‘reactive’,
i.e. catalytic residues
that induce the
breaking of bonds,
and the formation

of product(s),

e.g. 20 and 41

Figure 2.11 The induced-fit hypothesis of enzyme action
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Activation energy The
energy barrier that must
be overcome before
reactants reach their
temporary transition
state. Enzymes lower the
activation energy of the
reactions they catalyse,
making the reaction
occur more readily.

An enzyme lowers the activation energy of the reaction it catalyses

As molecules react they become unstable intermediates, but only momentarily whilst

in a so-called transition state. Effectively, the products are formed immediately. The
amount of energy needed to raise substrate molecules to their transition state is called
activation energy. This is the energy barrier that has to be overcome before the
reaction can happen. As Figure 2.12 shows, like all catalysts, enzymes work by lowering
the activation energy of the reactions they catalyse.

Figure 2.12 also shows a simplistic ‘model’ of the start of a chemical reaction. A
boulder represents a substrate perched on a slope, prevented from rolling down by
a small hump (representing the activation energy) in front of'it. The boulder can
be pushed over the hump, or the hump can be dug away (representing a lowering
of the activation energy), allowing the boulder to roll and shatter at a lower level
(representing formation of products).

@ 2 Proteins and enzymes



‘boulder on hillside’ model of activation energy without a catalyst, this
amount of energy needs
to be put in to start the
reaction

effect of catalyst

triggering the fall,
either by pushing | A= f - - ===

or by removing activation energy

the hump (the

enzyme way) )
>
2
(9]
[
(]
free energy change
J
products
(at lower
energy level)
) reactants products

Figure 2.12 Activation energy

Test yourself

11 Distinguish between the terms anabolism, catabolism and metabolism.
12 Give three properties shown by all catalysts.

13 Do collisions between an enzyme and its substrate always result in the
formation of an enzyme—substrate complex? Explain your answer.

14 Explain the terms activation energy and transition state in relation to an enzyme-
catalysed reaction.

15 What is meant by the term active site?

The active site and enzyme specificity

Enzymes are highly specific in their action — they catalyse only one type of reaction
or only a very small group of highly similar reactions. This means that an enzyme
‘recognises’ a very small group of substrate molecules or even only a single type of
molecule. This is because the active site to which the substrate molecule binds has a
precise shape and distinctive chemical properties (meaning the presence of particular
chemical groups and bonds). Only particular substrate molecules, with a shape that is
complementary to that of the active site, are attracted to a particular active site and can
fit there. All other substrate molecules are unable to fit and so cannot bind.

The active site of an enzyme has a shape complementary to that of its substrate; it does not have the
same shape.

Enzymes - biological catalysts e



Core practical 1

The background to your practical investigation
You can measure the rate of an enzyme-catalysed reaction in
one of two ways:

e the amount of substrate that has disappeared from a
reaction mixture in a given period of time

e the amount of product that has accumulated from the
reaction mixture in a given period of time.

In your college or school laboratory, you will carry out at least
one experiment to investigate the effect of an environmental
variable on the rate of an enzyme-controlled reaction. It doesn’t
really matter which factor you investigate or which enzyme you
use. Here we use the enzyme catalase as our example to show
general features involved in any investigation into the effect of a
variable on the rate of an enzyme-catalysed reaction.

stop clock

Investigate a factor affecting the initial rate of an enzyme-controlled reaction

Catalase is an enzyme found in many tissues. It catalyses the
hydrolysis of hydrogen peroxide, a toxic by-product of some
metabolic reactions, to water and oxygen:

catalase
2H,0, — > 2H,0+ 0,

Catalse is particularly common in liver tissue but, if you prefer not
to handle animal tissue, it is also very common in potato tissue.

Working with catalase, it is easy to measure the rate of
reaction by measuring the rate at which the product (oxygen)
accumulates. In the experiment illustrated in Figure 2.13,

the volume of oxygen that has accumulated at 30-second
intervals is recorded in a table of raw data; these data are then
processed and plotted on a graph.

the test tube is tipped up delivery N
tol mix the enzyme solution tube g oxygen produced is
with the substrate 3 collected by downward
E o displacement of water
E° in an inverted measuring
catalase = o cylinder
solution Eo
E o
E o
hydrogen E o
peroxide E o
solution

recorded

/
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from The rate of an enzyme reaction Time/s Gas volume3
the 307 is greatest at the start, the collected/cm
y/graph ‘\ D ;D&"‘: initial rate. 1 30 p
. < 1
25 .;\@ : actual rate 60 12
The initial rate of reaction, ém -§ '
i.e. the volume of oxygen > g 201 i 90 16
produced per second °3 g - -
(cm3s™"), can be calculated. ° S 151 | results
€3 : plotted 150 22
28 |
107 ' 180 23
i 210 24
> E 240 25
— 270 255
60 120 180 240 300
; L 300 26
time/s

Figure 2.13 Measuring the rate of reaction, using catalase. Wear eye protection when performing this experiment




Carrying out the investigation

rate of reaction of a catalase-controlled reaction.

solution. Explain why.

2 You measure the volume of oxygen in the measuring
cylinder at 30-second intervals. How would you take your
measurement to ensure it is accurate?

volume?
4 When during your investigation would you draw your table

drawing the table?
5 How could you modify this investigation to measure the
effect of temperature on the initial rate of reaction?

Look at Figure 2.13, showing how you could measure the initial

1 The catalase solution is initially placed in a small test tube
within the larger test tube containing the hydrogen peroxide

3 Using a measuring cylinder, such as the one in Figure 2.13,
how would you estimate your error in taking your readings of

for the raw data you collect? What ‘rules’ would you follow in

6 Which temperatures would you use? Explain your answer.
7 How would you ensure that the temperature in your water

bath remained constant?

8 Ideally, you should repeat the procedure at each

temperature several times. Explain why.

9 Explain how you would process, and then plot on a graph,

your data to show the effect of temperature on the rate of
this enzyme-controlled reaction.

10 Why should you place ‘Temperature/°C’ in the left-hand

column of your new table?

11 It would be difficult to determine the optimum temperature for

catalase from your graph. Describe how you could obtain a
more accurate value for the optimum temperature.

Accurate Measurement that is close to the true value
of what is being measured.

Factors that change the rate
of reaction of enzymes

Enzymes are very sensitive to environmental
conditions. Here we will consider how
temperature, pH, substrate concentration and
enzyme concentration affect the activity of
enzymes.

Temperature

Figure 2.14 shows typical results of the effect
of temperature on the rate of an enzyme-
catalysed reaction.

Not all enzymes have the same optimum
temperature. For example, the bacteria in hot
thermal springs have enzymes with optima
in the region 80-100 °C, whilst seaweeds of
northern seas and the plants of the tundra
have optima closer to 0°C. Humans have
enzymes with optima at or about normal
body temperature (37 °C).

rate of enzyme-catalysed reaction
(amount of substrate used up or
amount of product formed per unit
time, e.g. per second) in arbitrary units

enzyme in active state —— >

Other variables — such as the concentrations of the enzyme and substrate
solutions — were kept constant.

Up to about 40°C the rate increases —a 10°C rise
in temperature is accompanied by an approximate

doubling of the rate of reaction.
high
rate
| X X
Now the enzyme-
i X .
catalysed reaction
rate decreases,
7 owing to the
denaturation of
7 the enzyme and
destruction of
T active sites.
low
rate L4

0 20 30 40 50 60
temperature at which the rate was measured/°C

denatured enzyme —
substrate molecules
no longer fit the active site

C

—

active site

Figure 2.14 The effect of temperature on an enzyme-catalysed reaction
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When asked to ‘explain’,
it might help you
remember to give a
reason if you develop
the habit of including the
word ‘because’ in your
answer.

Key terms [

Random thermal
movement The
movement shown by
all particles, whether
sub-atomic particles,
atoms, or molecules,
at temperatures

above absolute zero.
As the temperatures
increases, so does the
rate of random thermal
movement.

Optimum temperature
The temperature at
which the rate of an
enzyme-controlled
reaction is fastest. At
this point there is a
balance between an
increase in successful
collisions between
enzyme and substrate
molecules and loss of
active enzyme molecules
as a result of their
denaturation.

Optimum pH The
value, or narrow range
of values, over which
an enzyme-catalysed
reaction is fastest.

Figure 2.15 The effect of
pH on enzyme shape and
activity

How can we explain the graph in Figure 2.14?

It is tempting to describe the trend or pattern shown by a graph or by data in a table. In an
examination, a question requiring this response would use the command word ‘Describe’.
Here, though, we are looking for an explanation. This means we must give reasons for the

trend or pattern shown by the data; a simple description would not gain credit.

Two concepts are involved in explaining the effect of temperature on the rate of an
enzyme-controlled reaction. Increases in temperature cause an increase in:

e the random thermal movement of particles. In other words, the higher the
temperature, the more molecules, and the particles within them, move about.
If they move about more, collisions between them become increasingly likely

o the rate of denaturation of protein molecules. This happens because high
temperatures cause such violent movement of particles within a protein
molecule that the bonds holding the protein molecule together (Figure 2.5) break,
so its active site loses its critical shape.

Let’s apply these two concepts to explain the shape of the curve in Figure 2.14.

Answer

As the temperature increases from 10°C to 30°C, the rate of reaction increases
because the molecules of enzyme and substrate are moving more rapidly and are
more likely to collide and react.

As the temperature increases from 45°C to 60 °C, the rate of reaction slows because
more and more enzyme molecules have been denatured and so fewer functional
enzyme molecules remain available to catalyse the reaction.

At some temperature between 30°C and 45°C, a balance is reached between the
increased rate of reaction caused by more collisions of enzyme and substrate and the
decreased rate of reaction caused by denaturation of the enzyme. This temperature is
known as the optimum temperature of that enzyme.

i pH
i Each enzyme has a range of pH
values, called its optimum pH,

in which the rate of the reaction it
catalyses s fastest. pH has this effect
T because the structure of a protein

i (and therefore the shape of the

active site) is maintained by various

rate of enzyme-catalysed reaction
(amount of substrate used up
or amount of product formed
per unit time)

bonds within the three-dimensional
structure of the protein (look back
to Figure 2.5 to remind yourself

T T T T T T T T 1
lower pH  optimum pH for enzyme higher pH

\d A .
substrate molecules enzyme in substrate molecules of these bonds)' A Change n pH
no longer fit the active state no longer fit the from the optimum value alters the

active site active site

| | bonding patterns. As a result, the

v v shape of the active site of the enzyme
molecule is progressively changed.
¢ ; cive site This is shown in Figure 2.15. At
\ / the optimum pH, the active site has

structure of protein changes when a change of pH alters the  he appropriate shape to combine
ionic charge on —COO™ (acidic) and —NH5*(basic) groups in the i b At oH val
peptide chain, so the shape of the active site is lost with 1ts substrate. At pH values away

from the optimum, the shape of
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the active site changes so that it will no longer bind with its substrate. Unlike the effect of
temperature, however, the effects of pH on the active site are normally reversible. That is,
provided the change in surrounding acidity or alkalinity is not too extreme, as the pH is
brought back to the optimum for that enzyme, the active site may reappear.

Substrate concentration
Figure 2.16 shows the effect of increasing substrate concentration on the rate of an
enzyme-catalysed reaction. The curve has two phases.

o At lower substrate concentrations, the rate increases in direct proportion to the
increase in substrate concentration.

o At higher substrate concentrations, the rate of reaction becomes constant, showing no
further increase as the substrate concentration increases.

Figure 2.16 also shows why these two phases occur. At low substrate concentrations,
there is effectively an excess of enzyme molecules present. This means there are
‘free’ enzyme molecules that are available to react with added substrate molecules
to form more enzyme—substrate complexes per unit time. We can say that substrate
concentration is the limiting factor at this stage of the reaction.

As more substrate molecules are added, however, there comes a point at which the
concentration of substrate is greater than that of the enzyme. There are no longer ‘free’
enzyme molecules. Now, in effect, substrate molecules have to ‘queue up’ for access to
an active site. Adding more substrate increases the number of molecules awaiting contact
with an enzyme molecule. There is now no increase in the rate of reaction, explaining
the plateau in the curve shown in Figure 2.16.

O ©_ O °ope E
oA Q © o O @ e,

O © at which a reaction, or
@ @ @ process, can occur.
© @ O O o

few substrate molecules, ———> more substrate molecules, ——> excess of substrate molecules,
many active sites free: all active sites engaged in catalysis: all active sites engaged in catalysis:
increase in substrate concentration maximum rate of reaction increase in substrate concentration
will increase the rate will not change the rate
) A
high— y
\\

c AN

o AN

8 )

|9} 1

© 1

o |

“— I

5] |

@ 1

= 1

o 1

= )

© 1

= |

c 1

= I

|
low . ]
low high

substrate concentration
Figure 2.16 The effect of substrate concentration on the rate of an enzyme-catalysed reaction
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high

enzyme
concentration
is limiting

rate of reaction

low

Enzyme concentration
Figure 2.17 shows the effect of increasing enzyme concentration on the rate of an
enzyme-catalysed reaction. This curve also has two phases.

o At lower enzyme concentrations, the rate increases in direct proportion to the
increase in enzyme concentration.

o At higher enzyme concentrations, the rate of reaction becomes constant, showing no
further increase as the enzyme concentration increases.

Figure 2.17 also shows why these two phases occur.
substrate ! ) )
concentration At low enzyme concentrations, there is effectively an
Is limiting excess of substrate molecules present. This means there

are no ‘free’ enzyme molecules available to react with

the substrate molecules already there. This time, it is the
enzyme concentration that is the limiting factor at this
stage of the reaction.

As more enzyme molecules are added, more ‘free’

active sites become available, so more enzyme-substrate
complexes can be formed and the rate of reaction increases.
As even more enzyme molecules are added, however,
there comes a point at which the concentration of enzyme

low

enzyme concentration high becomes greater than that of the substrate. There are now

Figure 2.17 The effect of enzyme concentration on the rate of ~ ‘free’ enzyme molecules. Consequently, adding even more

an enzyme-catalysed reaction
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Enzyme inhibitor

A substance that slows
the rate of an enzyme-
controlled reaction by
preventing binding of the
substrate to the active
site of the enzyme.

e Competitive
inhibitors bind
directly to the
enzyme’s active site,
blocking access by
the substrate.

e Non-competitive
inhibitors bind to
the enzyme at a site
other than the active
site and, by doing so,
cause the shape of
the enzyme’s active
site to change.

enzyme molecules will not increase the rate of reaction,
explaining the plateau in the curve shown in Figure 2.17.

Inhibitors of enzymes

Some substances can react with an enzyme, slowing the rate of the reaction it catalyses.
These substances are known as enzyme inhibitors. Studies of the effects of inhibitors
have helped our understanding of:

o the chemistry of the active site of enzymes

o the natural regulation of metabolism

o the ways in which certain commercial pesticides and many drugs work (by inhibiting
specific enzymes and preventing particular reactions).

There are two types of enzyme inhibitor with which we need to be familiar. Their
effects are summarised in Table 2.1 and in Figure 2.18.

Table 2.1 Competitive and non-competitive inhibition of enzymes compared

Inhibitor chemically resembles the substrate Inhibitor chemically unlike the substrate

molecule and binds with the active site, molecule, but by binding to another (allosteric)

blocking access to substrate molecules. site, changes the shape of the enzyme
molecule, including the active site.

With a low concentration of inhibitor, With a low concentration of inhibitor, increasing
increasing the concentration of substrate concentration of substrate can neither displace
eventually overcomes inhibition as substrate inhibitor nor prevent binding of further inhibitor
molecules displace inhibitor and enzyme— molecules.

substrate collisions become more likely than
enzyme—inhibitor collisions.

For example, O, competes with CO, for the For example, alanine non-competitively inhibits
active site of rubisco. pyruvate kinase.
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When the initial rates of reaction of an enzyme are plotted against
substrate concentration, the effects of competitive and non-competitive
inhibitors are seen to be different.

substrate .
maximum rate
of enzyme-catalysed reaction
o high - —— without any inhibitor
active site
enzyme
| effectofa competitive
inhibitor:
substrate and inhibitor
. compete for active sites, so
competitive inhibitor change

excess substrate overcomes

in place: substrate prevented in shape o
from binding of active
site

two types of inhibition
effect of a non-competitive

inhibitor:

inhibitor does not compete for
active sites, so excess substrate
will not overcome inhibition

¢o

initial rate of reaction

non-competitive inhibitor
in place: catalytic activity of low 1
active site prevented —€> low high

substrate concentration

Figure 2.18 Competitive and non-competitive inhibitors - the principles

Competitive inhibitors

The molecules of a competitive inhibitor sufficiently resemble the shape of the true
substrate so that they can bind to the active site of the enzyme, forming an enzyme—
inhibitor complex. Because these inhibitors are not acted on by the enzyme and turned into
‘products’ as normal substrate molecules are, the enzyme—inhibitor complex tends to remain
intact. However, if the concentration of the substrate molecule is increased, the inhibitor
molecules are progressively displaced from the active sites — and become less likely to re-
attach.

An enzyme you will meet in year 2, called ribulose bisphosphate carboxylase (or
rubisco for short), is one of the most common enzymes on Earth. It catalyses the
reaction between carbon dioxide and a ‘CO,-acceptor molecule’ during the process of
photosynthesis. Oxygen is a competitive inhibitor of this enzyme.

Non-competitive inhibitors

The molecules of a non-competitive inhibitor are quite unlike the true substrate
molecule, yet can still combine with the enzyme. In this case, the attachment does

not occur at the active site of the enzyme but at another (allosteric) site. As a result of
this binding, the shape of the enzyme molecule changes and, with it, the shape of the
active site also changes. The active site is no longer complementary to molecules of the
substrate and the enzyme loses its ability to bind with substrate molecules. Unlike the
case with competitive inhibition, adding more substrate does not dislodge the inhibitor,
since the substrate and inhibitor are not competing for the active site of the enzyme.
Consequently, non-competitive inhibition is often permanent.

One of the steps in cell respiration that you will meet in year 2 is catalysed by an
enzyme called pyruvate kinase. The amino acid alanine is a non-competitive inhibitor
of this enzyme. Many poisons are non-competitive inhibitors of enzymes.

Enzymes - biological catalysts



W End-product inhibition in the control of metabolic pathways
Many metabolic pathways exist as a chain of reactions, each catalysed by a different,
End-product inhibition specific enzyme. Enzyme inhibition is often involved in the regulation of such pathways.

A feature of a chain . . . . .
Figure 2.19 represents a chain of reactions by which a substrate (A) is converted to a
of enzyme-controlled

reactions in which a useful end product (F). Each reaction in the chain is controlled by a different, specific,
product of a late reaction | €nZyme (a to e). The whole process can be regulated because the end product (F) is a

in the series inhibits the non-competitive inhibitor of the first enzyme in the chain (a). As the concentration
enzyme controlling an of end product (F) increases, it inhibits enzyme a, slowing the rate of the first reaction
earlier reaction. in the series (conversion of A to B) and, hence, slowing the entire pathway. So, in

end-product inhibition, as the product molecules accumulate, the steps in their
production are switched off. But these product molecules may now become the
substrates in subsequent metabolic reactions. If so, the accumulated product molecules
will be removed, and production of new product molecules will recommence.

inhibition of regulation of a metabolic pathway by end-product inhibition
enzyme a by
the end-product

molecule

enzyme a x /

a b c d e
A

@
_m

substrate . Y
molecule intermediate products

of the metabolic pathway

end-product
This is an example of the regulation of a metabolic pathway by negative feedback.

Figure 2.19 End-product inhibition of metabolism

Test yourself

16 Outline the difference between the lock-and- 19 When investigating enzyme-catalysed reactions,
key and the induced-fit models of enzyme scientists usually include a buffer solution in
action. their reaction mixtures. Explain why.

17 Explain the difference between the time of 20 Amylase is an enzyme that hydrolyses starch
reaction and the rate of reaction. to maltose. It is secreted by the salivary glands

18 Which one of the following statements is true? of some humans and is also secreted by the
Explain your answer. pancreas. Amylase from the salivary glands has

A Enzymes only begin to denature when they an optimum pH in the range 4.6 to 5.2, whereas
are heated to boiling. amylase from the pancreas has an optimum pH
B Enzymes only begin to denature at in the range 6.7 to 7.0.
temperatures above their optimum What can you conclude from this information about
temperature. the nature of human amylase?

C Enzymes begin to denature at their optimum
temperature.

D Enzymes begin to denature below their
optimum temperature.
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Exam practice questions

@ 1 The graph shows the effect of temperature on the
rate of an enzyme-catalysed reaction.

Which of the following statements is true about
the graph?

A The enzyme starts to become denatured at
point W.

rate of reaction

B The enzyme starts to become denatured at
point X.

C The enzyme starts to become denatured at

pointY. . .
30 40

D The enzyme starts to become denatured at temperature/°C
point Z. (1)

2 Denaturation involves breakage of which types of bond?
A Hydrogen bonds, ionic bonds and peptide bonds
B Disulfide bonds, hydrogen bonds and peptide bonds
C Disulfide bonds, ionic bonds and peptide bonds
D Disulfide bonds, hydrogen bonds and ionic bonds (1)

3 Which of the following statements is true about an amino acid in a
weakly acidic solution?

A It will not ionise.
B It will ionise as an anion.
C It will ionise as a cation.

D It will ionise as a zwitterions. (1)

4 Collagen and haemoglobin are two difterent proteins. Explain one way
in which the structure of each molecule is adapted for its function. (4)

Tip

Question 4 tests recall
4) with understanding (AO1).

Note that the command
word is ‘explain’; a simple
description of each
molecule will not gain full
marks.

5 The diagrams represent four different types of molecule important in
biology. Identify each type of molecule.

Question 5 tests recall
with understanding (AO1)
from Chapters 1 and 2.




@ 6 The diagram shows a molecule of an amino acid called alanine.

i
HN—(—COOH
H

a) Draw a new diagram to show how two molecules of alanine join
together to form a dipeptide. (2)

b) What name is given to the type of reaction by which a dipeptide is
formed? (1)

c) How do other amino acids differ in structure from alanine? (1)

d) There are 20 different amino acids found in the proteins in living
organisms. Theoretically, how many different dipeptides could exist? (1)

7 A student added 1 cm?® of a dilute solution of catalase to 20 cm? of a 5%
solution of hydrogen peroxide. She measured the amount of product
formed at regular intervals. You might find it helpful to

refer to Figure 2.13 when
2) ¢

a) Why did the student use a dilute solution of catalase? : .
answering Question 7.

b) Given a 100% solution of hydrogen peroxide, describe how you would
produce 20 cm?® of a 5% solution of hydrogen peroxide. (1)

The student recorded her results in a table. She used this table to produce
the sketch graph of her results, shown here.

c) Explain why the graph is described as a ‘sketch graph’. (1)
d) Suggest why the student produced a sketch graph of her results. (1)
e) Explain the shape of the curve shown in the graph. 2)

concentration of product

f) Add a second curve to the graph to show the results you would
expect if this student had repeated her experiment but added a non-
competitive inhibitor to the starting mixture. Justify the curve you have

drawn. 3)

8 Compare and contrast the effects of competitive inhibitors and
non-competitive inhibitors. (5)

Stretch and challenge

9 Enzyme-catalysed reactions can be analysed quantitatively. Three
commonly used measures are the temperature coefficient (Q,), the

maximum rate of reaction (V) and the Michaelis constant (K ).

a) The temperature coefficient of an enzyme is found by the following
equation:

_ rate of reaction at temperature (T + 10)°C
10 —

rate of reaction at temperature T °C

Calculate the Q,, value for the enzyme-catalysed reaction shown in
Figure 1.




b) Figure 2 shows changes in the rate of reaction at difterent substrate
concentrations.

Use information from Figure 2 to answer the following questions:
i) Describe how the Michaelis constant (K| ) is calculated.

ii) Explain how you could use information about the Michaelis
constant to determine whether an enzyme-catalysed reaction was
affected by a competitive inhibitor or a non-competitive inhibitor.

20

15

rate of reaction/
ug product per minute

Initial rate of reaction/
g product per minute

10 20 30 40 5 10 15 20 25
temperature/°C substrate concentration/gdm=

Figure 1 Figure 2

@ 10 Earlier in this chapter, you were told “The catalysts that are produced in
cells are enzymes. Most are protein molecules’

Clearly, this statement tells you that some enzymes are not protein
molecules.

Use a search engine or an undergraduate textbook to find which group of
enzymes are not proteins.

a) What type of molecule are they?
b) In what reactions are they involved and where?

c) Why do some scientists think these enzymes might have had an
important role in the evolution of life on Earth?

d) Suggest why the discoverers of these non-protein enzymes had
difficulty publishing their findings.

@ 11 InYear 2 of your course, you will learn about a number of coenzymes.
Find out what a coenzyme is and about the general role of coenzymes.

@ 12 You are currently reading a paper-based book. Several enzymes
were used in the production of this paper from boiled wood pulp.
Carry out the research needed to produce a list of at least four
types of enzyme likely to have been used in producing paper from
wood pulp and give the function of each.
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Nucleotide The monomer
from which nucleic

acids are formed. Each
nucleotide comprises a
pentose, a phosphate
group and a purine or
pyrimidine base.

Nucleic acids and protein
synthesis

Prior knowledge

In this chapter you will need to recall that:

=» a DNA molecule is made up of two strands forming a double helix

=>» each DNA strand is a polymer made from four different nucleotides; each nucleotide consists of a
common sugar and phosphate group with one of four different bases attached to the sugar

=>» the sequence of bases in a cell’s DNA molecule(s) determines the sequence of amino acids in the
polypeptides and proteins the cell produces

=» a gene is a sequence of DNA bases that determines the sequence of amino acids of a single protein

=» a change in the sequence of bases within a gene can alter the activity of the protein for which it codes.

Test yourself on prior knowledge

1 A DNA molecule is a polymer of nucleotides.

a) What is meant by a polymer?
b) Name the components of a single DNA nucleotide.

2 DNA carries the genetic code for the sequence of amino acids in a protein. In what
form is the genetic code carried in a DNA molecule?

3 a) Where is the DNA in a human cell?
b) Where in a human cell is protein made?
4 What is a gene mutation?
5 Give the role of a messenger RNA molecule in a human cell.

| The structure of nucleic acids

Nucleic acids are the ‘information molecules’ of cells. The ‘information’ they carry
determines the sequence of amino acids in each protein a cell can produce. As you will
see, the way in which ‘information’ about the amino acid sequence is held in nucleic
acids — the genetic code — is universal. This means that it is not specific to any one
organism or even to a larger group — like mammals or bacteria — alone. It makes sense
in all organisms.

There are two types of nucleic acid, DNA (deoxyribonucleic acid) and RNA
(ribonucleic acid). These molecules have roles in the day-to-day control of cells

and organisms and in the transmission of genetic information from generation to
generation. Before understanding how they do this, we need to look at the nucleotides
from which nucleic acids are formed.

Structure of nucleotides
A nucleotide is the monomer from which both DNA and RNA are formed.

@ 3 Nucleic acids and protein synthesis



Each nucleotide consists of three substances combined together (Figure 3.1):

e a pentose (ribose in RNA and deoxyribose in DINA)
e a nitrogenous base, which might be:

— a double-ringed purine (either adenine or guanine in both DNA and RNA)

— asingle-ringed pyrimidine (either cytosine or thymine in DNA; either cytosine or

uracil in RNA)
e phosphoric acid.

the components:

phosphoric acid
OH

() o=p—o0H

I—O0—v—

nitrogenous bases

H
|
N

NH,
NZ N\ N\ NH
L I

H o}
purine bases
condensation to form a nucleotide:

phosphoric acid
OH H,0

OH OH
ribose

Figure 3.1 The components of nucleotides

Polynucleotide chains

Two nucleotides can be joined together by a condensation reaction, catalysed by
an enzyme DINA polymerase. Figure 3.2 shows how this reaction results in the
formation of a covalent bond, called a phosphodiester bond, between adjacent
nucleotides. In Figure 3.3, four condensation reactions have produced a chain of

five nucleotides.

pentose sugars

OH

ribose deoxyribose
5
CH,OH OH "CH,OH
0 0]

0 0
H—N)‘E—CH3 H—N |
O:‘\ O:‘\

| |

H H

pyrimidine bases

shown diagrammatically as:

phosphate

NH,

NZ

g

O

. sugar (pentose) =— kfl:l + 2H,0

I:I base

nucleotide

Key terms [

DNA polymerase The
enzyme that catalyses
the formation of a
phosphodiester bond
between two nucleotides.

Phosphodiester bond
The covalent bond
between two nucleotides.
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condensation to form a dinucleotide...

OH OH
| H NH | H NH
OH—P=0 \ ;7 OH-P=0 :
| c—c
0 7N
| H—C N
CH 0 \N — C/
| T~/ N\
Ny | °
HHH
- = |O\/\ H
— H NH,
OH=P=0 “H,0 /
— NH; I c—c
OH—P=0 \ / 0 V4 A\
| = | H—C N
0 74 A \
| H—C N (|:H2 o N—C
CH \ / T~ N\
2 0 N—C CH H C 0
| T~ 7 A\ | |
COH HoC o) H H
| | 0 H
H H
OH H
...shown diagrammatically as:
Nucleotides become chemically combined G

together, phosphate to pentose sugar,

by covalent bonds, with a sequence of G G I:I

bases attached to the sugar residues. condensation

Up to 5 million nucleotides condense - I:I @ + H,0
+

together in this way, forming a

polynucleotide (nucleic acid). I:I

nucleotide + nucleotide s dinucleotide

Figure 3.2 A condensation reaction between two nucleotides produces a dinucleotide

Large numbers of nucleotides become condensed together to form huge
molecules — the nucleic acids, also known as polynucleotides. A nucleic
acid or polynucleotide is a very long, thread-like macromolecule. You can
see in Figure 3.3 how alternating sugar and phosphate molecules form the
‘backbone’ of the polynucleotide, with a nitrogenous base attached to each
sugar molecule along the strand. Notice the label that shows where new
nucleotides are added to a developing polynucleotide chain. This becomes
important when we look at how DNA is copied later in this chapter.

nucleotides are added at this
end of the growing
polynucleotide

Figure 3.3 How nucleotides
make up a polynucleotide
chain

3 Nucleic acids and protein synthesis



RNA molecules sugar—phosphate backbone

RNA molecules are relatively short. In fact, RNA
molecules tend to be between 100 and thousands of
nucleotides long, depending on the particular role
they have.

In every RNA nucleotide:

o the pentose is ribose
o the base is cytosine, guanine, adenine or uracil,
but never thymine.

This is shown in Figure 3.4, which also shows
that RINA molecules are always a single strand of
nucleotides.

In the ‘information business’ of cells there are three
functional types of RINA:

e messenger RNA (mRNA) — carries a copy of a
single gene to a cell’s ribosomes

o transfer RNA (tRNA) — carries individual amino
acids to ribosomes during protein synthesis

o ribosomal RNA — forms part of the sub-units of
ribosomes.

We will expand on the roles of these RINA ‘
molecules later in this chapter. Figure 3.4 RNA structure

DNA molecules

DNA molecules form extremely long strands, of the order of several million nucleotides
in length.

In every DNA nucleotide:

o the pentose is deoxyribose
o the base is cytosine, guanine, adenine or thymine, but never uracil.

Unlike RNA, a DNA molecule consists of two polynucleotide strands, held together
by hydrogen bonds between its bases. The two strands take the shape of a double helix
(Figure 3.5). You can see that the hydrogen bonds that hold the two strands together
are formed between specific bases: adenine with thymine; cytosine with guanine. This
pairing, known as complementary base pairing, is the key to:

o the stability of the DNA double helix (although individual hydrogen bonds are weak,
millions of them in a DNA molecule provide strength)

e the way in which genetic information can be transferred from DNA to RNA
(mRNA)

o the way amino acids are assembled into polypeptides in the cytoplasm.

The bases of the two strands fit together only if the deoxyribose molecules to which
they are attached point in opposite directions. You can see the effect of this in
Figure 3.5. Because the two sugar—phosphate backbones point in opposite directions,
these DNA strands are said to be antiparallel.

single strand of polynucleotide
with ribose sugar and nitrogenous
bases: adenine, uracil, guanine
and cytosine

ey term I

Complementary base
pairing A key feature

of DNA molecules in
which two antiparallel
polynucleotide chains
are held together by
hydrogen bonds between
the bases adenine and
thymine or the bases
cytosine and guanine.
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two polynucleotides
held together by hydrogen bonds
between adjacent bases

deoxyribose

phosphate

2 ) q
adenlne<mm{thym|ne

2 ) 2
thymlne}”m adenine

A links with T )
(with H-bonds)

~ complementary base pairs

n ) B
cytosi ne}mm» guanine

C links with G
(with H-bonds)

J

5 M) B
adenme< {thymme
D))

B ) o
thymme}nwbadenme

X MY X
guanlne@;{;{cytosme

Phosphate is combined with carbon-3 of one deoxyribose
and carbon-5 of the next.

In the chromosomes, the helical structure of DNA is

he DNA molecule is twi
stabilised and supported by proteins. the molecule is twisted

into a double helix

Figure 3.5 DNA structure

Test yourself

1 Name:
a) the enzyme that catalyses the condensation of two nucleotides
b) the name of the product(s) of this condensation reaction
c) the bond formed between the two nucleotides.

2 How does deoxyribose differ from ribose?

3 Other than the nature of their pentose, give three ways in which the structure of
RNA is different from that of DNA.

4 Figure 3.3 shows that nucleotides are added only to one end of a growing
polynucleotide. Suggest why they can only be added to one end.

5 How does the function of tRNA differ from that of mRNA?

@ 3 Nucleic acids and protein synthesis



| DNA replication — how DNA copies itself

Every time a cell divides, a copy of its DINA passes to each ‘daughter’ cell formed by
the division. This can happen because, prior to dividing, the cell has made accurate
copies of each of its DNA molecules. We call this copying process DNA replication.
As you will see in Chapter 5, in eukaryotic cells, DNA replication takes place in the
interphase nucleus, well before the events of nuclear division.

Replication sites open at points
along the DNA double helix. helicase unwinds the helix and breaks
the H-bonds (‘unzips’ the DNA molecule)

m
Pa— —C X )

DNA polymerase the new DNA
attaches (polynucleotide) strands
replication sites join up
- N——
/_

2 single strands act as templates
for the new strands

3 free nucleotides
with complementary
bases slot into place,

1 DNA molecule unwinds line up, and are held
and ‘unzips’ when the Q in place by H-bonds
H-bonds break Q

a& ~—————— 4 sugar-phosphate

‘backbone’ is
formed by
éﬁ condensatlon

position of ’

H-bonds F

complementary

base pairing free nucleotides present

in excess at replication

(enzymes not shown) site

5 replicated (daughter) DNA molecules
each rewind into a double helix

Figure 3.6 DNA replication

The lower diagram in Figure 3.6 provides a simple summary of the process of DNA
replication. The steps are outlined in more detail on the next page.

DNA replication — how DNA copies itself @



Step 1: the double helix of a DNA molecule unwinds and the hydrogen bonds holding
the strands together break. As a result, the bases on both strands become exposed.

Step 2: each of the separated strands of DNA acts as a template for the production of a
new polynucleotide strand with a complementary sequence of nucleotide bases.

Step 3: free nucleotides, produced by the cell earlier, are attracted to their
complementary exposed bases on each template strand and become held in place by

hydrogen bonds.

Step 4: condensation reactions link the new nucleotides together to form the sugar-
phosphate backbone of each new strand.

ey torm [N

Semi-conservative
replication The process
by which two copies

of a DNA molecule are
made and in which

both ‘parent’ strands
remain intact and

act as templates for

the formation of new,
complementary, strands.

replication.

Once completed, each daughter DNA molecule rewinds into a double helix. Since
one strand of each new double helix was present in the original DNA molecule and
the other is a newly synthesised strand, this process is known as semi-conservative

Of course, these reactions are catalysed by enzymes. The breakage of the hydrogen
bonds and the unwinding of the DNA double helix (Step 1) is catalysed by the enzyme
DNA helicase. The linking of nucleotides in the developing strands (Step 4) is
catalysed by the enzyme DNA polymerase.

The upper diagrams in Figure 3.6 add a little more detail to this process. Notice that
the points in the DNA molecule at which DNA helicase opens the double helix are
called replication sites. You can see that more than one replication site occurs in each

DNA molecule. This means that new strands of DNA are produced in segments that
are then joined together. The joining of these segments is catalysed by another enzyme

— DNA ligase.

DNA polymerase also has a role in ‘proof reading’ the new strands. Any ‘mistakes’ that
start to happen (for example, the wrong bases pairing up) are corrected. As a result,
each new DNA double helix is an exact copy of the original.

The evidence for DNA replication

The structure of DNA that you have learnt about above was
first proposed by James Watson and Francis Crick in 1953. At
the time, they also postulated that DNA replication would be
semi-conservative. It was not until 5 years later that Matthew
Meselson and Franklin Stahl devised an experiment that would
test this hypothesis.

Meselson and Stahl used cultures of a bacterium commonly
found in human intestines, called Escherichia coli. They
planned to allow cells in these cultures to grow and divide and
then to extract DNA from these new cells. They knew that the
E. coli cells in a culture all divide at the same time — every

60 minutes.

3 Nucleic acids and protein synthesis

1 Suggest why it was important that the cells in a culture of
E. coli divided at the same time.

The way in which Meselson and Stahl intended to analyse
the DNA they collected involved the two isotopes of
nitrogen. We came across isotopes in Chapter 1, where we
saw that all atoms in an element have the same number of
protons and electrons but might contain different numbers
of neutrons. The most commonly occurring nitrogen atoms
have 14 neutrons in their nuclei but some nitrogen atoms
have 15. The atoms with 15 neutrons are called ‘heavy’
nitrogen and represented as 15N, while the more common
atoms with 14 neutrons are called ‘light’ nitrogen and
re-presented as N.




2 Which part of DNA nucleotides contain nitrogen?

Since DNA bases contain nitrogen, Meselson and Stahl
intended to follow DNA replication by labelling these bases.

They cultured E. coli in a medium (food source) where the
available nitrogen contained only the ‘heavy’ nitrogen isotope,
15N, They continued to do this for long enough that they could
be sure that all the DNA of the bacteria was entirely ‘heavy’.

Now came the clever part. They transferred these bacteria
to a medium containing the normal ‘(light’) isotope, 1*N, and
allowed them to grow for 60 minutes.

3 What would you expect to happen during those 60 minutes?

4 What properties would you expect the new DNA strands
produced by the E. coli to possess if replication is semi-
conservative?

5 What properties would you expect the new DNA strands
produced by E. coli to possess if the original DNA had
remained intact and a completely new copy had been made
from it?

1 Meselson and Stahl ‘labelled’ nucleic acid
(i.e. DNA) of the bacterium Escherichia coli with
‘heavy’ nitrogen (°N), by culturing in a medium
where the only nitrogen available was as ""NH,*
ions, for several generations of bacteria.

Clearly, Meselson and Stahl had worked out in advance how
they could detect heavy and light DNA — the differences in
mass are too small to use a top-pan balance. They relied on
the fact that the two DNA strands — one containing N and
the other containing 1°N — would have different densities.
They extracted and purified DNA from bacteria that had
only been grown in medium containing 15N and DNA from
bacteria that had been allowed to grow for 60 minutes in
medium containing N. They then placed samples of each
type of DNA in separate centrifugation tubes containing a
solution of a salt whose density increased from the top of
the tube to the bottom of the tube. They then centrifuged
the tubes.

6 What would you expect to find after centrifugation if DNA
replication is semi-conservative?

Figure 3.7 shows that this is exactly what Meselson and
Stahl found. It also shows the results Meselson and Stahl
found when they allowed the transferred E. coli to divide for a
second time in the medium containing *N.

position of heavy (>N) DNA

2 When DNA from labelled cells was

extracted and centrifuged in a density Ve

gradient (of different salt solutions) all

the DNA was found to be ‘heavy’.

position of light ("*N) DNA

N
3 In contrast, the DNA extracted from I
cells of the original culture (before
treatment with '°N) was 'light’.
-

4 Then a labelled culture of E.coli was switched
back to a medium providing unlabelled nitrogen
only, i.e. "NH,*. Division in the cells was \

after one generation

synchronised, and:
«after one generation all the DNA was of
intermediate density (each of the daughter

cells contained (i.e. conserved) one of the

parental DNA strands containing "N alongside
a newly synthesised strand containing DNA
made from "*N)

after two generations

.
A
A
"
LA

« after two generations 50% of the DNA was
intermediate and 50% was ‘light’. This too
agreed with semi-conservative DNA replication,
given that labelled DNA was present in only

.
d
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-
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half the cells (one strand per cell).

.

increasing density

Figure 3.7 A summary of the experiment carried out by Meselson and Stahl
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Gene A sequence of
DNA nucleotide bases
that encodes the
sequence of amino
acids in a functional
polypeptide.
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Genetic code A
combination of three
nucleotide base triplets
encodes an individual
amino acid. Each
combination of base
triplets encodes the
same amino acid in all
organisms, i.e. this code
is universal.

Degenerate code - the
genetic code is said to
be degenerate because
some amino acids are
encoded by more than
one base triplet.

Test yourself

6 Explain why DNA replication is described as semi-conservative.
7 What is the importance of base pairing during DNA replication?

8 What experimental results would you expect after one generation in the
Meselson—Stahl experiment in Figure 3.7 if DNA replication had been
conservative?

9 What experimental results would you expect if the Meselson—Stahl experiment in
Figure 3.7 had continued for three generations?

10 What causes DNA molecules to unwind during replication?

DNA and protein synthesis —
the genetic code

The major role of DNA is to enable a cell to make specific proteins. The huge

length of a single DNA molecule codes for a very large number of proteins. Within

this extremely long molecule, the relatively short length of DNA that codes for the
sequence of amino acids in a single polypeptide chain is called a gene. Proteins are very
variable in size and, consequently, so are genes. A very few genes are as short as 75100
nucleotides long. Most are at least 1000 nucleotides in length, and some are more.

Most proteins contain several hundred amino acids condensed together in a linear
series. There are only 20 or so amino acids that are used in protein synthesis; all cell
proteins are built from them. The unique properties of each protein lie in:

e which amino acids are involved in its construction
o the sequence in which these amino acids are joined.

The genetic code

Each DNA molecule encodes a large number of proteins. The DNA molecules in the
cells of different species of organism will have difterent nucleotide base sequences,
encoding proteins that are unique to each species. Despite these differences, the basis of
the coding is common to all organisms.

This basis of coding — the genetic code — is a sequence of three nucleotide bases
coding for an amino acid. It is this triplet code that is universal — the same combination
of three DNA nucleotide bases (or DNA base triplet) codes for the same amino acid
in all organisms. With four bases (C, G, A, T) there are 64 possible different triplet
combinations (4 X 4 X 4). As we have already seen, only 20 amino acids are commonly
used by cells. In other words, the genetic code has many more different DNA base
triplet combinations than are needed to encode 20 amino acids. Many amino acids are
encoded by two or three base triplets. To reflect this, we say that the genetic code is
degenerate. Also, some of the DINA base triplets represent the ‘punctuations’ of the
code — for example, there are ‘start’ and ‘stop’ triplets.

You can see the genetic code in Figure 3.8. The table explains the abbreviations used
to represent the 20 amino acids commonly present in proteins. The circle is one way of
showing the nucleotide base triplets encoding each amino acid. Notice that this code
uses RNA bases, rather than a DNA bases — you can see it uses uracil (U) rather than

e 3 Nucleic acids and protein synthesis



thymine (T). You might wonder why this is. As we will shortly see, the DNA code
is translated into messenger RINA that is used by the ribosomes to make proteins; a
ribosome ‘reads” RINA bases. Figure 3.8 also introduces a new term — codon. We use Codon A nucleotide base
this term to describe a nucleotide base triplet on a molecule of mR NA. triplet on messenger RNA

The 20 amino acids used in protein synthesis

Amino acids Abreviations
alanine Ala
arginine Arg
asparagine Asn
aspartic acid Asp
cysteine Cys
glutamine GIn
glutamic acid Glu
glycine Gly
histidine His
isoleucine lle
leucine Leu
lysine Lys
methionine Met
phenylalanine Phe
proline Pro
serine Ser
threonine Thr
tryptophan Trp
tyrosine Tyr
valine Val

Figure 3.8 The genetic code — a universal code

The genetic code in circular form

that encodes a single
amino acid.

The codons are messenger RNA base triplets
(where uracil, U, replaces thymine, T)

Read the code from the centre of the circle
outwards along a radius. For example, serine
is coded by UCU, UCC, UCA or UCG, or by
AGU or AGC.

In addition, some codons stand for ‘stop’,
signalling the end of a peptide or protein chain.

Test yourself

11
12
13

14
15

Define the term gene.

Explain why different genes have different lengths.
Explain why the following statement is not true.
‘The nucleus contains the cell’s genetic code.’

What is a codon?

The sequence of bases in a sample of mMRNA was found to be:

GGU, AAU, CCU, UUU, GUU, ACU, CAU, UGU

a) Use Figure 3.8 to give the sequence of amino acids this codes for.

b) Write out the sequence of bases in the antisense strand of DNA from which

this mMRNA was transcribed.

DNA and protein synthesis - the genetic code e



key terms [

Antisense strand The
polynucleotide chain in

a DNA molecule that is
always used in protein
synthesis to determine the
order of amino acids in a
polypeptide, i.e., itis the
strand that is transcribed.

Non-overlapping The
property of the genetic
code in which each
nucleotide base forms
part of only one base
triplet.

part of the DNA
molecule of a_
chromosome

The process of protein synthesis

Before looking at protein synthesis in detail, look at Figure 3.9. It shows a summary
of how a gene controls the production of a polypeptide. Since a gene is extremely
long, the diagram represents only part of a gene. On the left-hand side, you can see
the two DINA strands held together by hydrogen bonds between complementary base
pairs. You can also see that the base sequence is different, depending which of the two
polynucleotide chains you look at. Only one of these strands is ever used in protein
production. We call it the antisense strand. Now look at the right-hand side of
Figure 3.9; it shows the DNA triplet code for three amino acids. The first triplet is
AGA and codes for the amino acid serine. Notice, though, that once AGA has been
used the next triplet is CTG. This illustrates another important principle of the genetic
code — it is non-overlapping. In other words, each base is part of only one triplet
code. This means that the DNA base sequence in Figure 3.9 is read, from top to
bottom AGA, CTG and TTC and not AGA, GAC, ACT, etc.

DNA base sequence
sense strand | antisense strand  is read in one
(complementary (coding strand)  direction only
to the antisense ] -
strand)

the triplet code
for serine (Ser)

the triplet code
for aspartic acid (Asp)

the triplet code
for lysine (Lys)

part of the amino acid sequence
of a particular protein that the
gene codes for

the genetic information
of the antisense strand:
it specifies the linear
sequence of amino acids
that make up a protein

Figure 3.9 Part of a gene and how its DNA codes for amino acids
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To aid understanding, we will consider protein synthesis in three stages.

Stage 1 - transcription
Figure 3.10 shows how this stage occurs in the nucleus of a eukaryotic cell and results W
in a gene being copied into the base sequence of messenger RNA (mRNA), which

then leaves the nucleus. This process is called transcription and is controlled by Transcription The

three groups of enzymes. The following events occur at the point where the gene is process by which the DNA
to be copied nucleotide base sequence

of a gene is copied into

® The DNA double helix unwinds, and the hydrogen bonds holding the two strands the RNA nucleotide base
together break. Just as we saw in DNA replication, DNA helicase catalyses this reaction. sequence in a molecule of
o One of the separated strands of DNA, the antisense strand, acts as a template for the messenger RNA (mRNA).

formation of mR NA.

INVAYA

mRNA produced by _
transcription — a copy of the
coded information of a gene

RNA polymerase
causes transcription
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<
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nucleotide and links the 5’ end of the nucleotide T r
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RNA polymerase
moves along
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mature mRNA passes out of the nucleus
\ via pores in the nuclear membrane

~_ |\~~~

pore in nuclear membrane

to ribosomes in the cytoplasm

Figure 3.10 Transcription
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o Free RINA nucleotides present in the nucleus pair up with the exposed nucleotides on the
antisense strand. (Notice in Figure 3.10 that these free RINA nucleotides are referred to as
nucleoside triphosphates. These molecules are like nucleotides but have three phosphate
groups rather than just the one shown in Figure 3.1. Do not be confused by this, the
presence of additional phosphates simply makes the molecules more reactive.).

o Complementary base pairing ensures that cytosine always pairs with guanine and
uracil always pairs with adenine.

o RNA polymerase catalyses the formation of phosphodiester bonds between the
RNA nucleotides, forming a molecule of messenger RNA.

Once the mRNA molecule is formed, it leaves the nucleus through pores in the
nuclear membrane (Figure 3.10) and passes to tiny structures in the cytoplasm called
ribosomes where the information can be ‘read” and is used. Once the cell has finished
transcribing this gene, this part of the DNA molecule rewinds.

Stage 2 - activation of amino acids

In this stage, the amino acids are activated for protein synthesis by combining with
short lengths of a different sort of RNA, called transfer RNA (tRNA). This activation
occurs in the cytoplasm.

All molecules of tRNA have the shape of a clover-leaf, but there is a different tRINA
for each of the 20 amino acids involved in protein synthesis. At one end of each tRNA
molecule is a site where a particular amino acid can be joined (Figure 3.11). At the
other end, there is a sequence of three bases called an anticodon. This anticodon is
complementary to the codon of mRINA that codes for the specific amino acid.

The amino acid is attached to its tRNA by an enzyme. These enzymes are specific to the
particular amino acids (and types of tRINA) to be used in protein synthesis. The specificity
of the enzymes is a way of ensuring the correct amino acids are used in the right sequence.

Each amino acid is linked to a specific transfer RNA (tRNA)
before it can be used in protein synthesis. This is the process
of amino acid activation. It takes place in the cytoplasm.

tRNA specific tRNA-amino acid;
for amino acid, complex —]\
— point of amino am.lgo
acid attachment acld,
enzyme,
. amino + ATP + AMP + 2P
acid, y—\f
specific
enzyme
anticodon = three consecutive bases in tRNA,

anticodon specific

. A complementary to a codon on the mRNA, e.g. AAA
for amino acid,

is complementary to UUU

Figure 3.11 Amino acid activation

Stage 3 - translation

In this stage, a protein chain is assembled, one amino acid residue at a time

(Figure 3.12). Tiny organelles called ribosomes move to the messenger RNA and
move along it, reading’ the codons from a ‘start’ codon. As we saw earlier in this
chapter, ribosomes themselves contain RINA. In the ribosome, complementary
anticodons on the amino acid—tR NAs slot into place and are temporarily held in
position by hydrogen bonds. While held there, the amino acids of neighbouring amino
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% MRNA strand being read (‘translated’) at one ribosome
mRNAJ ‘IIIII‘IIIIIIIIIIIII == ===——1—1 MRNA
from nucleus complementary UuuuaG G G uuuuGguu UG
Wcodons to T

codons/anticodons
\ 'stop’
\)\) be ‘read

held by hydrogen
bonds

ribosome acting
as supporting
framework and as
site for enzymes

tRNA-amino acid
complex with

(three steps later) anticodon
(Glu arriving)

ribosome moving along
MRNA one triplet at a time
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two tRNAs
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in ribosome

amino acid

residues o
peptide linkage formed

between amino acids
held at the ribosome

protein strand
being built up peptide linkages

Figure 3.12 Translation

acid—tR NAs are joined by peptide bonds. This frees the first tRINA, which moves back W
into the cytoplasm for re-use. Once this is done, the ribosome moves on to the next
mRNA codon. The process continues until a ‘stop’ codon occurs. Introns DNA base

sequences within a gene

Not all DNA codes for protein: mRNA editing ;hr::nioar:i); gggjgﬁ;;h:f

The DNA of eukaryotic cells (those with a nucleus — see Chapter 4) contains many )

] ) i ) : ) a polypeptide. Although
non-coding sections of DNA, called introns. As Figure 3.12 shows, these introns lie copied to RNA during
between coding sections of DNA, called exons. DNA transcription, these
introns are edited out
of the mRNA before it
leaves the nucleus.

Exons DNA base
intron sequences within a gene

The mRNA first produced during transcription includes RINA copies of the introns.
Before leaving the nucleus, this pre-mRNA is edited to remove these introns.
Figure 3.13 shows how this is done.

exon 1 exon 2 exon 3 exon 4 ?
— 4 ,-l-| —L that code for the amino
O (1 [] [ IO DNA acid sequence of a
polypeptide.

l transcription
[ 1 1 [ pre-mRNA

l editing

BT T T e mRNA

-

= translation

v

(000 000)

Figure 3.13 Editing of pre-mRNA in eukaryotic cells
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Gene mutation

A random and
unpredictable change
in the number, or
sequence, of bases in a
single gene.

Point mutation A gene
mutation involving
deletion, insertion or
substitution of a single
base.

Table 3.1 Changes in the
sense of sentences using
three-letter English words
to represent the effect of
point mutations on the
code carried by DNA base
triplets

During splicing the mRNA copies of the exons can be assembled in different orders.

In this way, it is possible for a single gene to give rise to mRINA molecules with
different nucleotide base sequences. This enables such a gene to code for more than one
polypeptide and explains, for example, how we are able to manufacture a vast number
of antibody molecules from a small number of genes.

Since the DNA of prokaryotic cells (cells without a nucleus — see Chapter 4) does not
contain introns, this mRNA-editing process does not occur in these cells.

DNA can change: gene mutations

We have seen that a gene is a sequence of nucleotide bases that codes for the sequence
of amino acids in a polypeptide. Normally, the sequence of nucleotides in DNA is
maintained without changing but, very occasionally, it does change.

A gene mutation involves a change in the number, or sequence, of bases in a
particular gene. We have already noted that the enzyme machinery that brings about
the building of a complementary DNA strand also ‘proof reads’ and corrects most
errors. However, gene mutations can and do occur spontaneously during this step.
Certain chemicals can also cause change to the DNA sequence of bases. So do some
forms of radiation, such as X-rays. Factors that increase the chances of a mutation are
called mutagens.

More than one type of gene mutation is possible. They include:

o base deletion — one or more bases lost from the sequence
o base insertion — one or more bases added to the sequence
o base substitution — one or more bases changed for a different base.

If a gene mutation involves only one base, it is described as a point mutation.

Table 3.1 shows the effect of point mutations using English words, rather than DNA
base triplets. Notice how in some cases a nonsense message is produce but in other cases
a message with a new meaning is produced. With gene mutations, this could result in a
non-functional polypeptide or a polypeptide with a different function.

Normal code (no mutation) Did you get the car

Deletion (base lost) Did yog ett hec ar

Insertion (base added) Did you age tth eca r

Substitution (base changed) Did you wet the car

Sickle cell anaemia: an example of a point mutation

Sickle cell anaemia is a condition that is common among people originating from areas
where malaria is endemic. It results from a point mutation in the gene that codes for the
amino acid sequence of a part of the respiratory pigment haemoglobin, found in our red
cells (its structure was shown in Figure 2.7). In this case, the point mutation is a base
substitution — adenine replaces thymine in one base triplet — causing valine, instead of
glutamic acid, to be incorporated into the polypeptide chain (Figure 3.14). The resulting,
abnormal haemoglobin tends to clump together and form long fibres that distort the red
cells into sickle shapes. In this condition they cannot transport oxygen efficiently and the
cells may block smaller capillaries.
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Anaemia is a disease typically due to a deficiency in healthy red cells in the blood.

Haemoglobin occurs in red cells — each contains about
280 million molecules of haemoglobin. A molecule consists
of two a-haemoglobin and two B-haemoglobin subunits,
interlocked to form a compact molecule.

The mutation that produces sickle cell haemoglobin (Hg®) is
in the gene for B-haemoglobin. It results from the substitution
of a single base in the sequence of bases that make up all the
codons for B-haemoglobin.

part of normal gene

DNA

antisense (coding) strand

(template for transcription CTC

of mRNA)

sense strand - 5 G AG

l

mRNA, formed by

complementary T T T

base pairing E— G A G

tRNA-amino acid complex cuc

showing complementary

anticodons -
glutamic
acid

part of the resulting protein sequence,
showing the amino acid residues

assembled: Val-His-Leu-Thr—Pro-Glu—

|

Hg

Val-|

Test yourself

16 The genetic code
is described as
degenerate and
non-overlapping.
Explain what this
means.
Distinguish
between the
terms transcription

-haemoglobin

17

part of mutated gene

¢ Ac and translation.
substituted . .
" base 18 During protein
GTG production, tRNA
I Y N
molecules carry
" amino acids to a
transcription X
ribosome. What
T T T T T ensures that the
G UG tRNA molecules
are used in the
C AC ] correct order?
19 Explain why
the RNA
valine produced during

transcription is

[ translation modified before
, leaving a cell’s
His—Leu-Thr-Pro-Val-
nucleus.
l 20 What is a point

Hg® mutation?

drawing based on a photomicrograph of a blood smear,
showing blood of a patient with sickle cells present among
healthy red cells

phenotypic appearance
of HgHg red cells
and sickle cells (Hg*Hg)

Figure 3.14 Sickle cell anaemia: an example of a point mutation
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Exam practice questions

@ 1 Which of the following statements is true of base pairing in a molecule
of DNA?

A Adenine always pairs with cytosine
B Adenine always pairs with guanine
C Adenine always pairs with thymine
D Adenine always pairs with uracil
2 Which of the following statements is true of human cells?

A The number of bases in a gene is the same as the number
of amino acids in the polypeptide it codes for.

B The number of bases in a gene bears no direct relation to the
number of amino acids in the polypeptide it codes for.

The number of bases in a gene is three times the number
of amino acids in the polypeptide it codes for.

D The number of bases in a gene is 64 times the number
of amino acids in the polypeptide it codes for. (1)

3 DNA is described as a stable, information-carrying molecule.
a) What makes a DNA molecule stable? (2)

b) How does a DNA molecule carry ‘information’? (2)

4 The diagram represents part of a molecule of DNA during replication.
The letter C on the diagram represents the organic base cytosine and
the letter T represents the organic base thymine.

a) The letters L, M and N represent unknown organic bases.
Use information in the diagram to name each. (3)

b) Explain what caused the parent molecule to split. 3)

5 The DNA in a bacterial cell is held in a single, circular molecule of DNA.
A scientist analysed the bases in the DNA of a bacterial cell. The table
shows her results.

A
1 22
2 15 33

a) Give two ways in which the DNA of a bacterial cell is
different from that of a human cell.

b) Explain how you could find the missing values to complete
the table.

daughter
molecule

parent molecule




@ 6 The diagram shows a DNA trinucleotide.

a) Explain how you can tell that this trinucleotide
is from a DNA molecule. (2)

b) Draw a circle around one nucleotide that contains a purine.  (2)

c) To which end of the molecule would a fourth nucleotide be
added if this were a growing
DNA strand? Explain your answer. (3)

@ 7 Describe the roles of different types of RNA molecule during the

process of translation. (5)

Stretch and challenge

@ 8 The diagram represents part of a DNA molecule during DNA
replication.

leading

DNA
strand @ C\
lagging

DNA
strand
B B

DNA @
helicase
. A
developing x A\{
DNA strand

Use your knowledge of enzyme action to explain:

a) the different patterns of replication shown in the two strands of the
DNA molecule

b) how the fragments A, B and C become a single strand again.

@ 9 The process of replication you have learnt about in this chapter is
catalysed by an enzyme often referred to as DNA-dependent DNA
polymerase. Carry out research to find why this name is used and how
the action of this enzyme difters from that of RNA-dependent DNA
polymerase.




Cell theory Cells are
the fundamental unit of
structure, function and
organisation in all living
organisms.

Cell structure and viruses

Prior knowledge

In this chapter you will need to recall that:

=» there are two types of living cell - eukaryotic and prokaryotic

=» a eukaryotic cell has a cell surface membrane surrounding cytoplasm in which there is a nucleus
containing the genetic material. The nucleus is separated from the cytoplasm by a membrane,
called the nuclear envelope

=>» some eukaryotic cells have a cell wall outside their cell surface membrane

=>» the cytoplasm of a eukaryotic cell contains organelles. Some of these are surrounded by
membrane, including mitochondria and chloroplasts. The aerobic stages of respiration take
place in mitochondria; photosynthesis occurs in chloroplasts

=» a prokaryotic cell has a cell wall and a cell surface membrane surrounding its cytoplasm. It does
not have a nucleus; instead its genetic material is a single, circular molecule of DNA

=» some prokaryotic cells also have smaller, circular DNA molecules, called plasmids

=» a virus is not a living organism. It is a particle that contains genetic material surrounded by a protein
coat. It infects other cells and depends on these cells to produce more virus particles

=» electron microscopy has increased our understanding of sub-cellular structures.

Test yourself on prior knowledge

1 Name two groups of organisms that have a cell wall.

2 Name the structures that contain the genetic material in a eukaryotic cell.

3 A eukaryotic cell is surrounded by a cell surface membrane and many of its
organelles are surrounded by membranes. Do these membranes have the
same structure?

4 Plants have eukaryotic cells; bacteria have prokaryotic cells. Give two ways in
which the structure of a plant cell and a bacterial cell are:

a) similar
b) different.
5 What is the function of a mitochondrion?
6 Some cells have a cell wall. Give one advantage of possessing a cell wall.

| Introducing cells

In the last chapter, we came across a unifying theory in biology, which stated that

the genetic code — the base triplets encoding each amino acid — is the same in all
organisms. Here we come across a second: the cell theory. Put simply, the cell theory
states that:

o cells are the smallest unit of living organisms
o all cells are derived from the division of other (pre-existing) cells
e within cells are the sites of all the chemical reactions of life (metabolism).

@ 4 Cell structure and viruses



Some organisms are made of a single cell; they are called unicellular organisms. Figure 4.1
shows three different unicellular organisms. You can see that the three look quite unalike.
Among the differences are their size, and the possession or absence of a nucleus and a

cell wall. One feature they all have in common is a plasma membrane surrounding their
cytoplasm. We will examine these similarities and differences later in this chapter.

Amoeba - a protozoan of freshwater habitats
cytoplasm

Chlamydomonas — a motile, unicellular alga
of freshwater habitats rich in ammonium ions

———
endoplasm  clear ectoplasm

pseudopodia

plasma
membrane

flagella

contractile

vacuole nucleus

cytoplasm

food vacuoles

length 400 um
light-sensitive

spot chloroplast Escherichia coli — a bacterium found in the intestines
of animals, e.g. humans
nucleus cell wall
(polysaccharide —plasma  —cytoplasm  plasmid
+ amino acids) membrane

starch storage

N L ]

length 30 pum

pili
length 2.0 pm

circular

DNA ribosomes

Figure 4.1 Introducing unicellular organisation

Other organisms are made of many cells, and are known as multicellular organisms.
Much of the biology in this book is about multicellular organisms, including humans,
and the processes that go on in these organisms. But remember, unicellular organisms
carry out all the essential functions of life too, all within the confines of a single cell.

A feature of multicellular organisms is that, after formation, their cells develop
differently; they become specialised for the functions they carry out. We call this
process differentiation. A common outcome of this is that many fully specialised cells
are no longer able to divide. But as a consequence of specialisation, cells show great
variety in shape and structure, as we will see.

The cells of a multicellular organism are not arranged at random. Instead, cells with

a common origin, that have differentiated to perform a particular function, group
together as a tissue. Blood is an example of an animal tissue; you will look at blood in
more detail in Chapter 11. Xylem is an example of a plant tissue; you will look at xylem
in more detail in Chapter 12.

Sometimes, many tissues work together to perform a particular function. For example
the heart, which pumps the blood around the body of a mammal (Chapter 11), contains
epithelial tissue, muscle tissue, connective tissue and nervous tissue. A structure that
performs a particular function but is made of more than one tissue is called an organ.
As you know, the heart, together with blood vessels and blood, forms the circulatory
system. This general pattern in which complex, multicellular organisms are organised
is shown in Figure 4.2.

Unicellular Composed
of a single cell.

ey terms [

Multicellular Composed
of many cells. Usually
the cells differentiate
and become arranged
into tissues, organs and
systems, carrying out
different functions.

Differentiation The
developmental process
by which the structure of
the cells of a multicellular
organism specialise,
becoming adapted for a
specific function.

Tissue A group of cells
that have a common
origin and a similar
structure that work
together to perform a
single function.

Organ A structure, made
of more than one type
of tissue, that has a
specific function.

System A group of
organs and tissues that,
collectively, perform a
particular function.
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system

organ organ

tissue tissue tissue tissue

unspecialised cells

Figure 4.2 The specialised cells of complex multicellular organisms are arranged into
tissues, organs and systems

| Studying cells

Before going any further, we need to consider how we can study cells. Although a few
are just large enough to be seen with the naked eye, cells are extremely small. To study
their structure, we need to magnify them. In your college or school laboratory, you
will use a compound light microscope. It is called a light microscope because it uses
light to view an object. It is called a compound microscope because each of its ‘lenses’
contains more than one glass lens. Figure 4.3 shows an example of a compound light
microscope. The ones in your college or school laboratory might be different from this,
but they will have similar features.

eyepiece lens using the
compound
microscope

nosepiece — as it is turned the
objectives click into place, first the
medium-power, then the high-power

objective lenses — x4 (low);
%10 (medium); x40 (high power)

stage — microscope

coarse focus — used to focus the .
slide placed here

low- and medium-power objectives

fine focus — used to focus ————————=Q)” = condenser - focuses light on
the high-power objective to the object, with an iris diaphragm
— used to vary the intensity of light
/ reaching the object
built-in light source

Figure 4.3 A compound light microscope
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First, look at the three sets of lenses. One set focuses light before it hits the specimen
to be viewed. It is called the condenser lens and you can see it near the base of the
microscope. The microscope in Figure 4.3 has a built-in light within the condenser.
Yours might be the same or you might have a concave mirror there instead. If so, you
will need to use light from a window or from a bench lamp.

The other two sets of lenses focus light after it has passed through the specimen to be
viewed. The one you will look down is called the eyepiece lens. Lower down the
microscope is a second set of lenses, called the objective lenses. In Figure 4.3, you can
see three objectives lenses housed on a nosepiece that rotates, allowing you to engage
different objective lenses with different magnifications. Your microscope might have a
different number of lenses but it is likely to have at least two: one that magnifies less (the
low-power objective lens) and one that magnifies more (the high-power objective lens).

Now look at the side of the microscope in Figure 4.3. You can see the two knurled
screws that are used to focus the lenses. Depending on the manufacturer’s make of
microscope, when you turn these you either move the stage or the objective lenses
up and down. The upper one allows a coarse focus; if you turn this, the stage or the
objective lens moves a greater distance than if you turn the lower, fine-focus screw.

Finally, there is the stage of the microscope. You will place the specimen to be viewed
here and use the two clips to hold it in place. Because light passes through the specimens
you view, they must be very thin. You achieve this either by cutting very thin slices of
tissue or by squashing tissue. The surface you use to support these thin preparations must
also allow light to pass through, so you use glass slides. (Remember to wear eye protection
when using glass slides and coverslips.) There are two types of preparation you can view
using a light microscope:

e A temporary preparation. This involves placing tissue on a glass slide, covering
it with a water-based liquid to prevent it drying out, and putting an extremely thin
glass coverslip over it.

e A permanent preparation. In this type of preparation, the water has been removed
from the tissue and been replaced by a firmer substance. The coverslip is held in place
by a resin.

Cells are usually translucent. To help you to see their structures, chemicals are added
that react with cell components. They are called stains and, since they colour parts of
the cell, staining is a key process to help you identify cell structures.

Figure 4.4 shows two cells viewed using a compound light microscope. One is a plant cell,
the other a human cell. For reasons we will examine shortly, you can see very little cell
detail. Cell walls and chloroplasts are visible in the plant cells. A nucleus and granules are
visible in the human cell. You cannot see a membrane surrounding either cell, though we
assume it must be there, and you cannot see much within the cytoplasm. Before examining
why so little detail is visible, let’s look at one of the core practicals you must carry out.

Test yourself

1 In biology, differentiation has a unique meaning. Explain what it means.
2 |s your stomach a tissue, an organ or a system? Explain your answer.

3 What is the function of the condenser lens in a compound microscope?
4 Why do biologists stain tissue to be viewed using a microscope?

5 How do you avoid trapping air bubbles when you are making a temporary mount
of tissue?

Studying cells



Canadian pondweed (Elodea)
grows submerged in fresh water

photomicrograph of a leaf cell of Elodea
(x400)

Figure 4.4 Animal and plant cells

photomicrograph of a human cheek cell
(x800)

human

Core practical 2

Use of the light microscope, including simple stage and eyepiece
micrometers and drawing small numbers of cells from a specialised
tissue

This core practical involves three skills: using a compound light microscope safely, measuring the
actual size of cells observed using a compound light microscope and drawing a small number of
these cells. Let’s deal with them in that order.

Using the microscope safely

Although it looks robust, the microscope is very delicate. A slight knock might damage the
alignment of the lenses within the eyepiece or objective lens arrangements. Consequently, you
should treat the microscope with care.

1 If you are carrying a microscope from a storage area to your bench, use both hands - one
supporting the base and the other holding the arm of the microscope.

2 Place the microscope on the bench so that its base is flat and it is far enough away from
the edge of the bench to reduce the risk of it falling off. Adjust your seating so that you can
comfortably adjust the focusing screws and look down the eyepiece.

3 Ensure the built-in lamp is set at its minimum setting before plugging in the power cable. Then
adjust the lamp to about two-thirds of maximum setting.

4 Select a low-power objective lens by rotating the nosepiece. When the lens is correctly in place,
you will hear a ‘click’.

5 Look at a prepared slide to locate the specimen. Then put the slide onto the stage so that the
coverslip is facing upwards and the specimen is located centrally below the objective lens.

@ 4 Cell structure and viruses

Tip

The objective lenses of a
compound microscope are
very expensive. It is critical
you do not push one into
the specimen to be viewed
when you are turning a
focus screw. To avoid this,
if you are looking down the
eyepiece lens, only ever
turn the screw to move an
objective lens away from
the specimen. If you need
to move the objective lens
towards the specimen,
watch the bottom of the
objective lens from the side
of the microscope, so you
can be certain it does not
touch the specimen.




6 View the specimen by looking down the eyepiece lens. Focus the image of the specimen, first using
the coarse focus control and then the fine focus control. To avoid eyestrain, try to keep both eyes
open while looking down the eyepiece lens.

7 Notice that the image of the specimen is upside down and back-to-front compared with looking at
the specimen directly. The same will be true when you move the slide around. If you push it to your left,
the image will move to your right and vice versa.

8 Focus the condenser by placing a sharp object, such as a mounted needle, on the centre of the light
source. Adjust the condenser lens until the specimen and the sharp object are in focus together. You

are now ready to use the microscope.

Measuring the actual size of cells
Look at Figure 4.5, which summarises the method you used for measuring the size of cells. In this case,

the specimen is a blood smear, but the principles are the same whatever specimen you used.

fa B <

compound light
microscope

nosepiece with
medium- and high-
power objectives

O 25456 7R

shelf -

stage }
coarse and the SIS
I - gratlcule is
installed here
. controls
built-in light
source )
with iris graticule much
diaphragm _enlarged —scqle
pred is arbitrary units

1 Measuring a cell (e.g. a red blood cell)
by alignment with the scale on the
eyepiece graticule

red cell (side view) with
—"—'—'—"\ the eyepiece graticule
0 2 scale superimposed

red cell diameter
measured
(arbitrary units)

using a prepared
slide of mammalian
blood smear

012345678910

2 Calibrating the graticule scale
by alignment of graticule and
stage micrometer scales

0l68L95V€ECLO
[T P ]

the stage micrometer is placed on the
stage in place of the prepared slide and
examined at the same magnification

the measurement of the blood
cell diameter is converted to a

e 1- g pm measurement
\
\

now graticule scale and stage micrometer
scale are superimposed

1.5 (15 units)
in this case, the red cell

—_— ] appears to have a
0 10pum diameter of about 8um

Figure 4.5 Measuring the size of cells
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The first step involves inserting a graticule into the eyepiece lens.

1 Describe how you did this. Include in your description any precautions you took.

2 The graticule has a graduated line across it. How did you ensure this appeared horizontal when you placed the
eyepiece back into the microscope and viewed cells?

3 Figure 4.5 shows a single red blood cell against the graticule. What can you deduce about the size of this cell?

4 How did you calibrate your graticule?

5 What is the actual diameter of the red blood cell in Figure 4.5?

Drawing small numbers of cells

view (phase contrast) of the layer of the cells
(epithelium) lining the stomach wall

The lining of the stomach consists of columnar
epithelium. All cells secrete mucus copiously.

columnar
epithelium cell

mucus

cytoplasm

nucleus

basement

membrane == ==

Figure 4.6 Recording cell structure by drawing

6 How did your drawings to show the distribution of tissues differ from your drawings to show cell structure?
7 Describe how you ensured that your drawings of a small group of cells accurately represented what you
saw using a light microscope.

Digital microscopy

These days, scientists rarely draw the cells and tissues they observe under a microscope.
Instead they use a digital microscope or, alternatively, connect an appropriate camera
using a microscope coupler or eyepiece adaptor that replaces the standard microscope
eyepiece. Images can be displayed directly on a VDU monitor or saved to a computer
hard drive, from which they can be retrieved and printed. This technique of digital
microscopy is shown in Figure 4.7.

Test yourself

6 What is the function of a cell’s nucleus?
7 Biologists use a basic stain when staining nuclei. Suggest why.

8 Within a multicellular organism cells show great variety in shape and structure.
Explain why.

9 A cell is reported to be 0.00038m long. Express this measurement using a more
suitable unit of length.

10 The cell theory is a unifying theory in biology. In your own words, give three of its
component statements.
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Figure 4.7 Digital
microscopy in action

digital
microscope

epidermis

fibres

—phloem

+ (nutrient
transporting)
: Lcambium

’ print of tissues of
the outer part of
the stem showing
the tissues of a
vascular bundle

prepared slide of TS stem

of sunflower (Helianthus) xylem (water

transporting)

Maghnification and resolution of an image

We can now return to our earlier observation regarding Figure 4.4, namely, that we
could not see much detail of the cell structure. You might think we could overcome this
by increasing the magnification, in other words the number of times larger an image is
than the specimen. The magnification obtained with a compound microscope depends
on which of the lenses you use. For example, using a X10 eyepiece and a X10 objective
lens, the image is magnified 100 times (10 X 10). When you switch to the X40 objective
lens with the same eyepiece lens, the magnification becomes 400 times (10 X 40). These
are the most likely orders of magnification you will use in your laboratory work.

Theoretically, there is no limit to magnification. For example, if a magnified image
is photographed, further enlargement can be made photographically. This is what
usually happens with photomicrographs shown in books and articles. We can find the
magnification using the formula:

L size of image
magnification =

size of specimen

For example, suppose a plant cell with a diameter of 150 pm is photographed with a
microscope and its image enlarged photographically so that its diameter on the print is
150 mm diameter (150 000 pm). The magnification is:
150000
150

= 1000 times

Maghnification The
extent to which an object
has been enlarged by a
microscope, in a drawing
or in a photograph.

You need to be confident
in converting units. It
might help you remember
how to convert units

of length if you work in
steps of 1000 (103).
Thus, 1m = 103mm =
108um = 109 nm. This
series (milli, micro and
nano) is also true for
other units, such as units
of mass and volume.
Notice that if you follow
this advice, you will

not measure length in
centimetres (cm).
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If a further enlargement is made, to show the same cell at 300 mm diameter (300 000 pm),
the magnification would be:

300000
150

= 2000 times

In this case, the image size has been doubled but the detail will be no greater. You will
not be able to see, for example, details of cell membrane structure, however much the
image is enlarged. This is because the layers making up a cell’s membrane are too thin
to be seen as separate structures using the light microscope.

=

Using scale bars to determine actual size and maghnification

photomicrograph of Amoeba proteus (living specimen) - interpretive drawing
phase contrast microscopy

cell surface membrane

small food
vacuoles

pseudopodia

nucleus

large food vacuole

cytoplasm: outer,
clear (ectoplasm)
and inner, granular
(endoplasm)

contractile
vacuole
scale bar | 0.1 mm

Figure 4.8 Using a scale bar to record size

Once the size of a cell has been measured, a scale bar line may be added to a micrograph
or drawing to record the actual size of the structure. This has been done in the photomicrograph
and drawing of a single-celled organism called Amoeba proteus in Figure 4.8.

1 What is the length of the scale bar in Figure 4.87?
2 What is the length of the drawing of the cell shown in Figure 4.87?
3 Use both your measurements to calculate the actual length of the cell in Figure 4.8.

4 Now calculate the magnification of the drawing in Figure 4.8, using the formula:
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. . size of image
magnification = —————
size of specimen

Answers

1 Using a rule with millimetre divisions, you should have measured the length of the
scale bar as 20 mm.

2 You should have found that the cell is 200 mm long.

3 The actual length is %x 0.1=0.5mm.

4 The magnification is % =x200.

Although we could, theoretically, increase magnification indefinitely, doing so would
not show us more detail of cell structure. The problem is not magnification but the
nature of light itself. Look around the room. How can you distinguish between objects
within it? Apart from different colours or textures, you can see space between them. This
is fine with large objects but not with tiny ones that are extremely close together. The
wavelength of light is such that it cannot pass between these tiny objects. The ability to
distinguish tiny objects that are extremely close together is termed resolving power, or
resolution. If two separate objects cannot be resolved they will be seen as one object.
Merely enlarging them will not separate them. Using a light microscope, the limit of
resolution is about 0.2 pum. This means that two objects less than 0.2 um apart will always
be seen as one object however much we magnify them using a light microscope.

So, how can we see greater detail of cell structure? The answer is to use radiation

with a shorter wavelength than light. Most commonly, we use electrons in an electron
microscope. Because an electron beam has a much shorter wavelength than light rays,
the resolving power of an electron microscope is much greater than the best light
microscopes. Used with biological materials, the limit of resolution in transmission
electron microscopy is about 5nm. Look at Figure 4.9, which illustrates this point well.
The detailed structure of the chloroplast can be seen using a transmission electron
microscope a) but cannot be seen with a light microscope b).

chloroplast enlarged (x6000)

ey term [

Resolution The ability

to distinguish between
points that are very
close together. The limit
of resolution for a light
microscope is about

2 um (2000 nm) whereas
that of a transmission
electron microscope is
about 5nm.

a) from a transmission electron micrograph b) from a photomicrograph obtained by light microscopy

Figure 4.9 Magnification without resolution
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Electron microscopy — the discovery of cell ultrastructure

In an electron microscope, a beam of electrons is used to produce a magnified image
in much the same way as the optical microscope uses light. The electron beam is
generated by an electron gun and is focused using electromagnets, rather than glass
lenses. Since we cannot see electrons, the electron beam is focused onto a fluorescent
screen for viewing, or onto a photographic plate for permanent recording. You can
see these features in Figure 4.10. Notice the outlet to a vacuum pump in the diagram.
Electrons would be deflected by molecules in the air, so the large red column you can
see in Figure 4.10 holds the specimen inside a vacuum.

With a transmission electron microscope, the electron beam is passed through an
extremely thin section of material. Membranes and other structures present are stained
with heavy metal 1ons, making them electron-opaque, so they stand out as dark areas in the
image. You can see a technician using a transmission electron microscope in Figure 4.10.

air lock/specimen port

eIe;tron gun the specimen is introduced without the
emits an accelerated loss of vacuum

electron beam

condenser J% %

electromagnetic lens

focuses the electron objective .
beam onto specimen electromagnetic lens that focuses the
. first image (according to voltage)
specimen

position projector
electromagnetic lens that magnifies a
part of the first image

vacuum viewing port
pump with binocular viewer

fluorescent screen
coated with electron-sensitive compound

camera chamber
/ \ /allows a black and white photographic
image to be made (+ the possibility of
further magnification)

it

Figure 4.10 A transmission electron microscope
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Cell ultrastructure The
structure of cells seen
using a microscope with a
high degree of resolution,
usually a transmission
electron microscope.

Only transmission electron microscopes can resolve the fine detail of the contents of
cells, the organelles and cell membranes, known as cell ultrastructure and shown
in Figure 4.11. Note that the photograph of a specimen viewed using a transmission
electron microscope is called a transmission electron micrograph (TEM).

Test yourself

11 A student is using a compound microscope to study plant tissue at an institution
that does not have graticules or stage micrometers. Suggest how this student could
use a ruler to estimate the length of a plant cell in the tissue he is viewing.

12 An Amoeba proteus is shown in Figure 4.8.

a) What is the evidence that this organism is not a plant?
b) In fact, Amoeba proteus is a eukaryotic unicell. Explain the meaning of
‘eukaryotic’ and ‘unicell’.

13 Explain the advantage of using a transmission electron microscope rather than

a compound light microscope to study cell structure.
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TEM of liver cells (x15000)

nucleus — controls and
directs the activities of
the cell

ribosomes

mitochondria

endoplasmic

: lysosomes
reticulum (RER)

Figure 4.11 Transmission electron micrograph (TEM) of mammalian liver cells with an interpretative drawing

With a scanning electron microscope, a narrow electron beam is scanned back and forth
across the surface of the specimen. Electrons that are reflected or emitted from this surface
are detected and converted into a three-dimensional image, such as the one in Figure 4.12.

Test yourself

14 Suggest one disadvantage of using a transmission electron microscope rather
than a compound light microscope to study cells.

15 The resolving power of a light microscope is given as 2um and that for a
transmission electron microscope as 5nm. How many times greater is the resolving
power of the electron microscope than the light microscope? Show your working.

The discovery of two types of cell organisation
Electron microscopy has disclosed two entirely different types of cellular organisation,
based on the presence or absence of a nucleus.

The cells of animals, fungi, plants and protoctists have a large, obvious nucleus. The
surrounding cytoplasm contains many different membrane-bound organelles. These
cells are called eukaryotic cells (meaning cells with a ‘true nucleus’). We will examine
this type of cell organisation first.

In contrast, bacteria contain no nucleus and their cytoplasm does not have any
membrane-bound organelles. They are called prokaryotic cells (meaning cells

‘before the nucleus’). Another key difference between the cells of the prokaryotes

and eukaryotes is their size. Prokaryote cells are exceedingly small — about the size of
individual mitochondria or chloroplasts found in the cells of eukaryotes. We will return
to prokaryotic cells later in this chapter.

Figure 4.12 A scanning
electron micrograph (SEM)

To answer Question 15
you need to convert
micrometres (um) to
nanometres (nm).

Key terms [

Eukaryotic cell A cell with
a nucleus and membrane-
bound organelles in its
cytoplasm.

Prokaryotic cell A cell
that does not (and never
did) have a nucleus

or membrane-bound
organelles. Bacteria are
prokaryotic.

Studying cells @




ey torm [

Organelle A structure
within the cytoplasm

of eukaryotic cells that
performs a discrete
function. With the
exception of ribosomes,
organelles are
surrounded by at least
one layer of membrane,
in other words they are
membrane-bound.

| The ultrastructure of eukaryotic cells

Today, the eukaryotic cell is seen as a ‘bag’ of organelles, most of which are made of
membranes. The fluid around the organelles is an aqueous solution of chemicals, called
the cytosol. The cytosol and organelles are contained within a special membrane, the
cell surface membrane. The detailed structure of this membrane, and the processes
by which it is crossed by all the metabolites that move between the cytosol and the
environment of the cell, will be discussed in Chapter 9.

Our picture of the arrangement of organelles enclosed by the cell surface membrane
of a cell has been built up by the examination of numerous transmission electron
micrographs (TEMs). This detailed picture, referred to as the ultrastructure of cells,
is represented diagrammatically in Figure 4.13. TEMs of an animal and plant cell,
together with an interpretive drawing, are shown in Figure 4.14.

animal cell plant cell

Golgi apparatus rough endoplasmic
reticulum (RER)
with ribosomes

attached

free ribosomes

free ribosomes

lysosome Q chloroplast
- @ lysosome
endoplasmic

reticulum (SER)

centrioles

mitochondrion

rough

mitochondrion

= smooth
@ endoplasmic
reticulum (SER)

endoplasmic
reticulum
(RER) with
ribosomes
attached

cell surface
membrane

cell surface

@ membrane
‘J cellulose
j cell wall

chromatin
nuclear membrane nucleolus

permanent vacuole
surrounded by tonoplast

temporary vacuoles
formed by intucking
of cell surface membrane

nucleus

Figure 4.13 The ultrastructure of an animal and plant cell
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Figure 4.14 TEMs of a mammalian plasma cell and a plant palisade mesophyll cell

Introducing the organelles

Nucleus

The everyday role of the nucleus in protein synthesis has already been described in
Chapter 3. It is the largest organelle in the eukaryotic cell, typically 1020 pm in
diameter. It is surrounded by a double nuclear membrane that contains many pores,
each only about 100nm in diameter. These nuclear pores allow movement of molecules
between the cytoplasm and the nucleus, for example the movement of mRINA that you
saw 1n Chapter 3.

The nucleus contains chromosomes. Figure 4.15 shows how each chromosome
contains a long strand of DNA wound around beads of histone, a type of protein. The
chromosomes are visible using a light microscope only at the time the nucleus divides
(Chapter 5). At other times, the chromosomes appear dispersed as a diffuse network,
called chromatin. One or more nucleoli (singular nucleolus) may be present in

the nucleus. These rounded, dark-staining bodies are the site of ribosome synthesis.
Chromatin, chromosomes and the nucleolus are visible only if stained with certain dyes.

Most eukaryotic cells contain one nucleus but there are interesting exceptions. For
example, mature red blood cells of mammals (Chapter 11) and mature sieve tube
elements in the phloem of flowering plants (Chapter 12) are both without a nucleus;
they lose it as they mature. Voluntary muscle cells and the thin, thread-like mycelia of

fungi contain cytoplasm with many nuclei (they are multinucleate). W

Mitochondria Crista One of the
Mitochondria are rod-shaped organelles, typically 0.5-1.5 um diameter, and many folds of the
3.0-10.0 pm long. Like nuclei, each mitochondrion has a double membrane. You inner membrane of a
can see in Figure 4.16 (page 81) that the outer membrane forms a smooth boundary mitochondrion, where the

chemicals involved in ATP
synthesis during aerobic
respiration are located.

whereas the inner membrane is infolded to form cristae (singular crista). The interior
of the mitochondrion contains an aqueous solution of metabolites and enzymes,
called the matrix. Small circular molecules of DNA are also located in the matrix.
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drawing of the chromosome showing the packaging of DNA

chromatids

Here the structure is progressively unpacked
to show how a huge molecule of DNA is held
and supported, by:

1) double-coiling around histone proteins
(bead structures = nucleosomes) and then

2) looped along the length of the chromatid,

electron micrograph of chromosome attached to a protein scaffold.

during mitosis (metaphase) — showing
two chromatids held together at the
centromere (x40 000)

centromere

(in the interphase
nucleus the DNA

is dispersed as a
looped strand,
suspended around
the scaffold protein)

scaffold protein
(not histone)

(typically a DNA molecule loops of the
of about 5 cm in length is cylindrical o ‘
packed into each chromatid of coiled fibre cylindrical coil

of the chromatin

approximately 5 um in length) fibre

H1 histone binds
the DNA to the
to next histone ‘bead’

nucleosome

DNA double helix
wound pund histone
protein‘bead’- called
anucleosome

DNA double helix
wound twice around
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2nm} LL/\\K\/\\/\W} DNA double helix

Also present are enzymes
involved in the transcription

and replication of the DNA.
core of nucleosome

of eight histone
molecules — forming
a ‘bead’ structure

Figure 4.15 The packaging of DNA in the chromosomes of eukaryotic cells

Mitochondria are the site of the aerobic stages of respiration (Edexcel A level Biology 2,
Chapter 1) and where most ATP is produced in cells. Not surprisingly cells that

are metabolically very active, such as muscle fibres, contain very large numbers of
mitochondria in their cytoplasm.
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stereogram of a mitochondrion, cut
open to show the inner membrane and
cristae

outer membrane

inner membrane

In the mitochondrion, many of the enzymes
of respiration are housed, and the ‘energy
currency’ molecules (adenosine
triphosphate, ATP) are formed.

n

Chloroplasts

Chloroplasts are biconvex in shape, typically about 4—10um long and

2-3pum wide. They are found in the cells of green plants and photosynthetic
protoctists. In plants, most chloroplasts occur in the mesophyll cells of leaves
(page 215), where one cell may be packed with 50 or more chloroplasts.
Chloroplasts are the site of photosynthesis, the process in which light is used to
synthesise sugars from carbon dioxide and water.

Look at the chloroplasts in the TEM in Figure 4.17. Hopefully, you will be _
able to make out the double membrane around the chloroplast on the right. Figure 4.17 The structure of a chloroplast
The outer layer of the membrane is a smooth continuous boundary, but the

inner layer becomes in-tucked to form a system of branching membranes

called lamellae or thylakoids. In the interior of the chloroplast, the thylakoids are
arranged in flattened circular piles called grana (singular granum). In Figure 4.17 these Thylakoids The folded
look a little like a stack of coins. It is here that the chlorophylls and other pigments inner membranes of a
involved in light capture are located. There are a large number of grana present. Between chloroplast.

them the branching membranes are very loosely arranged in an aqueous environment,
containing enzymes and often containing small starch grains. This part of the chloroplast
is called the stroma. Small circular molecules of DNA are also located in the stroma.

Chloroplasts are one of a larger group of organelles called plastids. Plastids are found

in many plant cells but never in animals. The other members of the plastid family are
amyloplasts (colourless plastids) in which starch is stored, and chromoplasts (coloured
plastids), containing non-photosynthetic pigments such as carotene, and occurring in flower
petals and the root tissue of carrots.

Ribosomes

We saw in Chapter 3 that ribosomes are the site of protein synthesis. The
size of minute objects such as ribosomes is often recorded in Svedberg front view side view
units (symbol, S). This is a measure of their rate of sedimentation during
centrifugation under standardised conditions, rather than their actual size.
Ribosomes in the cytoplasm of eukaryotic cells have a sedimentation rate
of 80S (an actual size of about 25 nm diameter). As we will see later, those
of prokaryotic cells (and of those found within both mitochondria and
chloroplasts) are slightly smaller, with a sedimentation rate of 70 S.

small subunit both are built of
) protein and RNA
large subunit

Figure 4.18 The structure of ribosomes

Figure 4.18 shows that ribosomes are built of two sub-units, and do not have
membranes as part of their structures. Chemically, they consist of protein and
the nucleic acid RNA. Ribosomes are found free in the cytoplasm and also

bound to endoplasmic reticulum to form rough endoplasmic reticulum.
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Figure 4.19 Rough endoplasmic reticulum and smooth endoplasmic reticulum

Endoplasmic reticulum

Endoplasmic reticulum consists of networks of folded single membranes forming
interconnected sheets, tubes or sacs. The cytoplasm of metabolically active cells is
commonly packed with endoplasmic reticulum. Figure 4.19 shows the two distinct,
and separate, types of endoplasmic reticulum found in cells.

e Rough endoplasmic reticulum is continuous with the outer membrane
surrounding the nucleus. It is called ‘rough’ because it has ribosomes attached to its
outer surface (the surface in contact with the cytosol). You know from Chapter 3 that
ribosomes link amino acids together to form polypeptide chains. In addition, the rough
endoplasmic reticulum develops the tertiary and quaternary shapes of proteins that you
learnt about in Chapter 2. It is in the lumen of the rough endoplasmic reticulum that,
for example, the critical shape of enzyme molecules is formed. Often proteins are
transferred from the rough endoplasmic reticulum to the Golgi apparatus. Sometimes
this occurs by direct contact; sometimes it occurs when vesicles are formed from

W swellings at the margins of the rough endoplasmic reticulum that become pinched off.
A vesicle is a small, spherical organelle bounded by a single membrane, which is used

Vesicle A small sac of to store and transport substances around the cell.

cytoplasm enclosed by o Smooth endoplasmic reticulum (SER) is separate from the rough endoplasmic

membrane. Although reticulum and is not usually found near a cell’s nucleus. It is called ‘smooth’ because

they are much smaller . . . . . . ..

than vacuoles, there is it has no Fl‘t.)osomes attthed to it. Smooth endoplasmic reticulum synthesises l_1p1ds,

no difference between phospholipids and steroids. .In th_e cytopl_asm of voluntary muscle ﬁbres,.a spec1al_

the two structures. form of smooth endoplasmic reticulum is the site of storage of calcium ions, which
have an important role in the contraction of muscle fibres.
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Test yourself

16 What is the difference between a double membrane and a lipid bilayer?

17 Distinguish between the terms nucleus and nucleolus.

18 A mitochondrion has a smooth outer membrane and an inner membrane thrown
into a large number of foldings.
a) Name the folds of the inner membrane.
b) Suggest one advantage of this folding.

19 Suggest why amyloplasts are so called.

20 Ribosomes are made within the nucleus of a cell. Suggest how they get to
the cytoplasm.

Golgi apparatus

The Golgi apparatus consists of a stack-like collection of flattened membranous sacs, called
cisternae. One side of the stack of membranes is formed by the fusion of membranes of
vesicles from the rough endoplasmic reticulum. At the opposite side of the stack, vesicles
are formed from swellings at the margins that become pinched off. These vesicles might
remain within the cell or, in secretory cells, fuse with the cell surface membrane, releasing
their contents. You can see vesicles being pinched oft from Golgi apparatus in Figure 4.20.

vesicles pinched
off here

flattened,
membranous
sacs

Figure 4.20 The Golgi apparatus

The Golgi apparatus occurs in all cells, but it is especially prominent in metabolically
active cells, such as secretory cells. These cells produce a large number of different
polymers. The Golgi apparatus is responsible for sorting, modifying and packaging
these polymers for secretion or for use within the cell.

Lysosomes

Lysosomes are small spherical vesicles bound by a single membrane. They contain a
concentrated mixture of about 50 hydrolytic enzymes, which are produced by the
rough endoplasmic reticulum and modified in the Golgi apparatus.

Lysosomes are involved in the breakdown of imported food vacuoles, old organelles and
harmful bacteria that have invaded the body and been engulfed by one of the body’s
defence cells. As Figure 4.21 shows, once engulfed into a larger vacuole, lysosomes

The ultrastructure of eukaryotic cells e



fuse with the vacuole and release their hydrolytic enzymes into it. As a result, the food,
organelle or bacterium is digested and the products of digestion escape into the cytosol.
When an organism dies, the hydrolytic enzymes in the lysosomes of its cells escape into
the cytoplasm and cause self-digestion (autolysis).

. undigested remains
Figure 4.21 The role of discharged from cell
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Centrioles

Although the cytosol has been described above as an aqueous solution, it is
not structureless. Microtubules of a globular protein, called tubulin, are
often present, forming a network of unbranched, hollow cylinders. These
microtubules are involved in moving organelles around in the cytoplasm.
They also form the centrioles, found in animal cells.

'

food vacuole
formed at cell
membrane (phagocytosis)

The centrioles occur in pairs — you can see one pair of centrioles in
Figure 4.22, which also shows how they normally lie at right angles to
each other, just outside the cell’s nucleus. Each centriole is composed of
nine bundles of microtubules. During cell division the centrioles move
apart, creating the spindle (Chapter 5).

Figure 4.22 A pair of centrioles Iying at right
angles to each other just outside the nucleus

of an animal cell

Plant cell wall

The cells of plants are surrounded by a cell wall. Strictly, the plant cell
wall is not an organelle, but it is produced by the actions of organelles.
The wall is composed of long, straight fibres of cellulose held together

w by hydrogen bonds (look back to Figure 1.13 to remind yourself of the structure
of cellulose). Because these bundles are laid down at different angles, the cell wall

Plasmodesmata is able to resist stretching in any direction. This prevents plant cells bursting when
Cytoplasmic connections | placed in dilute solutions (see Chapter 9). The cell wall does, however, contain spaces
between plant cells between the bundles of cellulose. These spaces allow the movement of water from cell
through gaps in their cell | (va]] to cell wall — the so-called apoplast pathway that you will learn more about in
walls. They are part of Chapter 12.

the symplast pathway

through which, for Figure 4.23 shows that when a plant cell divides, the first boundary between new
example, inorganic ions cells is a gel-like layer of calcium pectate, called the middle lamella. Some of the

are able to pass from cell | endoplasmic reticulum of the parent cell becomes trapped in the gaps in this middle
to cell without having to lamella. This trapped reticulum persists when the cellulose wall is laid down, forming

pass through cell walls or
cell surface membranes.
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Figure 4.23 Plasmodesmata develop as new cell walls form between plant cells

plasmodesmata

Permanent vacuole of plant cells and the tonoplast

The cytoplasm and cell surface membrane of a plant cell are pressed firmly against its
cell wall by a large, permanent, fluid-filled vacuole, which takes up the bulk of the cell. | Tonoplast The membrane
You can see in Figure 4.24 that this vacuole is surrounded by a specialised membrane, surrounding the large,
the tonoplast. This is the barrier between the fluid contents of the vacuole (sometimes ﬂUid'ﬁHGd vacuole found
called ‘cell sap’) and the cytoplasm. in plant cells.

R
=

Figure 4.24 TEM of plant cells showing vacuoles and tonoplasts
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Nucleoid The circular
DNA molecule found in
prokaryotic cells. We

do not refer to this as a
chromosome because
the DNA is neither linear
nor associated with
histones.

electron micrograph of Escherichia coli

| The ultrastructure of prokaryotic cells

The prokaryotes are the bacteria and cyanobacteria (photosynthetic bacteria). These
microorganisms, typically unicellular, have a fundamentally different cell structure
from the cells of eukaryotes.

Figure 4.25 shows a scanning electron micrograph of a prokaryotic cell, in this case the
intestinal bacterium Escherichia coli. The drawing summarises the generalised features of
prokaryotic cells. Note the following distinctive features.

Size: prokaryotic cells are exceedingly small — about the size of mitochondria and
chloroplasts of eukaryotic cells.

Absence of a nucleus: a prokaryotic cell lacks a membrane-bound nucleus. Prokaryotic
cells have a single, circular DNA molecule in their cytoplasm, referred to as a nucleoid.
Unlike a eukaryotic chromosome, the DNA of the nucleoid is not associated with
protein.

*structures that occur

Tpm in all bacteria
scale bar
flagella - bring about
movement of the
bacterium
pili — enable

attachment to surfaces
and to other bacteria

plasma membrane*—
a barrier across which
all nutrients and waste
products must pass

cytoplasm*—
site of the chemical
reactions of life

ribosomes*- site of
protein synthesis

nucleoid*— genetic
material: a single
circular strand

of about 4000 genes

mesosome

cell wall*- protects
cell from rupture
caused by osmosis and
possible harm from
other organisms

food granule plasmid

Figure 4.25 A scanning electron micrograph of a prokaryotic cell — the bacterium Escherichia coli — together with an interpretive

drawing of its structure

Plasmids: in addition to the nucleoid, some prokaryotic cells have small, circular
DNA molecules in their cytoplasm. These plasmids usually contain only a few genes;
often they include genes conferring resistance to specific antibiotics.

708 ribosomes: although these ribosomes are involved in protein synthesis, they are
smaller than the 80S ribosomes found in eukaryotic cells.

Absence of membrane-bound organelles: the cytoplasm of prokaryotic cells lacks

the range of organelles found in eukaryotes, for example mitochondria, chloroplasts,
Golgi apparatus and endoplasmic reticulum.
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o Cell wall: all prokaryotic cells have a cell wall. Like those of plant cells, the cell walls of
prokaryotic cells prevent cells bursting when in dilute solutions. Unlike those of plant
cell walls, they are not made of cellulose. Instead, they are made of peptidoglycan.

e Pili and flagella: where they occur, pili help prokaryotic cells to attach to surfaces or
to each other and flagella help the cells to move about.

Notice that a structure called a mesosome is also shown in Figure 4.25. Many functions
were proposed for these modest in-tuckings of the cell surface membrane; they have
since been shown to be artefacts — caused by the chemical fixation techniques used to
prepare prokaryotic cells for electron microscopy.

Wall structure in bacteria

The rigid wall of a bacterium gives a permanent shape to the cell. It also protects the
cell contents against rupture due to osmosis, for example, and it helps to protect some
bacteria against harm from other organisms.

Bacterial cell walls contain polymers of amino acids and sugars, called peptidoglycan.
All bacteria have walls of this substance, but some have additional layers on the outer
surface of their wall, and these additional layers change the staining property of the wall.
Figure 4.26 summarises the steps in the staining procedure that distinguishes between
bacteria and explains the differences in the cell wall chemistry of the two categories of cell.

e Gram positive bacteria have thick walls made almost entirely of peptidoglycan.
This wall becomes purple when stained by crystal violet.

e Gram negative bacteria have thin walls of peptidoglycan with an additional outer
membrane. The high lipid content of this outer membrane prevents the crystal violet
stain getting to the cell wall, so these bacteria do not become purple.

stage 1 stage 2 stage 3 stage 4

key term [

Artefact Something
seen in a specimen
being viewed using a
microscope that was
not present in the living
cell. Artefacts result
from damage caused
by the processing of
tissue for examination
in light microscopes and
electron microscopes.

D
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Bacteria in an air-dried
smear on a microscope
slide appear colourless.

y=
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The smear is treated with
crystal-violet (a basic stain).
All cells appear violet when
the stain is washed from

the slide.

0

2=

cytoplasm
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The smear is flooded with
Lugol’s iodine (a mordant
treatment to combine the
dye to those bacteria with
which it will react).

peptidoglycan
(polymer of amino
acids and sugars)

cell surface membrane

/%Q
Ny

The smear is now treated
with a decolourising solution
of acetone and alcohol —
this removes the violet dye
from the cells with which

it has not reacted.
Gram-positive bacteria
remain purple.

section of walls of Gram-positive and Gram-negative bacteria

Figure 4.26 Gram staining and the difference between Gram positive and Gram negative bacteria

Finally the red dye safranin
is briefly added as a counter-
stain — it is taken up by the
colourless bacteria of the
treated smear.
Gram-negative bacteria
now appear red.
Gram-positive bacteria
remain purple.

outer membrane
of lipid and
polysaccharide
(unique to
Gram-negative
bacteria)
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The stain is called Gram stain after the Dane, Hans Gram who, in 1884, devised the
staining test to distinguish the two types of bacteria. The difference in the properties
of these cell walls extends beyond their ability to take up the crystal violet stain. The
most important is the effect of antibiotics on these two types of bacteria. The outer,
lipid-rich, membrane of Gram negative bacteria is relatively impermeable to antibiotics.
As a result, Gram negative bacteria are resistant to many types of antibiotic, including
penicillin. Gram positive bacteria are susceptible to penicillin.

Test yourself

21 |dentify two structures present in prokaryotic cells that are also present in all
eukaryotic cells.

22 Biologists believe that mitochondria and chloroplasts evolved from free living
prokaryotic organisms that formed mutually beneficial relationships with
eukaryotic cells millions of years ago.

Give two ways in which mitochondria and chloroplasts are similar to prokaryotes.

23 A mature red blood cell lacks a nucleus and membrane-bound organelles but is
not considered to be a prokaryotic cell. Explain why.

24 Other than the evolution of antibiotic resistance, give one reason why antibiotics
are not effective against all pathogenic bacteria.

] Viruses

Although they are disease-causing agents, viruses are not regarded as living organisms.
The reason for this is that they lack a metabolism of their own. Their replication
depends entirely on the metabolism of cells they infect. All viruses have:

@ a core of nucleic acid, around which is
® a protein coat, called a capsid.

Some viruses have an additional external envelope of membrane made of lipids and
proteins (for example the human immunodeficiency virus, HIV, that causes acquired
immunodeficiency syndrome, AIDS, in humans).

Because they lack any metabolism of their own, viral infections are difficult to treat.

Where effective antivirals have been developed, they must work by inhibiting viral
replication by the host cells.

Where antivirals have not been developed, disease control must rely on preventing
the spread of the virus. In the absence of an effective antiviral, control of the
2013-15 outbreak of Ebola in the West African countries of Guinea, Sierra Leone,
Liberia, Senegal and Nigeria relied entirely on attempts to prevent spread of

the virus.

Their inert status also makes the classification of viruses complex. Most systems of
classifying them rely on features such as the nature and method of copying their
nucleic acid core, the nature of their capsid, their shape and the organisms they
infect. Table 4.1 shows some of these features of four viruses.
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Table 4.1 Four types of virus

Size/nm Nature of Copying of
nucleic acid nucleic acid
core core

A (lambda) Bacterium Head diameter ~ Double- Double-stranded
bacteriophage Escherichia head 50-60 stranded DNA  DNA transcribed
coli e Tail length ~ 150 to mRNA
tail tube
tail fibre

Tobacco mosaic NaElLCH Diameter ~ 18 Single-stranded RNA copied

position

virus especially of RNA Length ~ 300 RNA directly to form
those of the mRNA
tobacco family
protein coat (capsid) of
polypeptide building blocks
arranged in a spiral around
the canal containing RNA
Humans Diameter ~ 80 Single-stranded RNA copied
(especially Length ~ 130000 RNA directly to form
endothelial RNA mRNA
cells, liver auiier
. protein coat
cells, immune
cells and
dendritic cells)
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of phage viruses
are released.

Many new phage particles
are made by the bacterium.

Figure 4.27 The lytic cycle of a lambda (A) bacteriophage
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Viral latency A period in
which, under the control
of specific latency
genes, a pathogenic
virus remains dormant.
During this time the
virus, or its nucleic acid,
is present inside an
infected cell but does
not control the cell’s
activities.

bacterium

\L DNA
J \ The phage is adsorbed

The lytic cycle

We have seen above that viruses lack any metabolism
of their own; instead they rely on the metabolism of
the cells they infect to produce more virus particles.
Most studies of viruses have been carried out

using bacteriophages — viruses that infect bacteria.
Figure 4.27 shows the ‘life cycle’ of a bacteriophage,
often referred to simply as a ‘phage’. Notice that the
phage infects the bacterial cell by injecting its own
nucleic acid; the capsid remains outside the bacterial

bacterial

onto the bacterium
and injects its DNA.

The phage DNA is replicated;

bacterial DNA is broken down. cell. The infected bacterium then produces more
phage particles by replicating the phage nucleic acid

and producing new capsids.

Eventually, the bacterial cell releases new phages that are free to infect other cells.
Because the release of new phages follows lysis of the bacterial cell, this ‘life cycle’ is
called the lytic cycle.

Similar events occur in other organisms when they become infected by viruses. Some
pathogenic viruses, however, can undergo a period of latency. During this period,
the virus does not take over the metabolism of the infected cell but remains dormant
(latent) within an infected host cell. There are two types of viral latency.

o episomal latency — the viral nucleic acid remains inactive but free in the cytoplasm or
nucleus of the infected cell

o proviral latency — the viral nucleic acid becomes incorporated into the DNA of the
infected host cell. It is now termed a provirus but, as with episomal latency, the viral
nucleic acid can be reactivated at any time.

You might have suffered a disease called chickenpox when you were a child. It is a
contagious, but relatively harmless disease caused by a virus, Varicella zoster. If you did
suffer chickenpox, you will have recovered but the nucleic acid of the virus will have
remained in some of your nerve cells. This is an example of episomal latency. Although
the viral DNA is inactive, any sudden stress can reactivate it, resulting in a disease
called shingles. Normal aging increases the risk of shingles: in the UK, a new policy
has been introduced to vaccinate elderly people against shingles, starting with those
who are in their 80th year.

Test yourself

25 What is meant by the following statement: ‘Viruses are inert’?

26 The human immunodeficiency virus (HIV) is classed as a retrovirus. Use
information in Table 4.1 to suggest why.

27 What is the generic name given to viruses that infect bacteria?

28 Doctors are advised not to prescribe antibiotics to people suffering viral
infections. Explain why.

29 Cold sores are caused by the herpes simplex virus (HSV-1). Some people suffer
recurrent outbreaks of cold sores. Suggest what this shows about the way that
HSV-1 infects sufferers.

Q 4 Cell structure and viruses



Exam practice questions

@ 1 Which one, or more, of the following statements is true?

A Prokaryotic cells have only 70 S ribosomes.

B Prokaryotic cells have 70S and 80 S ribosomes.

C Eukaryotic cells have only 80S ribosomes.

D Eukaryotic cells have 70 S and 80S ribosomes. (1)

2 In a photomicrograph, a cell has a diameter of 5 cm. If the
magnification is 400 times, the actual size of diameter of the cell is:

A 125um
B 20.0pm
C 125.0pm
D 200.0pum

3 A cell specialised to secrete a steroid hormone is likely
to have:

A alarge amount of smooth endoplasmic reticulum
B alarge amount of rough endoplasmic reticulum
C alarge nucleus
D few mitochondria

4 The diagram shows the structure of a bacterial cell.
a) Name the structures labelled A, B and C. (3)

b) Give one difference between the genetic
material of a bacterial cell and that of a
eukaryotic cell. (1)

c) Other than a difference in their genetic
material, give two features that are
characteristic of prokaryotes. (2) genetic material

5 Copy and complete the table showing features of
different type of cells by putting a tick (v/) in an
empty box if the feature is present and a cross (X)
if it is not.

Cell surface membrane

Cell wall
Tonoplast
Ribosome
Mitochondrion




@® 6 The following diagram was drawn from
. cell surface
a photograph of a cell observed using a membrane
transmission electron microscope. nucleus —

a) Give the evidence from the diagram that
this cell was observed using a transmission
electron microscope. (3) NS / ;! N apparatus

b) Name the structure labelled A. (1) f:t?cc:ﬁlljar;mic

c) The actual diameter of the granule labelled

X is 1.5 pum. Calculate the magnification of
this drawing. Show your working. (2)

7 A scientist grew cells in a tissue culture
solution. After several hours, she added a small volume of a solution
containing radioactively labelled amino acids. At regular intervals, she
killed a sample of the cells and measured the level of radioactivity in
different parts of the cells in her samples. Some of her results are
shown in the table.

0 80 16
120 16 30
240 14 8
360 16 8

a) Why did the scientist add radioactively labelled amino acids
several hours after starting to grow the cells in culture solution? 2)

b) Use your knowledge of cell structure and function to explain the
data in the table. (3)

c) Suggest why the percentages at 360 minutes do not add up to
100 percent. (1)

Stretch and challenge

8 During much of the twentieth century, biologists assumed that proteins
were the hereditary material; DNA was thought to be too simple.
In 1952, Alfred Hershey and Martha Chase conducted a series of When quantitative data
experiments to investigate whether protein or DNA was the hereditary are shown in a table, it is
material. They used bacteriophages in their experiments. Use a search often easier to see a trend
engine to find how they utilised knowledge of the lytic cycle to or pattern in these data by

investigate the nature of the hereditary material. drawing a sketch graph —
. . L ) unlabelled axes and roughly
9 The cell theory is a unifying concept in biology. Use a search engine to drawn curves.

discover how this theory was developed.

Tip




The eukaryotic cell cycle
and cell division

Prior knowledge

In this chapter you will need to recall that:
all cells arise from the division of a pre-existing cell
the chromosomes of a eukaryotic cell contain its genetic information
prior to cell division, a cell makes a copy of each of its chromosomes
there are two types of cell division in eukaryotic cells — mitosis and meiosis
mitosis is a type of cell division that occurs during growth and during the repair and replacement of cells
a cell that divides by mitosis produces two daughter cells that are genetically identical to each other
and to itself, in other words produces clones
a cell that divides by meiosis divides twice and produces four daughter cells that are not genetically
identical to itself or to each other
the four daughter cells produced by meiosis have half the number of chromosomes as the parent cell.
Each also contains a combination of alleles that is different from the other three daughter cells.

Test yourself on prior knowledge

1 Name the process by which copies of chromosomes are produced.

2 Name one place in your body where mitosis regularly occurs.

3 Read the following statements about mitosis. One or more of them are false.
Identify the true statements.

A All cells can undergo mitosis.

B The number of chromosomes is the same in a cell after mitosis as it was
before mitosis.

C Copies of chromosomes are made during mitosis.
D Copies of chromosomes are separated during mitosis.

4 In Question 3 you identified one or more statements as false. Explain why they
are false.

5 Where in your body does meiosis occur?

Chromosomes, cell division
and the cell cycle

As you saw when considering the cell theory in Chapter 4, new cells arise by division

of existing cells. Prior to cell division, a cell’s DNA is copied by semi-conservative
replication, as described in Chapter 3. When the cell then divides, each daughter cell
receives one copy of the replicated DNA.

o In prokaryotic cells, cell division occurs by a process known as binary fission.
o In eukaryotic cells, cell division is part of a regulated process called the cell cycle. It
consists of three main stages: interphase, mitosis and cytokinesis.

Chromosomes, cell division and the cell cycle @



ey torms [

Asexual reproduction
The formation of new
organisms that does
not involve the fusion of
gametes.

Centromere A narrow
region occupying a
specific position on
each chromosome.

This is the only site on
each chromosome to
which the microfibres of
the spindle can attach
during mitosis. Following
DNA replication, the
centromere temporarily
holds together the

two copies of each
chromosome (the
chromatids).

Somatic cell Any cell in
the body of a multicellular
organism other than

a germ cell (one that
gives rise to gametes) or
undifferentiated stem cell.

Homologous
chromosomes A pair

of chromosomes in a
diploid cell that have the
same shape and size.
More importantly, they
carry the same genes in
the same order, although
not necessarily the same
alleles of each gene.

Diploid A eukaryotic

cell is said to be diploid
(represented as 2n) if

it contains two copies

of each chromosome.

In sexually reproducing
organisms, one copy
comes from each parent.

The cell cycle in unicellular organisms: asexual reproduction

Unicellular eukaryotic organisms, such as yeast or amoeba (Figure 4.8, page 74) grow
quickly under favourable conditions. They then divide in two. Since this division results
in the production of new organisms, it is a form of reproduction. As no formation or
fusion of gametes is involved, it is called asexual reproduction. This cycle of growth
and division is repeated rapidly, at least whilst conditions remain supportive.

The cell cycle in multicellular organisms: growth and repair

In multicellular organisms, the life cycle of individual cells is more complex. Here,

life begins as a single cell that grows and divides, forming many cells. These new cells
allow the organism to grow, eventually making up the adult organism. Only certain of
these cells, however, retain the ability to grow and divide throughout life. Even when
growth has stopped, these cells are able to replace old or damaged cells. Most of the
cells of multicellular organisms, however, become specialised and are then unable to
divide further.

Chromosomes — a reminder

As you saw in Chapter 3, the genetic information the nucleus holds in its chromosomes
exists as a sequence of nucleotide bases in deoxyribonucleic acid (DNA). We considered
the structure of chromosomes in Chapter 4. Look back to Figure 4.15 (page 80) to remind
yourself of this structure. Most of the time, chromosomes are long, thin structures that
cannot be resolved by light microscopes. Instead, they appear as a diffuse network called
chromatin. At the time a nucleus divides, however, the chromosomes become highly
coiled. Only in this condensed state can they be resolved by light microscopes.

Whilst we will consider other processes occurring during the cell cycle, the behaviour
of the chromosomes is so important that we will first concentrate on them. There are
five features of chromosomes that it is helpful to note at the outset.

1 The shape of a chromosome is characteristic

Each chromosome has a particular, fixed length. Somewhere along the length of
the chromosome there is a characteristically narrow region called the centromere.
A centromere can occur anywhere along the chromosome but it is always in the
same position on any given chromosome. The position of the centromere, as well

as the length of'a chromosome, enables us to identify individual chromosomes in
photomicrographs. You can see that the centromere in Figure 5.1 is at the mid-point
of its chromosome.

2 Chromosomes occur in homologous pairs

The chromosomes of a somatic cell occur in pairs of homologous
chromosomes. They are called homologous because the two chromosomes have the
same shape and, more importantly, have the same genes in the same order. You can
see a pair of homologous chromosomes represented in Figure 5.1. During sexual
reproduction, one of each pair came originally from the gamete of one parent and
the second from the gamete of the other parent. So, for example, your somatic cells
have 23 pairs of homologous chromosomes. At the moment of fertilisation, you
inherited one copy of each from your mother’s egg cell and the other copy of each
from your father’s sperm cell. Cells in which the chromosomes are in homologous
pairs are described as diploid. We represent this as 2n, where the symbol ‘n’
represents one set of chromosomes.

5 The eukaryotic cell cycle and cell division



The loci are the positions along the chromosomes
where genes occur, so alleles of the same gene
occupy the same locus.

M M)
gene - a specific length of the DNA of — chromosome - a linear sequence of
the chromosome, occupying a position || many genes, some of which are shown
called a locus * a here
alleles of a gene (allele is the short T
form of ‘allelomorph’ meaning
‘alternative form’)
1cl 1<
2 P centromeres
| [F]
at these loci the genes are
homozygous (same alleles) I [
I R I g ol
at this locus the gene is heterozygous E
(different alleles)
u W
[
chromosomes exist in pairs Karyotype The

— one of each pair came originally

from each parent organism number and shape

of chromosomes in
the somatic cell of an
organism.

Figure 5.1 The loci of a pair of homologous chromosomes

3 For each species, the number of chromosomes is fixed
Locus (plural loci) The

For any one species, the number of chromosomes in each somatic cell is normally position that a particular
constant. For example: in the somatic cells of a human there are 46 chromosomes; in gene occupies on a

a mouse, 40; in an onion, 16; and in a sunflower, 34. Note that these characteristic specific chromosome.
chromosome numbers are all even numbers; this must be the case because the Allele One of two or
chromosomes are present in homologous pairs (feature 2). more different forms

of the same gene.
Different alleles of the
same gene have slightly

Combining these first three features, we refer to the characteristic shape and number of
chromosomes in a cell as its karyotype.

4 Homologous chromosomes might not carry the same alleles of genes different nucleotide base
sequences.
In Chapter 3, a gene was defined as a sequence of DNA nucleotide bases that encodes

the sequence of amino acids in a functional polypeptide. We noted above that a
diploid cell has homologous pairs of chromosomes. Thus, in each diploid cell, there

Homozygous Diploid
cells have two copies
of each gene. If the two

are two copies of each gene. These copies lie in the same positions, or loci (singular copies are the same

locus), on the two homologous chromosomes. This is shown in Figure 5.1. Two allele of the gene,

or more different copies of a gene are called alleles. They are different because the the cell is said to be

order of nucleotide bases differs by one or more bases. homozygous for this
gene.

The two genes at any one locus in a diploid cell might have the same nucleotide

base sequence. If so, this cell would be described as homozygous for this gene.
Alternatively, the two genes might have different base sequences, in other words they
would be two different alleles of the same gene. If so, the cell would be described as alleles, the cell is said o
heterozygous for this gene. We can refer to diploid organisms as homozygous or be heterozygous for this
heterozygous for a particular gene as well. gene.

Heterozygous In a diploid
cell, if the two copies
of a gene are different

Chromosomes, cell division and the cell cycle
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Chromatid Following
DNA replication, a cell
has two copies of each
of its chromosomes.
When these become
visible during cell
division and can be
seen to be held together
by their centromeres,
they are briefly called
chromatids.

human chromosomes of a male (karyotype)
(seen at the equator of the spindle during
nuclear division)

Let’s use Figure 5.1 to put features 1, 2 and 4 into context. If you look at Figure 5.1, you
can see an imaginary pair of homologous chromosomes (feature 2). As you would expect,
they have the same shape — their centromeres are in the same position so that the lengths
of their ‘arms’ is the same (feature 1). The diagram also represents five loci, in other words
the positions of five genes. The chemical nature of the gene at each locus is represented by
a single letter. At the loci C, F and J, the genes are the same: these loci are homozygous.
In contrast, loci A and M are heterozygous (feature 4).

5 Chromosomes are copied prior to division, so appear double

Between nuclear divisions, while the chromosomes are still uncoiled and cannot be
resolved by light microscopes, a cell makes a copy of each chromosome. Chapter 3
described the semi-conservative replication of DNA — the process by which this
copying occurs. Until separated during nuclear division, the two identical copies of
each chromosome are held together by their centromeres. While held together, they
are referred to as chromatids; after their separation during nuclear division, they are
referred to as chromosomes again.

Look at the left-hand side of Figure 5.2, which puts all the above features into context.
The photomicrograph shows the condensed chromosomes of a somatic cell from a
human male.

chromosomes arranged as homologous
pairs in descending order of size

homologous
chromosomes

each chromosome has been replicated
(copied) and exists as two chromatids

~ held together at their centromeres
| &{ | ﬁ ; h
X

PN SRR ¥
‘MR RNKEE

- XK KX c AA A& A

}

images of chromosomes
cut from a copy of this

photomicrograph can be
arranged and pasted to
produce a karyogram

Figure 5.2 Karyogram of a human male

You saw in point 5 above that, prior to cell division, DNA replication results in
the formation of two chromatids held together by a centromere. Take any of the
chromosomes in Figure 5.2 and you will see this to be true.

You saw in point 3 above that each cell has a fixed number of chromosomes. As this is a
human cell, can you count 46 chromosomes?

You saw in point 2 above that the chromosomes in a somatic cell occur as homologous
pairs. Can you find any homologous pairs in the left-hand image Figure 5.2?

If not, in the right-hand image of Figure 5.2, the pairs have been sorted for you by cutting
each chromosome from a second copy of the photograph, pairing them together, arranging
them in descending order of size and numbering them. A photograph (or drawing) like

e 5 The eukaryotic cell cycle and cell division



this is called a karyogram. Any karyogram of a normal human male you will ever see has
these chromosomes arranged and numbered in the same way. It could be used by genetic
counsellors (in conjunction with other techniques) to detect the presence of abnormalities
in a patient’s chromosomes, for example Down’s syndrome.

You saw in point 1 above that each chromosome has a characteristic shape. Look at W

the chromosomes in group A in Figure 5.2. The two chromatids held together in each Sex chromosome A

chromosome, as well as the two chromosomes, are the same size: their centromeres are chromosome that carries

in the same position, so that the length of their ‘arms’ is the same. This is not just true genes that determine

of chromosome pairs in this human male; it is true of the chromosomes of every human the sex of an organism.

male and, indeed, of every human female. Exactly the same is true of the chromosomes | In mammals, the Y

in groups B to G. chromosome determines
maleness.

Now look at the final pair. You can see that it is not numbered. Rather, one is

labelled X and the other Y. Th k h h ince the Y | o rosome Ay

ah elle andt e other h ) ese1 are nowfn aslt ehsex c ?omosomesilsmce the N chromosome other than

chromosome determines the development of male characteristics. We will return to this | 5 gax chromosome.

issue later. All the other chromosomes (pairs in groups A to G) are called autosomes.

Test yourself

1 Sister chromatids and homologous chromosomes both carry the same genes in
the same order. Explain the difference between them.

2 What is meant by the term ‘allele’?
3 Give two functions of a centromere.

4 Explain why the chromosomes within a cell cannot normally be seen using a
compound light microscope.

5 What does the karyotype tell you about a cell?

The Cel | CyC|e the cell cycle consists of interphase, mitosis and cytokinesis
Although the process of cell division is interphase = Gy + S + Gy
continuous, it is often described as a series of

second phase of growth (G,
discrete stages. Figure 5.3 shows how one cell e more growth of cell

. . h .
cycle of a eukaryotic cell can be described as: ‘ fof?n‘ijtrssﬁ’:‘ra ion

prophase
mitosis

e interphase — the time between divisions e

. . . . metaphase
e mitosis — separation of the chromatids of each

. anaphase
chromosome to form two new nuclei
o cytokinesis — division of the cytoplasm. telophase

cytokinesis (C)

The length of this cycle depends partly upon « division of

conditions external to the cell, such as temperature, cytoplasm
. * two cells

supply of nutrients and of oxygen. Its length also | formed

depends upon the type of cell. In cells at the growing cell cycle

point of a young stem or of a developing human repeated

embryo, the cycle is completed in less than 24 hours.
The epithelial cells that line your intestine typically
divide every 10 hours, whereas your liver cells divide  synthesis of DNA (S) first phase of growth (G,)

every year or so. Nerve cells do not normally divide ~ ® chromosomes copied (replicated) * cytoplasm active

. . o — chromatids ¢ new organelles formed
after they have differentiated. In specialised cells such « intense biochemical activity
as these, the genes needed to initiate and control cell of growing cell
division are ‘switched off’, so they cannot divide. Figure 5.3 The stages of the cell cycle
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Interphase

Interphase is always the longest part of the cell cycle, but is of extremely variable
length. It is recognisable in light micrographs because no clear chromosomes can be
seen in the nucleus. The chromatin results in a diffuse staining of the nucleus. At
first glance, the nucleus appears to be ‘resting’, but this is not the case at all. Table 5.1
summarises the intense activity occurring in a cell during interphase.

Table 5.1 The ‘stages’ of interphase

In the nucleus, some genes are ‘switched on’ and their base sequence is
transcribed to pre-mRNA molecules.

Editing of pre-mRNA to mature mRNA is also occurring.

The cytoplasm increases in volume (grows) by producing new proteins and
cell organelles, including mitochondria and endoplasmic reticulum.

In the nucleus, the semi-conservative replication of DNA occurs.

New histones are synthesised and attach to the replicated DNA in the nucleus.
Each chromosome becomes two chromatids attached at the centromere
Growth of the cell continues.

In the nucleus, replicated DNA is ‘double checked’ for errors and corrected if
any errors are found.

If correction is not possible, the cell cycle is normally halted at this G2 phase.
Cell growth continues by further synthesis of proteins and cell organelles.

Nuclear division - mitosis

When cell division occurs, the nucleus divides first. In mitosis, the chromosomes,
present as the chromatids formed during interphase, are separated and distributed to
two daughter nuclei.

Figure 5.4 presents mitosis in an animal cell as a process in four phases, but this is for
convenience of description only. Mitosis is always one continuous process with no
breaks between the phases.

In prophase, the chromosomes increasingly shorten and thicken by a process of super-
coiling (look back to Figure 4.15 to remind yourself of this coiling). As a result, they
eventually become visible as long, thin threads. Only towards the end of prophase is it
possible to see that they consist of two chromatids held together at the centromere. At the
same time, the nucleolus gradually disappears and the nuclear membrane breaks down.

Another important event occurs during prophase. The centrioles, described in Chapter 4
(see Figure 4.22), divide and move to opposite ends of the cell. As they do so, they radiate a
network of microtubules, called the spindle. Some of the spindle fibres attach to each side
of the centromeres that hold together the chromatids in each chromosome. Contraction of
these fibres begins to move the chromosomes apart.
When examining light
micrographs of cells
undergoing mitosis, first
look for those cells in

Metaphase is instantly recognisable in light micrographs as the spindle fibres have now
pulled the chromosomes into the centre of the cell, where they line up on the equator
of the spindle.

met.aphase. These are In anaphase, the centromere of each chromosome divides; the spindle fibres attached
easiest to spot because to them shorten, resulting in the two chromatids being pulled by their centromeres
the chrgmosomes are to opposite poles of the spindle. Once separated, the chromatids are referred to
neatly lined up on the . . )
. as chromosomes again. In Figure 5.4, you can see an early part of anaphase; the
equator of the spindle. . . .
chromatids have only just left the equator of the spindle.
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For simplicity, the drawings
show mitosis in a cell with
a single pair of homologous

chromosomes.
cytokinesis
cytoplasm
divides —>
spindle chromosomes
disappears uncoil telophase

nucleolus and
nuclear membrane
reappear

centromeres divide anaphase

chromatids
pulled apart
by microtubules

interphase

cytoplasm
chromatin nuclear
membrane
cell surface Sir of
membrane pair o
centrioles
nucleolus
The presence of chromatids becomes visible only later
in prophase
centrioles
duplicate
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\
chromosomes
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nucleolus
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spindle forms

chromatids joined
by centromere
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Figure 5.4 Mitosis in an animal cell
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In telophase, a nuclear membrane reforms around both groups of chromosomes at
opposite ends of the cell. The chromosomes ‘de-condense’ by uncoiling, becoming
chromatin again. You can see this uncoiling has already begun in telophase in Figure 5.4.
One or more nucleoli reform in each nucleus.

Cytokinesis

Division of the cytoplasm, known as cytokinesis, usually follows telophase. Vesicles
from the Golgi apparatus are involved in cytokinesis in both animal and plant cells, but
in different ways.

During cytokinesis in animal cells, a cleavage furrow (pinch) develops in the middle
of the cell. You can see this in Figure 5.4. Contraction of this cleavage ‘pinches’ the
cytoplasm in half. As this happens, cell organelles become distributed between the two
developing cells.

This ‘pinching’ does not happen during cytokinesis in plant cells. Instead, as you

can see in Figure 5.5, vesicles from the Golgi apparatus collect along the line of the
equator of the spindle, known as the cell plate. These vesicles secrete a gel-like layer
of calcium pectate, called the middle lamella (see Figure 4.23, page 85). Onto this,
they secrete transverse layers of microfibres of cellulose, forming the primary cell wall.
Subsequently, more layers are added, often at right angles, forming the secondary

cell wall. Many cell walls also become impregnated with lignin. You will see the
importance of lignin in Chapter 12.

plant cell after nucleus has divided

cytoplasm

daughter nucleus

remains of the spindle ER secretes vesicles of

wall-forming enzymes

Golgi apparatus secretes
vesicles of wall
components

vesicles collect at the midline

then fuse to form cell wall
layers + new cell membrane

cell plate
(equator of spindle)

ﬂ cellulose cell wall

daughter cells 7 —=<X

Figure 5.5 Cytokinesis in a plant cell
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The significance of mitosis W

The ‘daughter’ cells produced by mitosis are clones. This means that they are

ically identical to each other and to th 11 from which th formed, | Chones TWo or more
genetically identical to each other and to the parent cell from which they were formed. cells, or organisms,
This occurs because: that are genetically

identical to each other.
In eukaryotic organisms,
clones are produced by
mitosis.

® an exact copy of each chromosome is made by accurate DNA replication during
interphase, when two chromatids are formed

o the two chromatids remain attached by their centromeres during prophase of mitosis,
when each becomes attached to a spindle fibre

o when the centromeres divide during anaphase, the chromatids of each pair are pulled
apart to opposite poles of the spindle. Thus, one copy of each chromosome moves to
each pole of the spindle

o the chromosomes at the poles form the new nuclei — two to a cell at this point
o two cells are then formed by division of the cytoplasm at the mid-point of the cell,
each with an exact copy of the original nucleus.

Test yourself

6 Look back to the drawing and photograph of a eukaryotic cell in Chapter 4
(page 77). In which part of the cell cycle is it all depicted? Explain your answer.

7 Precisely in which part of the cell cycle does DNA replication occur?
8 In which part of the cell cycle are the products of DNA replication separated?

9 Early in mitosis, a chromosome is seen as two chromatids. At the end of mitosis
the same chromosome is single. Is there any difference between these two
structures? Explain your answer.

10 Plant cells lack centrioles, yet they produce a spindle during mitosis. Use your
knowledge of cell structure to suggest how.

Where mitosis is commonly observed

You have seen above that asexual reproduction in some eukaryotic unicells involves
mitosis. Consequently, you could observe mitosis by examining cultures of these
unicells growing in favourable conditions.

Alternatively, you could examine tissues of multicellular organisms that are actively
growing. In mammals, these tissues include epithelial tissues, such as the skin and the
lining of the intestine. In flowering plants, these tissues are found at mersitems — the
actively growing tips of shoots and roots — and the cambium within the vascular
bundles (Chapter 12). For this reason, our core practical examines mitosis in actively
growing root tips of a flowering plant.

Meristem A group of plant cells that are able to divide by mitosis. Primary meristems are found at
the tips of growing shoots and roots. Secondary meristems develop in woody plants, leading to an
increase in diameter of roots and shoots.

Chromosomes, cell division and the cell cycle @



Core practical 3

the stages of mitosis under a microscope

Mitosis can be observed in any tissue that is actively dividing.
A tissue in which it is easy to observe mitosis is the growing tip
of a plant root. Any plant root will do; onion and garlic bulbs are
commonly used in the laboratories of colleges and schools.

growing roots

jgrowing

) cells
onion bulb
~
S region of
RN cell division
roots ———+——>4\
- —1— water
—+— beaker
<> ;

root cap
Figure 5.6 The tip of a growing root

Before reading on, follow the steps in the protocol below which
describes how to prepare plant tissue for examination under a
light microscope, starting off with an onion bulb.

Risk assessment

The two stains most commonly used for this experiment are
toluidine blue and orcein, both of which are low hazard. Toluidine
blue is used in a simple and low hazard aqueous solution,
whereas corrosive carboxylic acids (acetic or proprionic) are
required for the orcein stain to adhere to the chromosomes.

Even though its use is more hazardous, orcein is often used
in preference to toluidine blue, because the stain produces
greater definition of chromosome structure.

The hazards of using the acetic orcein stain can be very much
reduced by dispensing a small volume of the stain into a
stoppered bottle. Containment of the stain prevents spillage.

The bottle should be firmly stoppered until it needs to be
opened. The bottle should always be placed on an impervious
surface when it is being handled.

Procedure

1 Onion or garlic cloves are suspended over water, until roots
can be seen growing from the “blunt” surface. The roots
must be no longer than 1cm, and must still be growing
when the roots are harvested. The roots will, therefore, have
lots of dividing cells in a meristem region.

2 Fill a small bottle with 1 M hydrochloric acid, and place it in
a thermostatically controlled water bath set at 55 °C. Leave
the bottle for 15 minutes, so that the acid warms to the
temperature of the water bath.

5 The eukaryotic cell cycle and cell division

Making a temporary squash preparation of a root tip to investigate

Heating the root tips in hydrochloric acid increases the permeability
of the cell, so allowing the stain to penetrate more easily.

Place a garlic clove in the bottle, so that the roots are
submerged in the 55 °C hydrochloric acid. Leave the roots
in the acid for 5 minutes.

When the garlic clove has been in the 55 °C hydrochloric acid
for 5 minutes, take it out and rinse the roots thoroughly in tap
water. This can be done by either by rinsing under the tap, or
by immersing the roots in a beaker of water.

3 Label a small bottle or vial, including a hazard warning.
Place a pinprick hole in the bottle’s cap, to prevent the lid
popping off when the bottle/vial is heated.

Place a small volume of the stain in the bottle.
There should be enough for a layer of fluid; this is
approximately 2 mm in depth.

4 Use a pair of sharp scissors on the garlic clove to cut off the
root tips (5-10 mm at the pointed end) so they fall, or can
be placed, in the acetic orcein.

Use the scissors to make sure that the root tips are
immersed in the stain. Then place the lid on the vial.

Place the acetic orcein vial in the 55 °C water bath. Leave it
there for 5 minutes.

The time and temperature of staining are important. The stain
requires 5 minutes at 55 °C for the stain to diffuse into the cell

and bind with the chromosomes. In an open watch glass, the acetic
acid will often evaporate before the stain has penetrated the cells.

The stopper in the container used in this method means that
the acetic acid does not evaporate.

5 After the root tips have been in the stain for 5 minutes, use
forceps to take them out of the vial, and place them on a
microscope slide.

Squashing the root spreads the cells, so that there is just a
single layer to be seen under the microscope. This makes the
individual cells easier to see.

Add a drop of water to the root tip on the slide. Tease the
root tip with needles, to spread out the cells. Place a cover
slip over the root tip.




Wrap the slide in several layers of a thick paper towel. Use
your thumbs to gently press on the slide and cover slip
through the paper towel. You should be just able to feel the
glass through the towel. Remove the paper towel.

6 Place the slide onto the stage of the microscope, and view
the slide under the high power objective lens.

Questions

1 What safety precautions did you take when using the
scalpel?

2 In step 2, the root tip is heated in hydrochloric acid. What
was achieved by doing this?

6 Assuming that the condenser lens of the microscope (if
present) is already focused, list the steps you followed to
view the plant tissue using the high-power objective lens.

7 If you pushed the slide to your left, which way did cells in
the tissue appear to move?

8 Explain why the preparation is called a ‘temporary
squash’ preparation.

9 Suppose you wish to adapt the method described to find
the number of cells in each of the stages of mitosis. How
would you adapt the method to ensure that the values you
find are accurate?

3 When examining a temporary preparation, how did you 10 How could you determine an appropriate number of fields
recognise an air bubble trapped under the cover slip? of view to observe?

4 Explain why lateral movements should be avoided in Step 5.

5 Why is paper towel placed between the thumb and the
cover slip during Step 5.

| Meiosis — a different type of nuclear division

Meiosis is a type of nuclear division with quite different outcomes from mitosis.
Figure 5.7 illustrates three differences.

cell about to divide

first the chromosomes
appear as thin threads

/_Nclear division by meiosis

nuclear
membrane

nucleolus

chromatin

centriole

nuclear division by mitosis

two cells are formed, each with nuclei

four cells are formed, each with half the
identical to that of the parent cell

chromosome number
Figure 5.7 Mitosis and meiosis — the significant differences in outcome
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® Meiosis normally produces four daughter cells whereas mitosis produces two.

® Meiosis produces daughter cells that have half the number of chromosomes as the
parent cell, whereas mitosis produces daughter cells that have the same chromosome
complement as the parent cell.

o Meiosis produces daughter cells that are genetically different, whereas mitosis
produces daughter cells that are genetically identical to each other and to the parent
cell, in other words are clones.

Meiosis occurs at some point in the life cycle of all organisms that reproduce sexually.
In humans, for example, meiosis occurs in the gonads — testes and ovaries — and results
in the formation of haploid gametes that fuse at fertilisation to form a diploid zygote
(Chapter 6). This 1s not universally true of all organisms, however. In most fungi, for
example, the parent cell is haploid and gametes are formed by mitosis.

Haploid A eukaryotic cell is haploid (represented by ‘n’) if it contains only one chromosome from each
of its homologous pairs.

An overview of meiosis

Meiosis involves two divisions of the nucleus, known as meiosis I and meiosis II.

Look at Figure 5.8, which provides an overview of what happens during both these
divisions. To make the diagram simple to understand, Figure 5.8 shows only a single
pair of homologous chromosomes.

Start with the first two diagrams at the top of Figure 5.8. You can see that, like mitosis,
during the interphase that precedes meiosis, the chromosomes have been replicated to
form two chromatids held together by their centromeres. The third diagram, however,
shows that in meiosis the homologous chromosomes then pair up. By the end of meiosis
I, shown in the fifth diagram in Figure 5.8, homologous chromosomes have been
separated into two new cells. Notice, though, that each chromosome still consists of
two chromatids, held together at their centromere. It is during meiosis II that these
chromatids are separated.

To summarise, meiosis consists of two nuclear divisions but only one replication of the
chromosomes. The important points to remember are that:

e in meiosis I, homologous chromosomes are separated
o in meiosis II, the chromatids of each chromosome are separated.

Meiosis — the detail

As with mitosis, once meiosis starts it usually proceeds as a continuous process.
Figure 5.9 provides a more detailed version of meiosis, showing the stages you need
to know. Again, to make things simpler to follow, the diagrams show only one pair
of homologous chromosomes. The separate steps in Figure 5.9 relate to stages seen
in tissue that has been killed, stained and examined under a light microscope. The
stages have the same names and sequence as those in mitosis — prophase, metaphase,
anaphase and telophase.

5 The eukaryotic cell cycle and cell division
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Figure 5.8 An overview of meiosis
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prophase | (early)

During interphase the chromosomes
replicate into chromatids held together
by a centromere (the chromatids are
not visible). Now the chromosomes
condense (shorten and thicken) and
become visible.

prophase | (late)

Homologous chromosomes repel each
other. Chromosomes can now be seen
to consist of chromatids. Sites where
chromatids have broken and rejoined,
causing crossing over, are visible as
chiasmata.

anaphase |

Homologous chromosomes separate.
Whole chromosomes are pulled
towards opposite poles of the spindle,
centromere first (dragging along the
chromatids).

prophase I
The chromosomes condense and the
centrioles duplicate.

anaphase Il

The chromatids separate at their
centromeres and are pulled to
opposite poles of the spindle.

Figure 5.9 The stages of meiosis
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prophase I (mid)

Homologous chromosomes pair up
(becoming bivalents) as they
continue to shorten and thicken.
Centrioles duplicate.

metaphase |

Nuclear membrane breaks down.
Spindle forms. Bivalents line up at the
equator, attached by centromeres.

telophase |

Nuclear membrane re-forms around
the daughter nuclei. The chromosome
number has been halved. The
chromosomes start to decondense.

metaphase Il

The nuclear membrane breaks down
and the spindle forms. The
chromosomes attach by their
centromere to spindle fibres at the
equator of the spindle.

telophase Il

The chromatids (now called
chromosomes) decondense. The
nuclear membrane re-forms. The cells
divide.



Meiosis 1

In prophase I, the chromosomes become visible as they condense. At the same time,
the two members of each pair of homologous chromosomes pair up. Remember,
members of a homologous pair of chromosomes have the same linear sequence of genes.
Gene-by-gene, the pairing is very precise. When we see them like this, we refer to
each pair as a bivalent.

As members of each bivalent continue to shorten, their chromatids often become
entangled, causing a stress on the DNA molecules. As a result of this stress within a
bivalent, individual chromatids frequently break. The broken ends rejoin more or less
immediately. When non-sister chromatids from homologous chromosomes break
and rejoin they do so at exactly corresponding sites, so that a cross-shaped structure
called a chiasma is formed at one or more places along a bivalent. In the fourth and
fifth diagrams in Figure 5.8, you can see the effect of one chiasma. As a result of
breakage, one portion of a blue chromatid and the corresponding portion of a red
chromosome have broken and joined the ‘wrong’ chromatid. This event is known as
a crossing over because lengths of genes have been exchanged between chromatids.
Remember that, although homologous chromosomes have the same loci in the same
order, the loci might have different alleles of the same gene. Thus, new combinations of
alleles can be produced as a result of crossing over.

Next the spindle forms. As in mitosis, chromatids become attached by their
centromeres to the fibres of the spindle. As they contract, these fibres pull the
chromosomes, still held together in their homologous pairs, until they come to lie at
the equatorial plate of the spindle: this is metaphase I.

During anaphase I, further contraction of the spindle fibres pulls the homologous
chromosomes apart, one to each pole of the spindle. At this stage, however, the sister
chromatids remain attached by their centromeres. The pairing between them has
started to break down and so, as you can see in Figure 5.9, they both become clearly
visible. You can see the outcome of this in the fifth diagram in Figure 5.9.

Telophase I then follows. Two new nuclei are formed and the spindle breaks down.
We now have two new cells, each with two nuclei containing a single set of condensed
chromosomes, still made of two chromatids. These new cells do not go into interphase,
but rather continue smoothly into meiosis II.

Meiosis 11

During prophase II, two new spindles form at
right angles to the old one. Contraction of the fibres
in each spindle pulls the chromosomes to the centre
of their respective spindles to reach metaphase II.
Following division of the centromeres, further
contraction of the spindle fibres pulls individual
chromatids to opposite poles of their respective
spindle during anaphase II. Now there are four
groups of chromosomes, each with half the number

a) mitosis

b) meiosis?
12

chromatids separated?
of the original parent cell. During telophase II, new | 13
nuclei form around these groups of chromosomes.
The chromosomes become long and thin again,
the nuclear membranes reform and the cytoplasm
divides to form new cells.

of meiosis.
14

Test yourself

11 A diploid cell has 20 pairs of homologous
chromosomes. How many chromosomes will be
present in a cell produced from this cell by:

In which of the two divisions of meiosis are sister

Describe how you could distinguish between a cell
in metaphase of mitosis and a cell in metaphase 1

The X and Y chromosomes in Figure 5.2 look very
different but are able to pair together during meiosis.
What does this suggest about their nature?

Key terms [

Bivalent The name given
to the two homologous
chromosomes in a diploid
cell when they are seen
paired together during
meiosis 1. As each
chromosome is currently
present as two chromatids,
there are four chromatids
in a single bivalent.

Non-sister chromatids
Chromatids on the two
different members of

a homologous pair of
chromosomes.

Chiasma (plural
chiasmata) A point seen
during meiosis I at which
the non-sister chromatids
appear interlocked. A
chiasma is the result of
non-sister chromatids
within a bivalent becoming
entwined, breaking and
re-joining to the fragment
from the non-sister
chromatid earlier in
prophase 1.

Crossing over The
process by which
non-sister chromatids
exchange genes following
formation of a chiasma

Meiosis - a different type of nuclear division



Test yourself

15 Look at Figure 5.10, which depicts meiosis without crossing over.

a) The cell depicted in Figure 5.10 has two pairs of homologous chromosomes.
Without crossing over, how many genetically different daughter cells could it
produce?

b) Use your answer to part a) to devise a formula that will enable you to calculate
the number of genetically different daughter cells that could be produced by a
cell in which the number of pairs of homologous chromosomes is n.

c) Use the formula you have derived to represent the number of genetically
different egg or sperm cells that could result from meiosis in a human.

Independent assortment is illustrated in a parent cell with two pairs of homologous chromosomes (four bivalents).
The more bivalents there are, the more variation is possible. In humans, for example, there are 23 pairs of chromosomes
giving over 8 million combinations.

nucleus of parent cell
(diploid)

homologous
chromosomes

In meiosis | the bivalents move
to the equator of the spindle
and line up randomly. Then,

when homologous chromosomes /
separate they move to the
nearest pole. This may occur... ...like this... or ...like this

bivalents l l bivalents

In meiosis Il the final
outcome is one of these,
alternative combinations
of four haploid cells.

Here the resulting gametes Here the resulting gametes
will be 1/2 AB, 1/2 ab. will be 1/2 Ab,1/2 aB.

Figure 5.10 Genetic variation resulting from the independent assortment of homologous chromosomes
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Meiosis and genetic variation

You have seen that mitosis produces clones — genetically identical cells. Meiosis does
not and is a major source of genetic variation in organisms. The cells produced by
meiosis are genetically different for two reasons.

There is independent assortment of homologous chromosomes. This happens
because the bivalents line up at the equator of the spindle in meiosis I entirely at
random. As a result, which chromosome of a given pair is pulled to which pole is
unaffected by (independent of) the behaviour of the chromosomes in other homologous
pairs. Look at Figure 5.10, which represents independent assortment in a parent cell
with a diploid number of four chromosomes. To make the process easier to follow, the
pairs of homologous chromosomes have been coloured difterently. You can see that,
depending on which way the two pairs of homologous chromosomes are pulled apart
can result in completely different combinations of chromosomes in the daughter cells.
We see that independent assortment alone, generates a huge amount of variation in the
coded information carried by the different haploid cells produced by meiosis.

As described above, there is crossing over of segments of the non-sister chromatids
of the members of a pair of homologous chromosomes. Figure 5.11 shows more detail
of this crossing over. Using letters to represent the alleles of three genes, it also shows
how two crossover events result in new combinations of alleles on the chromosomes of
the haploid cells produced.

Finally in the random fusion of gametes that occurs during fertilisation, further genetic
variation is generated, but that is an issue for later chapters.

The effects of genetic variation are shown in one pair of homologous chromosomes.
Typically, two, three or more chiasmata form between the chromatids of each bivalent at prophase I.

centromere

Homologous chromatids
chromosomes paired

in a bivalent.

chiasma l chiasma

If the chromatids break
at corresponding points
along their length, their
rejoining may cause
Crossing over.

l

combination
The chromatids finally

haploid nuclei in meiosis
Il, producing new genetic

combinations

Figure 5.11 Genetic variation due to crossing over between non-sister chromatids
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ey terms [

Chromosome non-
disjunction The

failure of homologous
chromosomes to
separate properly
during the first division
of meiosis. It results in
daughter cells (gametes)
with too many, or too
few, chromosomes.

Polysomy A term used
to describe a diploid
cell, or diploid organism,
with more than two
copies of a particular
chromosome.

Monosomy A term used
to describe a diploid
cell, or diploid organism,
with only one copy of a
particular chromosome.

Chromosome mutations

You looked at gene mutations in Chapter 3 (page 62). Chromosome mutations can
also occur.

In a chromosome mutation, a change in the number or the sequence of genes can be
brought about in a number of different ways. They include:

e chromosome translocation, in which part of a chromosome breaks and rejoins
a completely different chromosome. Although these translocations are usually
harmless in humans, carriers have an increased risk of producing gametes with
unbalanced translocations that might, after fertilisation, result in miscarriages. About
5 per cent of Down’s syndrome cases are caused by gametes in which part of the long
arm of chromosome 21 has broken away and re-joined chromosome 14 (a partial
chromosome translocation)

o chromosome non-disjunction, in which the members of a homologous pair fail
to be separated during meiosis. Look at the lower part of Figure 5.12. It illustrates
what happens if one pair of chromosomes, in this case the longer pair, fails to
separate during meiosis. You can see how the two upper daughter cells in Figure 5.12
contain two copies of this longer chromosome whilst the two lower daughter cells
contain no copy of that chromosome at all. If these cells are gametes that fuse with a
normal gamete, fertilisation could produce:

* cither a zygote with more copies of this chromosome than usual (polysomy)
* ora zygote with only one copy of this chromosome (monosomy).

Steps of non-disjunction in meiosis
(illustrated in nucleus with only two pairs
of homologous chromosomes — for clarity)

homologous pairs
pulled to the same pole

germ cell at
start of meiosis

meiosis |
these cells will form
gametes (egg cells
or sperms) with an
extra chromosome
if the gametes formed
A take part in fertilisation
meiosis Il E—— the zygote will have a

chromosome mutation

these cells will form
gametes short of

Figure 5.12 Non-disjunction during meiosis a chromosome
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Turner’s syndrome - an example of monosomy in humans

In humans, monosomy is usually partial, in other words only part of a chromosome is lost.
Full monosomy, that is, lack of one complete chromosome, is usually lethal. Only one case
of full monosomy is known in humans — Turner’s syndrome. Women with Turner’s
syndrome have only one X chromosome (often represented XO), rather than the normal
two (represented XX). In the UK, about 1 in 2000 girls is affected by this condition. There
is a wide range of symptoms associated with Turner’s syndrome but in almost all cases, the
women have undeveloped ovaries, resulting in a lack of periods and infertility.

Down’s syndrome - an example of polysomy in humans

Polysomy is also rare. In the UK, about 750 babies are born each year with Down’s
syndrome and an estimated 60000 people in the UK live with this condition. Most cases

of Down’s syndrome result from the non-disjunction of chromosome 21 during gamete
production. The resulting zygote inherits three copies of chromosome 21, giving them a total
of 47 chromosomes. You can see this in the karyogram of a person with Down’s syndrome in
Figure 5.13. As with Turner’s syndrome, the symptoms of Down’s syndrome are variable.
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Figure 5.13 Karyogram of a person with Down’s syndrome

Test yourself

ey terms [

Turner’s syndrome

A condition usually
caused by chromosome
non-disjunction of
chromosome pair 23
during gamete formation,
resulting in the
conception of a girl with
only one X chromosome
per cell. A small number
of cases result from the
loss of a substantial part
of one X chromosome
during gamete formation.

Down’s syndrome A
condition usually caused
by the non-disjunction
of chromosome

pair 21, resulting in the
conception of a child
with three copies of
this chromosome per
cell. About 5 per cent
of cases are caused by
translocation of a large
part of chromosome 21
to chromosome 14

during gamete formation.

16 Crossing over can occur between sister
chromatids during meiosis |. Suggest what
effect this would have.

17 A chromosome translocation in the gamete of younger mothers.

a parent could, after fertilisation, result in the
miscarriage of an embryo. Suggest why.

18 How many chromosomes will be present in the
somatic cells of a girl with Turner’s syndrome?
Explain your answer.

19 Down’s syndrome is often referred to as trisomy
21. Explain why.

20 Although the chances of having a baby with
Down’s syndrome are higher for older parents,
more babies with Down’s syndrome are born to

a) Suggest why the chances of having an affected
baby increase with the age of the parents.

b) Explain why, despite the lower risk, more
affected babies are born to younger mothers.

Meiosis - a different type of nuclear division @



Exam practice questions

@ 1 In mitosis, sister chromatids are separated during:

A anaphase C prophase
B metaphase D telophase (1)

@ 2 The cultivated potatoes that humans eat are tetraploid, i.e., they contain
four copies of each chromosome (4n). A daughter cell produced by
meiosis in a potato cell will be:

A haploid (n) C tetraploid (4n)
B diploid (2#) D octoploid (8n) (1)

@ 3 Copy and complete the table comparing and contrasting features of
meiosis and mitosis. (6)

Number of nuclear divisions

Homologous chromosomes pair together

Sister chromatids are separated

Number of chromosomes in daughter cells is the
same as in parent cell

Is a major source of genetic variation

Involves formation of a spindle of fibres

@ 4 The graph represents changes in the relative mass
of DNA 1in a cell during a single cell cycle. The
curve has been labelled at six points, A to E

a) Explain the shape of the curve between points
B and C. (2)

relative mass of DNA

b) Give the two letters, A to F, between which
each of the following occurs:

i) anaphase
ii) S phase
iii) cell increases in mass. (3)

c) Does the curve show that cytokinesis
occurred? Explain your answer. (2)

@ 5 The following statements relate to meiosis.

i Genetic variation is caused by random segregation of homologous
chromosomes.

ii Genetic variation is caused by crossing over.

iii Genetic variation is caused by gene mutation.




Which statements best describe the sources of genetic variation in
meiosis?

A iandii C iiand 1

B iandiii D i,ii and iii (1)
@ 6 The diagram shows a cell with two pairs of homologous chromosomes.

Each diagram shows this cell in one stage of division.

a) Is the cell in the diagram an animal cell or a plant cell? Justify your
answer. (1)

b) Other than size and shape, how does a chromosome of one
homologous pair differ from a chromosome of the other homologous

pair? (1)
c) Identify the type and stage of cell division in cells X,Y and Z. 3)

d) Explain the reason for your answer for cell Z. (2)

@ 7 The diagram shows the life cycle of three organisms: yeast (a single-celled
fungus); human (a multicellular animal); Ulva (a multicellular protoctist).
The diagram shows whether each stage is haploid (n) or diploid (2n).

Yeast - a fungus Human Ulva - a seaweed

yeast cell adult adult 1

(n) (2n) (2n)
yeast cell /
zygote
(2n)

fusion cell gamete /I
(2n) (n) gamete

(n)  gamete

(n)

spore zygote gamete \adult 2

n) 2n) n) (n)




a) On a copy of the diagram write the letter M by each arrow on the
three life cycles that represents meiosis. Write the letter T by each
arrow on the three life cycles that represents mitosis. (3)

b) Is it true to say that gametes are produced by meiosis? Use evidence
from the diagram to justify your answer. (2)

c) The two adults in the life cycle of Ulva look identical. Outline
how you could tell which is which? Details of any procedure(s)
are not required. (2)

@ 8 The photo shows a pair of homologous chromosomes during meiosis.
a) Explain what is meant by the term ‘homologous chromosomes’. (1)
b) Name the structure labelled A. (1)
c) Explain the appearance of the chromosomes in the diagram. (4)

d) The same event has occurred at the points labelled B and C in
the diagram. This event is more likely to occur at point B than at
point C. Suggest why. (2)

Stretch and challenge

@ 9 A group of scientists investigated mitosis in one species of flowering plant.

e They planted seeds in pots of sawdust. After 2 weeks, they collected
healthy root tips from the germinated seeds at 2-hourly intervals
throughout a 24-hour period.

They left each sample of root tips for 24 hours in 2cm? of a 3:1
mixture of ethanol:ethanoic acid.

After this time, they transferred the root tips into warm, dilute
hydrochloric acid for 5 minutes.

They then removed about 1 mm from the end of each root tip, placed
each on a glass slide containing orcein and squashed it under a cover

slip.

Finally, they examined the slides under a compound light microscope
and counted the cells in each stage of mitosis.

a) Suggest one reason why a group of scientists, rather than a single
scientist, carried out this work.

b) In each case, explain why the scientists:
i) placed the root tips in a mixture of ethanol and ethanoic acid
ii) transferred the root tips into warm, dilute hydrochloric acid
iii) removed about 1 mm from the end of each root tip
iv) placed orcein on the glass slide

v) squashed the root tips.




The table shows the scientists’ results.

06:00 41.2 8.8 7.4 6.6 36.0
08:00 35.0 11.9 11.3 13.0 28.8
10:00 28.0 18.7 14.5 15.4 22.4
12:00 29.7 22.0 19.2 11.4 17.7
14:00 27.8 24.8 17.9 10.8 18.7
16:00 23.6 25.6 18.9 14.2 17.7
18:00 17.2 23.4 18.8 20.1 20.5
20:00 18.1 15.1 20.1 21.1 25.6
22:00 27.2 13.6 14.7 20.4 30.2
24:00 17.5 12.5 12.5 14.5 43.0
02:00 22.5 11.6 12.2 6.9 46.8
04:00 28.9 11.7 9.1 8.0 42.3

c) Explain why the scientists converted their raw data to the percentage
values shown in the table.

d) As this investigation was carried out by professional scientists, explain
how they would have ensured their data were accurate.

e) At what time of day was most DNA synthesis occurring? Explain your
answer.

f) Describe how the percentage of cells in prophase changed over the
period shown in the table.

g) Explain the relationship between the percentage of cells in prophase
and metaphase between 06:00 and 16:00 hours.

@ 10 At the beginning of this chapter, we saw that the cell cycle is a
regulated process. A protein called p53 is one of many factors
involved in this regulation. Find out what you can about p53 and
its involvement in regulation of the cell cycle and in cancer.




ey terms [N

Gametes Cells carrying
half the normal
chromosome number;
two gametes fuse during
sexual reproduction.

Fertilisation The

fusion of the nuclei

of two gametes to

form the nucleus of a
zygote, containing the
chromosomes from both
gametes.

Zygote The cell formed
by the fusion of two
gametes.

Sexual reproduction in
mammals and plants

Prior knowledge

In this chapter you will need to recall that:
sexual reproduction involves fertilisation, in which haploid gametes fuse to produce a diploid zygote
in some organisms, fertilisation is external and in others internal
in animals, female gametes are called ova (eggs) and male gametes are called spermatozoa (sperm)
the sperm of mammals are small and motile whereas the ova of mammals are larger and not motile
in mammals, the development of a zygote into an embryo and fetus occurs within the uterus of the
female parent
during embryological development, the placenta acts as the major exchange surface of the
developing offspring
in flowering plants, male gametes are associated with pollen grains that pass to the female parts of
a flower during the process of pollination
the ova of a flowering plant remain within the flowers of the parent plant
following fertilisation in a flowering plant, an embryo is contained within a seed which, in turn, is
contained with a fruit.

Test yourself on prior knowledge

1 A gamete is haploid. What is meant by ‘haploid’?

2 The offspring produced by sexual reproduction between the same parents show
great variation. Give three ways in which this variation is produced.

3 In mammals and in flowering plants, the ova remain within the parent plant. Give
two advantages of retaining the ova within the body of the parent.

4 In flowering plants, pollination is not the same as fertilisation. Explain why.

5 Which of the following plant organs is not a fruit: apple; cucumber; lettuce;
tomato? Explain your answer.

Reproduction is the production of new individuals by an existing member or
members of the same species. It is one of the fundamental characteristics of life.

As you saw in Chapter 5, reproduction can be asexual or sexual. The distinctive
feature of sexual reproduction is that a genetically novel individual is formed as a
result of the mixing of chromosomes from two individuals — the parents. The parental
chromosomes are carried by cells called gametes. At fertilisation, the nuclei of two
gametes fuse to form a new nucleus inside a cell called a zygote. At some point in the
life cycle of sexually reproducing organisms, meiosis must occur so that future gametes
contain only half the chromosome number again. Mammals and flowering plants can
reproduce by sexual reproduction.
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| Sexual reproduction in mammals

The events involved in sexual reproduction are basically the same in all mammals.
We will use ourselves as examples of mammals, so the following account relates to
humans. Sex The sex of an

organism has a genetic
basis. In mammals,

it depends on the
absence or presence

The sexes are separate in humans. In biology, the sex of an organism has a precise
meaning and it has a genetic basis. In Figure 5.2 (page 96) you saw a karyogram of a
human male. It showed a pair of sex chromosomes — a male has one X chromosome

and one Y chromosome. This would be true of all mammals and it is the possession of an activated gene,
of a Y chromosome that determines the sex of a male. We can, in fact, be a little more SRY, located on the
precise than this. It is one particular gene on the Y chromosome, called SRY, which Y chromosome. The

determines that a zygote will develop into a male. karyotype XY is male

and XX is female.

seen from the front

sperm duct—
in section urethra
ureter  testis
penis
bladder sperm duct

L seminal vesicle
erectile tissue,

blood sinuses that
can fill with blood
from the artery at
the base of the
penis

prostate gland

spermatic cord rectum
(sperm duct and

blood vessels)

urethra
. coiled tubes
enis
pen! (epididymis)
foreskin
glans

scrotum

Figure 6.1 The reproductive system of a human male

A male zygote has a Y chromosome. Activation of the SRY gene on this chromosome
causes the gonads to develop into testes. As a result, the associated reproductive
structures develop into a male reproductive system, shown in Figure 6.1. In contrast,
a female zygote lacks a Y chromosome. In the absence of an activated SRY gene, she
develops ovaries and, as a consequence, the other associated structures of the female
reproductive system, shown in Figure 6.2.
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Gametogenesis The
process by which
gametes are produced.
In animals, egg cells
are produced by
oogenesis and sperm
cells are produced by
spermatogenesis.

Gonad An animal organ
that produces gametes.

Germinal epithelium

A single layer of cells
(epithelium) that
undergoes regular
mitosis, producing other
cells.

seen from the front

right oviduct
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oviduct
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ovary
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bladder
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rectum
urethra vagina
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labia

Figure 6.2 The reproductive system of a human female

Gametogenesis in humans

Gametogenesis is the process of gamete production. The female and male gametes
are produced in organs called gonads. The female gonads are ovaries and the gametes
they produce are called ova (singular: ovum or, simply, egg cell). The male gonads are
testes and the gametes they produce are called spermatozoa (singular: spermatozoon
or, simply, sperm cell).

Whilst there are several differences in outcome, the process of gametogenesis in females
and males shares a common sequence of three phases:

o multiplication (proliferation), in which cells present in a layer called the germinal
epithelium divide by mitotic cell division. This division is repeated to produce
many cells capable of becoming gametes
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o then each of these cells undergoes growth
e finally maturation occurs, which involves meiosis and results in the formation of
haploid gametes.
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Figure 6.3 Gametogenesis in humans

You can see these phases in Figure 6.3. The early stages look similar. In the
multiplication phase of both, mitosis of cells in the germinal epithelium gives rise

to cells that, in turn, undergo repeated mitosis to produce large numbers of either
oogonia or spermatogonia. This is followed by a growth phase in which these cells
develop into either primary oocytes or primary spermatocytes that can enter the
maturation phase and undergo meiosis.

If you look at what happens after the formation of primary oocytes and primary
spermatocytes in Figure 6.3, you can see a difference between oogenesis and
spermatogenesis.

The primary oocyte produces one haploid secondary oocyte and a smaller, haploid,
polar body, which is lost. Meiosis II of the secondary oocyte has a similar outcome — a
large ovum and a smaller polar body, which is lost. Only one gamete — the ovum — is
produced from a primary oocyte.

In contrast, the primary spermatocyte produces haploid secondary spermatocytes that
are the same size, both of which undergo meiosis II to produce four gametes.

What Figure 6.3 does not show is the timing of oogenesis and spermatogenesis, and
herein lies another difference. In a human male, the entire process of spermatogenesis
shown in Figure 6.3 occurs in his testes only after puberty. He then produces millions
of sperm cells every day throughout his life. In a female, all the stages up to production
of primary oocytes occur in her ovaries whilst she is a fetus. As a result, a girl is born
with thousands of primary oocytes already formed in her ovaries. Unusually, almost

all of these cells remain in the prophase of meiosis II. The stimulus needed for them to
complete meiosis I is fertilisation.

@ — secondary
\
® O Sp—
'

first polar
body (division
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second polar
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Sexual reproduction in mammals



Table 6.1 shows a fuller comparison of oogenesis and spermatogenesis.

Table 6.1 A comparison of oogenesis and spermatogenesis

Oogonia formed in the embryonic ovaries, long  Spermatogonia formed from the time of

before birth. puberty, throughout adult life.

Oogonia become surrounded by follicle cells, All spermatogonia develop into sperm,
forming tiny primary follicles, and remain nurtured by the Sertoli cells in the
dormant within the ovary cortex. Most fail to seminiferous tubules of the testes.

develop further — they degenerate.

Each month from puberty until the Millions of sperm are formed daily.
menopause, a few primary oocytes undergo

meiosis | to become secondary oocytes.

Only one of these secondary oocytes forms a

Graafian follicle — the others degenerate.

One ovum is formed from each oogonium (the  Four sperm are formed from each

polar bodies degenerate too0). spermatogonium.

The Graafian follicle releases a secondary Sperm are released from the body by

oocyte into the oviduct at ovulation. ejaculation.

Meiosis Il reaches prophase and then stops Meiosis | and Il go to completion during sperm
until a male nucleus enters the secondary production.

oocyte, triggering completion of meiosis Il.

The fertilised ovum is non-motile and becomes Sperm are small, motile gametes.
lodged in the endometrium of the uterus

where cell divisions (cleavage) lead to embryo

formation.

Test yourself

1 How does a gamete differ from a somatic cell from the same organism?
2 Explain why biologists refer to a person’s sex rather than gender.

3 Trisomy can result in humans with the karyotype XXY. What sex will this person
be? Explain your answer.

4 State the function of a germinal epithelium.
5 Give two ways in which the processes of oogenesis and spermatogenesis differ.

The ovary and secondary oocyte
Figure 6.4 puts the process of oogenesis into the context of an ovary.

You can see in Figure 6.4 that the germinal epithelium is an outer layer of the ovary.
You can also see how oocytes develop inside structures called follicles. Each follicle
starts as a layer of cells around the oocyte but eventually develops into a fluid-filled sac,
called a Graafian follicle. You can also see in Figure 6.4 that ovulation involves the
release from a follicle of a secondary oocyte, still surrounded by a layer of follicle cells.
In a woman of reproductive age, ovulation occurs about every 28 days. The empty
Graafian follicle becomes filled with hormone-secreting cells, forming a yellow body,
or corpus luteum. If the secondary oocyte is not fertilised, the corpus luteum quickly
degenerates.
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Figure 6.4 A human ovary and stages in oogenesis
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Figure 6.5 is an enlarged drawing
of a secondary oocyte, surrounded
by follicle cells. At about 150 pm in
diameter, the oocyte is much larger
than the follicle cells. Notice the
cortical granules — vesicles around
the outside of the cytoplasm of the
oocyte. As you will see later, these
vesicles play an important role in
ensuring the oocyte can be fertilised
by only one sperm cell. Also notice
the layer of glycoprotein, called the
zona pellucida, between the oocyte
and the follicle cells. You will see the
importance of this when we consider

centrioles

layer of
follicle cells

fertilisation.

Figure 6.5 A secondary oocyte after ovulation
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The testis and spermatozoa

Figure 6.6 puts the process of spermatogenesis into the context of a testis. Unlike an
ovary, a testis is filled with tiny tubules, called seminiferous tubules, in which sperm
are made. You can see in the lower drawing of Figure 6.6 that the germinal epithelium
is close to the outer edge of each seminiferous tubule. You can also see spermatocytes
and mature spermatozoa. Notice how the heads of the spermatozoa are positioned
against large Sertoli cells. These cells nourish sperm as the mature.

photomicrograph of TS of seminiferous tubule (x1000)

testis in section
(part dissected)

sperm duct

connective tissue,
blood capillaries and
interstitial cells

seminiferous tubules
— site of sperm

production

P epididymis (uncoiled)
part of a
seminiferous
tubule in TS spermatozoa

basement

membrane

nutritive cell _ secondary
(Sertoli cell) spermatocytes

cells of germinal spermatids

epithelium

Figure 6.6 A seminiferous tubule and stages in spermatogenesis

Figure 6.7 shows the structure of an individual sperm cell. You can see it is divided into
three sections:

e a head, containing a haploid nucleus and an acrosome
e amiddle piece, packed with mitochondria — the organelles that produce ATP
e a tail, containing microtubules in an arrangement similar to that of a cilium.

The sperm is a very small cell: its ‘head’ is about 5pm long and 3 um wide and its

‘tail” is about 50 um long. Although not visible in Figure 6.7, the head of the sperm is
coated with glycoproteins picked up from the epididymis. These glycoproteins must be
removed to make the sperm capable of fertilisation. This occurs inside the uterus and
oviduct of the female.
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Figure 6.7 A mature spermatozoon

Test yourself

6 Use information in the text to calculate the ratio of the diameter of a human
ovum to the width of the head of a human sperm cell.

7 In most animals, the sperm is much smaller than the ovum. Suggest two
advantages of this difference in size.

8 Does ovulation involve release of the ovum from a human ovary? Explain your
answer.

9 Give the role of the polar bodies produced during oogenesis.
10 What is the difference between a primary oocyte and a secondary oocyte?

acrosome (contains
hydrolytic enzymes)

Fertilisation in humans

Following ovulation, the secondary oocyte is captured by the oviduct (Figure 6.8) and
is moved along it by the beating action of cilia on the cells lining the oviduct. Since
the oocyte quickly becomes disorganised, successful fertilisation can only occur in the
upper part of the oviduct. Of the millions of sperm deposited in the vagina, only a few
hundred actually reach the upper part of the oviduct. While in the uterus and oviduct,
these sperm have become capable of fertilisation by a process called capacitation. This
process involves two events that change the head of the sperm.

o The cell surface membrane of the sperm head is stripped of the glycoproteins it
acquired during its time in the epididymis.

o The acrosome reaction occurs. During this reaction, the acrosome swells and
fuses with the cell surface membrane of the sperm, releasing its hydrolytic enzymes.
Of equal importance, the exposed remains of the membrane around the acrosome

acquire the potential to fuse with the cell surface membrane of the secondary oocyte.

Both events are important in enabling sperm cells to become fully capable of
fertilisation.

Figure 6.8 shows the events involved in fertilisation. One or more of the few
capacitated spermatozoa to reach the secondary oocyte begin to pass between the
follicle cells surrounding the oocyte. Once through, these spermatozoa encounter the
jelly-like layer, the zona pellucida. As a result of the acrosome reaction mentioned
above, enzymes released from the acrosomes hydrolyse the glycoprotein from which
the zona pellucida is made. This allows the passage of the spermatozoa to the surface
membrane of the oocyte.

Key terms [

Capacitation Changes
to the head of a sperm
cell, making it fully
capable of fertilisation.
This process occurs
within a few hours of a
sperm cell entering the
uterus of a female.

Acrosome reaction
One event during
capacitation in which
a sperm’s acrosome
releases its hydrolytic
enzymes into the zona
pellucida and its cell
surface membrane
becomes capable of
fusing with the cell
surface membrane of
the secondary oocyte.
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Figure 6.8 Fertilisation of a human secondary oocyte
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The head of a spermatozoon now comes to lie tangentially in contact with the cell
surface membrane of the secondary oocyte. Microvilli on the surface of the oocyte
then engulf the sperm head. As soon as this happens, there is a sudden increase in the
concentration of calcium ions within the cytoplasm of the oocyte. This increase in

calcium ions causes:

o the cortical reaction, in which the cortical granules are released from the oocyte. W
This causes the zona pellucida to harden, the result being that no other sperm
can now cross the cell surface membrane of the oocyte. This reaction prevents Cortical reaction
polyspermy — the entry of more than one sperm into the oocyte Release of cortical

o the secondary oocyte to complete meiosis II, producing a haploid ovum and another | granules from a fertilised

smaller, haploid polar body. ;?:\?:ri?r:é Sl?:yetr?t’ry of

The haploid nucleus from the sperm now fuses with that of the ovum, forming the further sperm cells.
diploid nucleus of a cell that is now called a zygote.

Early development and implantation

Following fertilisation, the zygote is moved down the oviduct by ciliary action. It
arrives in the uterus around 3 to 4 days later. As shown in Figure 6.9, during this

oviduct

ovary

uterus

cervix

steps in early cleavage

r - N
2-cell stage  8-cell stage  solid ball of cells

oviduct
fertilised £
egg cell ovulation |\ 2 @ }7 blastocyst
occurred
here
egg cell blastocyst
surrounded by may be
follicle cells implanted
here
ovary wall of uterus:

e endometrium
e muscular wall
developing corpus
follicle luteum

cervix

Figure 6.9 The site of fertilisation and early stages of development
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key terms [N

Blastocyst A fluid-filled
ball of cells (called
blastomeres) formed

by the repeated cell
division of a zygote. In
humans, a blastocyst is
formed 4 to 5 days after
fertilisation.

Blastomeres The cells
formed by cleavage
divisions of the zygote
as it is moved down the
oviduct.

time, mitosis and cell division occur. Each of these cell divisions is referred to as a
cleavage division and results in new cells, called blastomeres. Notice in Figure 6.9
that no growth occurs at this stage. You can see that, as more cleavage divisions occur,
the blastomeres become progressively smaller. After about 4 days, the zygote has
become a solid ball of tiny blastomeres. Between now and the 7 day after fertilisation,
a number of important changes occur. You can see some of these in the upper part

of Figure 6.10. The ball of blastomeres now contains about 128 cells and it has

grown. Instead of being a solid ball, it has now formed a hollow ball of cells, called a
blastocyst. The hollow ball has an outer layer of cells, now called trophoblasts, an
inner cell mass of blastomeres and a fluid-filled blastocoel.

What you cannot see in Figure 6.10 is that something more fundamental has occurred.

Firstly, the cells have differentiated to form different types of cell. It is the inner cell
mass that is destined to become the embryo that will give rise exclusively to a fetus.
The outer trophoblasts are destined to become a membrane (the amnion) that helps to
nourish the embryo and fetus.

blastocyst at about day 7

blastocoel

trophoblast

implanted (14 days after fertilisation)

expanded lining of
the uterus wall

blood sinuses

cells that will form
the fetus proper

developing
membrane systems

finger-like surfaces of the
developing embryo — here
exchange of nutrients and
waste will occur

Figure 6.10 Development of the blastocyst and implantation
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Secondly, control of development has switched from the mother to the blastocyst.
During cleavage in the oviduct, the cytoplasm of the secondary oocyte, including all
the cell organelles and mR NA it contained, was used by the blastocyst. Not until about
the 8-cell stage does the blastocyst destroy its inherited maternal mRNA and begin to
produce its own.

In Figure 6.9, we saw a blastocyst ‘loating’ in the uterus. From uterine secretions,

this blastocyst is able to obtain oxygen and other metabolic substrates and to excrete
metabolic wastes, such as carbon dioxide. As you will see in Chapter 9, however, there
is a limit to the size this blastocyst could grow depending only on these secretions. It

is important at this stage that the blastocyst embeds itself in the lining of the uterus, or
endometrium. Look at the endometrium in Figure 6.9. You can see that it is relatively
thick and has many invaginations. A developing blastocyst becomes embedded in one
of these invaginations in a process called implantation. Once implanted, the blastocyst
starts to receive nutrients directly from the endometrium. Clearly, as the blastocyst
grows, the rate at which it uses nutrients will increase. This in turn is matched by an
increase in uptake of nutrients facilitated by the development of a placenta.

The placenta contains both maternal and embryonic tissue. In the lower part of
Figure 6.10, you can see the beginnings of the placenta. Blood vessels in the maternal
tissue have begun to fuse to form the blood sinuses you can see in the drawing. The
trophoblast layer of the implanted blastocyst increases its surface area by producing
finger-like villi. Not only do these villi increase the surface area for exchange, they
also help to anchor the blastocyst in the endometrium.

The successfully implanted blastocyst will remain in the uterus for about 270 to 290
days, a period called gestation. For the first 2 months, it is referred to as an embryo,
after which it is referred to as a fetus.

Test yourself

11 Sponges release their gametes into the seawater in which they live; fertilisation is
external. In contrast, fertilisation in mammals is internal. Suggest two advantages
of internal fertilisation over external fertilisation.

12 Suggest one disadvantage of internal fertilisation.

13 Give three events that occur during capacitation that enable a sperm to fertilise
an egg cell.

14 What is the role of the trophoblast layer in a blastocyst?

15 During the first few days, the mother controls the development of a blastocyst.
Explain how.

| Sexual reproduction in flowering plants

Flowering plants contain their reproductive organs in their flowers (or inflorescences).
Many plants have flowers that are brightly coloured and conspicuous, like the buttercup
shown in Figure 6.11. These features are adaptations that attract insects, on which this
plant depends to transfer its pollen to another flower. Others plants, that rely on the
wind to transfer their pollen, usually have dull, inconspicuous flowers, for example

grasses.

ey term [N

Endometrium The
lining of the uterus. By
the time of ovulation,
the endometrium has
become thicker and
contains more blood
vessels. This adaptation
enables an embryo to
obtain nourishment
for its growth and
development.
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key torm I

Hermaphrodite

A multicellular organism
that possesses both male
and female reproductive
structures. Most flowering

Fewer animals are
hermaphrodites, but this
condition is common in
organisms such as slugs,
snails and is seen in
some fish.

plants are hermaphrodites.

the inflorescence of buttercup (Ranunculus acris)

Figure 6.11 shows a vertical section (VS) through the flower of a meadow buttercup
(Ranunculus acris), a plant common in the UK. Like many plants, this buttercup is

a hermaphrodite, in other words it carries both female and male reproductive
structures.

The female structures are known as carpels. You can see in Figure 6.11 that

each carpel consists of a stigma — a platform on which pollen grains may land

— a style that supports the stigma, and an ovary. Inside the ovary, you can see

an ovule that contains the female gametes. The male structures are known as
stamens. Again, as you can see in Figure 6.11, each stamen consists of an anther
and a filament. The anther produces pollen grains that contain the male gametes,
and the filament supports the anther in a position that will eventually enable it to
shed its pollen grains.

the buttercup flower in cross-section

petal

sepal

anther
i stamen
filament

stigma

style receptacle
carpel | ovary flower stalk (expanded tip

containing of flower stalk)

ovule

In the buttercup the nectaries occur
once at the base of each petal.

Figure 6.11 The flower of a meadow buttercup (Ranunculus acris)

Figure 6.12 a) A vertical
section (VS) through an
ovary containing a single
ovule; b) VS through an
immature ovule

Formation of female gametes
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Depending on the species, one or more ovules develop inside an ovary. Figure 6.12
shows an ovary with just one ovule. Within its central mass of tissue, called the
nucellus, is a large, diploid megaspore mother cell surrounded by two layers

of cells, called integuments. As these integuments grow, they almost enclose the
nucellus, leaving only a tiny hole called the micropyle.

Figure 6.13 shows how a megaspore mother cell divides by meiosis to produce four
haploid cells, the megaspores. Three of them disintegrate. The one that survives grows
until it almost fills the nucellus. The nucleus of this surviving megaspore divides three
times by mitosis to form a cell containing eight haploid nuclei. This single cell with
eight nuclei is an immature embryo sac. The cytoplasm of the embryo sac then divides.
You might expect it to divide to form eight cells. In fact it doesn’t. Instead, it divides

to form seven cells. The three nearest the micropyle are the ovum and, on either side,
the synergids. The three furthest from the micropyle are the antipodal cells. The

two remaining nuclei remain in the centre of the embryo sac. These are the two polar
nuclei. You can see all these in the mature embryo sac shown in Figure 6.13.

diploid meiosis mitosis
nucleus -
haploid
loi C—=D
megaspore nuder —~—= 3
mother cell
four
megaspores
mitosis
antipodal cell
P 0 . eight haploid
nuclei

Il wall
g;ntn/easis 0 o mitosis O
-—
o O
female gamete O o

. —=
mature immature ~
embryo sac embryo sac

polar nucleus

O O

synergid cell

Figure 6.13 The formation of a mature embryo sac
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Formation of male gametes

Depending on the species, each anther has two or four lobes. Within the tissues in each
lobe are a number of diploid microspore mother cells. Each of these cells divides
once by meiosis to produce four haploid microspores. Each microspore then divides
once by mitosis to produce two haploid nuclei:

o the tube nucleus
o the generative nucleus, which is the male gamete.

The microspore — a single cell containing these two nuclei — is now called a pollen
grain. You can see a large number of pollen grains in the anther of a lily flower in
Figure 6.14. If you look closely, you should be able to see both nuclei in some of these
pollen grains.

pollen grain with two
haploid nuclei
visible

Figure 6.14 Vertical section (VS) through an anther of a lily flower

ey torm I

Pollination Transfer of
pollen from an anther
to a stigma. Depending
on the species of plant,
the transfer of pollen
could be by wind,
water, insects, birds or
mammals. The structure
of flowers is closely
adapted to their method
of pollen transfer.

Pollination

Pollination occurs when a pollen grain lands on the stigma of a plant of the same
species. Self-pollination occurs when pollen is transferred from anther to stigma of
the same plant. Cross-pollination occurs when pollen is transferred from the anther
of one plant to the stigma of another plant. During cross-pollination, the pollen is
carried from one plant to another by insects, other animals or the wind, depending on
the species of plant. Pollen grains have shapes and surface protrusions that are unique
to each plant species. Only if a pollen grain lands on a stigma with complementary
patterns can the pollen grain germinate to form a pollen tube.

@ 6 Sexual reproduction in mammals and plants



Core practical 4

Investigate the effect of sucrose concentrations on pollen tube
growth or germination

Background information

When a ripe pollen grain lands on the stigma of a plant of the same species, it is dry. Under
appropriate conditions, a pollen grain will absorb water and germinate, producing a pollen tube.
Depending on the time you have available, you could investigate the effect of different conditions on
the germination of pollen grains or on the rate of pollen tube growth. To save time, you could work
in groups, each member of the group investigating a different sucrose concentration, and then pool
your data.

Carrying out the investigation
Aim: To investigate the effect of sucrose concentrations on the germination of pollen grains.

Risk assessment: It is the responsibility of your centre to carry out an appropriate risk assessment.
CLEAPSS Hazcards might be helpful. Wear eye protection when performing this experment.

1 Remove the lids from two clean Petri dishes. Place a filter paper in each of the two Petri dishes.
Moisten the paper with water and replace the lids.

2 Use the pollen culture medium and 1.2 moldm™ sucrose solution to make up a range of
solutions of different sucrose concentrations. You will need no more than 10 cm? of each sucrose
solution.

3 Prepare a table in which you can record your raw data.

4 Use a clean dropper pipette to add a drop of one of your sucrose concentrations to each of two
clean microscope slides.

5 Take a flower that is shedding pollen grains. Gently rub its anthers using the tip of a mounted
needle so that pollen grains fall onto the drop of sucrose solution on one of your slides.

6 Repeat step 5 so that you have pollen grains in the solution on your second slide.

7 Note the time and carefully place the microscope slides into the Petri dishes, one to each dish.
Replace the lids.

8 Atregular intervals, examine each slide using a light microscope. Make a note of the time at
which the pollen grains begin to germinate.

9 After each observation, carefully return the slides to the Petri dishes and replace the lids.

10 Repeat steps 4 to 9 using another of your sucrose solutions.

Questions

1 One student decided to make her sucrose solutions in the following way. She labelled six test
tubes 1 to 6 and added 5cm? of pollen culture medium to tubes 2 to 6. After this, she placed
10 cm3 of 1.2 moldm™ sucrose solution into tube 1. She then transferred 5cm? of solution from
tube 1 to tube 2. She thoroughly mixed the contents of tube 2 and then transferred 5 cm? of this
solution to tube 3. She continued this procedure until she had added 5cm?3 of solution from tube
5 to tube 6. What was the concentration of her solution in tube 4?

How did you prepare your table for raw data in step 3?

Explain why you should record the time in seconds.

Did pollen grains stick to your mounted needle in step 5? If so, how did you remove them?

Why were you told to keep the slides in the Petri dishes between observations?

How could you use this method to find the sucrose solution at which germination is fastest?
What additional equipment would you need to investigate the effect of sucrose concentration on
the rate of growth of pollen tubes?

8 How would you calculate the rate of growth of pollen tubes from your raw data?

~N o oA WN
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Fertilisation

Figure 6.15 Growth of a pollen

tube

antipodal cells

two synergids

pollen

grain To achieve fertilisation, the male gamete within the pollen grain must fuse with the
female gamete in the embryo sac. When a mature pollen grain lands on the stigma
of an appropriate plant, it absorbs water, swells and splits open. Once open, it forms

+—— pollen . .

tube a pollen tube that grows through the tissues of the stigma, style and ovary towards
the embryo sac. In Figure 6.15, you can see the pollen tube nucleus at the tip of

e the pollen tube, controlling growth of the tube. Growth of the pollen tube is made

e |  gametes possible because it digests the recipient plant’s tissues as it moves through the style.
The absorbed products of digestion provide the raw materials for the growth of the
pollen tube. As the generative nucleus follows the pollen tube nucleus down the

)Kp"llen tube  pollen tube, it divides by mitosis to produce two haploid nuclei. These nuclei are

S nucleus the male gametes. You can see them in Figure 6.15.

When it reaches the ovule, the pollen tube grows through the micropyle and

into the embryo sac. The tip of the pollen tube breaks down and the pollen tube

nucleus disintegrates. Figure 6.16 shows this stage. The two

pollen grain

three
. [
polar nuclei
female gamete °
ovary
[
[

Figure 6.16 Double fertilisation in a flowering plant

Test yourself

gamete of a human.

fertilisation?

16 What is meant by the term ‘hermaphrodite’?
17 Name the cell that gives rise to the embryo sac in a flowering plant.
18 Give one way in which a male gamete of a flowering plant is different from a male

19 Explain the difference between pollination and fertilisation in a flowering plant.
20 Double fertilisation is unique to flowering plants. What is meant by double

male gametes, present only as nuclei, move into the embryo sac
and an event unique to flowering plants then occurs — a double
pollen tube fertilisation. One male nucleus fuses with the female gamete,
forming a diploid zygote. The other male nucleus fuses with
the two polar nuclei to form a triploid primary endosperm
cell. The other five nuclei within the embryo sac disintegrate.
During subsequent development:

the zygote will develop into an embryo plant, with an
embryonic root (radical) and embryonic shoot (plumule)
the primary endosperm cell forms a mass of food tissue
called the endosperm

the embryo sac develops into a seed, with its integuments
forming the seed coat

the wall of the ovary develops into a fruit.

6 Sexual reproduction in mammals and plants



Exam practice questions

@ 1 The following mammalian cells are stages in oogenesis. Give the
letter, or letters, representing any cell that is diploid.

A cell in germinal epithelium
B oogonium
C primary oocyte
D secondary oocyte
@ 2 In human reproduction, the cortical reaction prevents:
A capacitation of sperm cells
B disintegration of the polar bodies
C meiosis IT occurring in the secondary oocyte
D polyspermy (1)

3 The cell from which the female gamete is produced in a flowerin
g p g
plant is the:

A antipodal cell
B micropyle
C microspore

D synergid

@ 4 The photograph shows a false-colour transmission
electronmicrograph of a human sperm cell.

a) Copy and complete the table to shows the name and function
of each of the labelled structures A, B and C. (6)

A
B




b) The head of the sperm cell shown in the micrograph is 3 pm wide.
Calculate the magnification of this electronmicrograph. (2)

5 A cucumber plant has a haploid chromosome number of 22.

a) Copy and complete the table to show the number of chromosomes in
each of the cells identified. One row has been completed for you. (3)

Petal of flower
Male gamete 22
Zygote

Endosperm

b) Explain the answer you gave in the table for the cell in the
endosperm. (2)

6 During in vitro fertilisation (IVF), sperm cells from a donor are mixed
in a Petri dish with secondary oocytes.

a) Suggest why early attempts to achieve IVF were unsuccessful. (4)

b) Describe what would happen to the secondary oocyte during
the 4 days following successful IVE (4)

7 A group of students germinated seeds on moist filter paper. They
investigated changes in the dry mass of two components of seeds during
germination. Their results are shown in the table.

51 44.6
5.2 43.9
6.9 35.8
12.7 17.4
19.6 11.3

a) Explain why the students recorded mass as dry mass.

b) Suggest how the students could have determined the dry mass
of the embryos.

c) Describe how you would use the data in the table to calculate
the rate of growth of the embryo during the first 4 days.

d) Explain the relationship between the dry mass of the embryo
and the dry mass of the endosperm.

8 Primroses are flowering plants that are common in gardens in the UK.
Within a population of primroses there are two types of plant — those
with only pin-eyed flowers and those with only thrum-eyed flowers.
The diagram shows the difference between these two types of flower.




stigma

stamens
stigma

pin-eyed flower thrum-eyed flower

a) Describe the differences between a pin-eyed flower and
a thrum-eyed flower. (2)

b) Primroses secrete a sugary fluid, called nectar, at the base of their
flowers. Bees collect this nectar by inserting their long mouthparts
into both types of flower. As they do so, pollen from the flower sticks
to their mouthparts.

i)  Use information from the diagram to suggest how the structure
of pin-eyed and thrum-eyed primrose flowers ensures that cross-
pollination occurs. (4)

ii) Suggest the biological advantage of cross pollination. (3)

Stretch and challenge

@ 9 Release of sperm is called ejaculation and the fluid released is called
the ejaculate.

a) In humans, the mean volume of a single ejaculate is 3.4 cm® and the
mean concentration of sperm is 100000 spermmm ™. Use these
figures to calculate the mean number of sperm in a single ejaculate.
Give your answer in standard form.

b) If a man has fewer than 20000 spermmm ™ of ejaculate, he is likely to
be infertile. Suggest why this is the case.

A clinical technician can assess the fertility of a man using the nomogram
shown in the diagram.

To use the nomogram, the technician:

e draws a straight line between the observed number of sperm (scale A)
and the percentage of sperm that are motile after 2 hours (scale C)

she draws a straight line from the intersection of this line with scale B,
to scale E

reads the fertility index where this second line crosses scale D.




over 55 } fertile 84
50 80

45 possibly 78
fertile
35

76
30

25 under 70

infertile )
sperm with

normal heads/%

0.1
fertility
index

under 10 under 10

observed number sperm motile
of sperm/millions cm™ after 2 hours/%

c) Use the nomogram to assess the fertility of a man whose ejaculate

contained 25 million sperm per cm?, 35% of which were motile
after 2 hours and 82% of which had normal heads.

@ 10 A technician investigated the growth of pollen tubes. She added pollen
grains to a suitable growth medium. At regular intervals, she removed
a sample from the culture medium and placed drops of this sample
onto individual glass slides. She then examined the slides under a light

microscope and measured the lengths of the pollen tubes. Her results are
shown in the first graph. The bars represent one standard deviation of the
mean (1 X SD).
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a) How would the technician modify the light microscope in order
to measure the length of pollen tubes?

b) What can you conclude from the data in the graph?

The technician repeated her experiment to investigate the eftect of certain
inhibitors on the growth of pollen tubes. She used three growth media:

¢ Medium A — normal growth medium

Medium B — normal growth medium plus actinomycin D, an inhibitor
of DNA transcription

Medium C — normal growth medium plus cycloheximide, an inhibitor
of mRNA translation.

Her results are shown in the second graph.
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c) Use information in this question to suggest explanations for the effects
of actinomycin D and cycloheximide on the growth of pollen tubes.




Classification

Prior knowledge

In this chapter you will need to recall that:

=> living things are normally given two names: a genus name and a species name; this is known as
binomial classification

=» accurate classification of living organisms is extremely important to all scientists

=» identifying separate species is often very difficult

=» there are many undiscovered species on Earth

=¥ the basic structure of DNA is a double helix held together by hydrogen bonding

= the genetic code is made up of four nucleotides containing the bases adenine, guanine, cytosine
and thymine (for details, see Chapter 3).

Test yourself on prior knowledge

1 State the binomial names of the following organisms:

a) lion

b) tiger

c) daisy

d) dandelion

e) common edible mushroom.

2 Lions and tigers are closely related and could interbreed. Give two reasons
why they do not normally interbreed.

3 List the full classification of the lion from kingdom to species.
4 Name the three components of a DNA nucleotide.

5 Which of the bases in DNA are purines?

6 How are the two strands of DNA held together?

7 What are the main differences between DNA and RNA?

8 What are the names of the five kingdoms that have been used in one method
of classification?

9 What are the differences between prokaryotes and eukaryotes?

The range of living things and their
classification

There are vast numbers of living things in the world — almost unlimited diversity in
fact. No other aspect of life is more characteristic than this great variety of different
organisms. Up to now, about 2 million species have been described and named.

Meanwhile, previously unknown species are being discovered all the time. We will
return to this issue of the diversity of living things — referred to as ‘biodiversity’ — in

the next chapter (Chapter 8).

@ 7 Classification




What we mean by ‘species’

The term species refers scientifically to a particular type of living thing. We are now
confident that living things change with time, and that species have evolved, one from
another (Chapter 8).

Species A group of living
organisms with similar

characteristics that
Later in this chapter we will return to the issue of defining the term ‘species’ because interbreed to produce
there are limitations to our definition. First of all we shall locate species in the context fertile offspring.

of an agreed scheme of classification.

| Taxonomy — the classification of diversity

Classification is essential to biology because there are too many different living things
to study and compare unless they are organised into manageable categories.

Biological classification schemes are the invention of biologists, based upon the best
available evidence at the time. With an effective classification system in use, it is easier
to organise our ideas about organisms and make generalisations.

The science of classification is called taxonomy. The word comes from ‘taxa’ (sing.
= taxon), which is the general name for groups or categories within a classification
system. The scheme of classification has to be flexible, allowing newly discovered living | Taxonomy The science

organisms to be added into the scheme where they fit best. It should also include fossils, Of: classification of living
things.

since we believe living and extinct species are related.

The process of classification involves:
e giving every organism an agreed name

e imposing a scheme upon the diversity of living things.

The binomial system of naming

Many organisms have local names, but these often differ from locality to locality around
the world, so they do not allow observers to be confident they are talking about the
same thing. For example, in America the name ‘robin’ refers to a bird the size of the
European blackbird — altogether a different bird from the European robin. Instead,
scientists use an international approach called the binomial system (meaning ‘a two-part
name’). By this system everyone, anywhere in the world, knows exactly which organism
is being referred to.

S e
wn

Figure 7.1 ‘Magpie’ species of the world
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generic name + specific name
(noun) (adjective)

oo

Ranunculus aquatilis
water _ growing
crowfoot in water

Ranunculus repens
creeping buttercup

Homo sapiens
‘wise (modern) human’

Homo habilis
‘handy human’ (extinct)
Figure 7.2 Naming
organisms by the binomial
system

Kingdom: Plantae

\J

Phylum: Angiospermophyta

Y
Class: Dicotyledonae

\]
Order: Fagales

\
Family: Fagaceae

\/
Genus: Quercus

) \]
Species: robur

‘common oak’

——> other phyla

——> other classes

———> other orders

—> other families

——> other genera

——> other species

So each organism is given a scientific name consisting of two words in Latin

(Figure 7.1). The first (a noun) designates the genus, the second (an adjective) the
species. The generic name begins with a capital letter, followed by the specific name.
Conventionally, this name is written in ifalics (or is underlined).

As shown in Figure 7.2, closely related organisms have the same generic name; only
their species names differ. You will see that when organisms are frequently referred

to the full name is given initially, but thereafter the generic name is shortened to the
first (capital) letter. Thus, in continuing references to humans in an article or scientific
paper, Homo sapiens would become H. sapiens.

The scheme of classification

In classification, the aim is to use as many characteristics as possible in placing similar
organisms together and dissimilar ones apart. Just as similar species are grouped
together into the same genus (plural = genera), so, too, are similar genera grouped
together into families. This approach is extended from families to orders, then classes,
phyla and kingdoms. This is the hierarchical scheme of classification; each successive
group containing more and more different kinds of organism. The taxa used in
taxonomy are given in Figure 7.3.

kingdom the largest and most inclusive Kingdom: Animalia
grouping e.g. plants, animals, fungi, etc.

———> other phyla

\]
phylum organisms constructed Phylum: Chordata

on a similar plan
——> other classes

\]
class a grouping of orders Class: Mammalia

within a phylum
——> other orders

\ ]
order a group of apparently Order: Primates

related families
——> other families

\]
family a group of apparently Family: Hominidae

related genera Normally several species occur

in one genus, many genera make
a family, several families make an
order, and so on. However, this
family contains only one genus.

Y
Genus: Homo

T

genus a group of similar and
closely related species

species a group of organisms Species: sapiens erectus habilis
capable of interbreeding to produce ‘wise (modern)  ‘upright human’  ‘handy human’
fertile offspring human \

extinct species — we learn about
them from fossil evidence only

(@ mnemonic to remember the hierarchy of taxa:
King Peter Called Out For Genuine Scientists)

Figure 7.3 The taxa used in taxonomy, applied to the genera from two different kingdoms
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The features of organisms selected in classification

The quickest way to classity living things is on their immediate and obvious similarities
and differences. For example, we might classity together animals that fly, simply
because the essential organs — wings — are so easily seen. This would include almost

all birds and many insects (as well as the bats and certain fossil dinosaurs). However,
resemblances between the wings of the bird and the insect are superficial. Both are
aerofoils (structures that generate ‘lift’ when moved though the air); they are built from
different tissues and have different origins in the body. We say that the wings of birds
and insects are analogous structures.

Consequently, they illustrate only superficial resemblances. A classification based on
analogous structures is an artificial classification.

Alternatively, a natural classification is based on similarities and differences due to
close relationships between organisms because they share common ancestors. The bone
structure of the limbs of all vertebrates suggests they are modifications of a common
plan we call the pentadactyl limb. So, there are many comparable bones in the human
arm, the leg of a horse and the limb of a mole — in other words they are homologous
structures (Figure 7.4).

The pentadactyl limb as the ‘ancestral’ terrestrial
vertebrate limb plan, subsequently adapted by
modification for different uses/habitats.

monkey
bat lay-out of a ‘five-fingered’ (grasping)
(flight) (pentadactyl) limb 2 T
forelimb hindlimb <
upper arm — humerus H femur «—————thigh

forearm —— radius + ulna HH tibia + fibula «—Ilower leg

oQo

4 wrist ———— carpals tarsals «—————— ankle

00000
hand/foot — metacarpals oﬂﬂé] U%?B metatarsals «———foot
+ phalanges 1~ g % Q(s + phalanges
2345
mole
(digging)

digits

whale
(swimming)

2 .
3 2 /? 4 %ES % (running)
4

Figure 7.4 Homologous structures show adaptive radiation

ey terms [

Genus A division of
biological classification
that is ranked above
species but below
family.

Analogous structures
These resemble each
other in function

but differ in their
fundamental structure.

Homologous structures
These are structures
built to a common plan
but adapted for different
purposes.
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DNA sequencing The
process of determining
the exact order of the
nucleotides in a DNA
molecule.

7 Classification

The ideal solution — a classification system based on
evolutionary relationships

A natural classification based on homologous structures is believed to reflect
evolutionary relationships. It is what taxonomists work towards.

Today, similarities and differences in the biochemistry of organisms have become
important in taxonomy in addition to structural features. For example, the composition
of nucleic acids (and cell proteins) often shows relationships more accurately than
structural features. Large molecules like nucleic acids are subjected to changes with
time — we call these changes in nucleic acids mutations. Biochemical changes like
mutations in DINA occur at a more or less constant rate, and can be used as a ‘molecular
clock’. Tt is possible to estimate the relatedness of different groups of organisms by

the amount of variation in their DNA — which is a function of time since particular
organisms share a common ancestor. Since the rate of change can be reliably estimated,
the extent of change is a function of the time that has passed between the separations
of evolutionary lines.

DNA sequencing

DNA sequencing used to be a laborious laboratory analysis, where pieces of DNA
some 50000-100000 bases long would take a year to analyse. Today the whole process
has been refined and is now carried out automatically by very expensive machines
capable of doing the same analysis in a few hours. Despite this automation the principles
of the analysis are very similar:

1 The DNA molecule is cut into pieces at very specific points by enzymes.

2 The pieces of DNA are chemically modified and tagged with fluorescent dyes,
which give a different colour for each base.

3 These pieces of DNA are then separated by electrophoresis and the bases recognised
by the colour of their fluorescence.

4 When the sequence of these pieces of DNA are recorded they are then linked
together to make up the base sequence of the whole DNA molecule.

Extracting and cutting up DNA

DNA can be extracted from tissue samples by mechanically breaking up the cells,
filtering off the debris and breaking down cell membranes by treatment with
detergents. The protein framework of the chromosomes is then removed by incubation
with a protein-digesting enzyme (protease). The DNA, now existing as long threads,
is isolated from this mixture of chemicals by precipitation with ethanol and is thus
‘cleaned’. The DNA strands are then re-suspended in aqueous, pH-buffered medium.
They are now ready for ‘slicing’ into fragments.

The DNA is sliced or chopped into fragments by addition of restriction endonucleases
(restriction enzymes). These enzymes occur naturally in bacteria, where they protect
against viruses that enter the bacterium by cutting the viral DNA into small pieces,
thereby inactivating it. (Viral DNA might otherwise take over the host cell.) Viruses
that specifically parasitise bacteria are called bacteriophages or phages. Restriction
enzymes were so named because they restrict the multiplication of phage viruses.



Many different restriction enzymes have been discovered and purified, and today

they are used widely in genetic engineering experiments. A distinctive and important
feature of restriction enzymes is that they cut at particular base sequences (Figure 7.5)
and are of two types, forming either ‘blunt ends’ or ‘sticky ends’ to the cut fragments.
Sticky ends are single-stranded extensions formed in the double-stranded DNA after
‘digestion” with a restriction enzyme that cuts in a staggered fashion. In DNA profiling,
a selected restriction enzyme is used to cut at specific base-sequence sites.

cells from animal or Cells are mechanically broken up, then:

plant tissue, or white ~ —— e cell debris is removed by filtration and centrifugation

cells separated from e cells and nuclear membranes are broken down by incubation with detergent
a blood sample e proteins are removed by incubation with protease enzyme

So, DNA is freed from the nucleus, and from its histone ‘scaffolding’.

DNA precipitated in restriction enzyme

ice-cold ethanol

restriction enzyme
(restriction endonuclease)
‘cuts’ at a particular
sequence of bases

DNA ——> DNA resuspended in aqueous,
pH-buffered medium, and

incubated with restriction enzyme4>>

restriction enzymes are of two types

producing blunt ends according to how the DNA is cut

producing sticky ends

e.g. Pvoll from Proteus vulgaris e.g. EcoRl from Escherichia coli
cuts at CAGCTG cuts at GAATTC
_________ . R,
T T TT T T T T T T T T T 7T T T T T | T
¢ A A GIe T ERT grigrITonl
/GT:GTC:G/—\C:TA G T:C T T A'A G.T A
1 | 1 1 :-I--_I_--I-_:I 1 1 1 :-I--_I_--I--_I_-I-I-__I_-:I 1
hydrogen bonds \ - /
between bases restrlctlon
blunt sites sticky
T T T T T T T T T T T T
¢CAGAGEEC TG AT ¢ A = AT T CA
G T GTC GACTA CT'TA AG T
1 1 1 1 1 1 1 1 1 1
restriction sites of other enzymes
GTT:-AAC G:GATCC
Hpal CAATTG * restriction sites are BamH CCTAGG
C GGG 4 or 6 base pairs long ) AIAGCTT
Hoall ¢ gl¢ ¢ Hindll 777 C G AtA

Restriction enzymes are named after the microorganisms they are found in. Roman numbers are added
to distinguish different enzymes from the same microorganism.

Figure 7.5 Isolating and cutting of DNA

Isolating DNA fragments — electrophoresis

Electrophoresis is a process used to separate particles, including biologically important
molecules such as DNA, RINA, proteins and amino acids. It is typically carried out on an
agarose gel (a very pure form of agar) or on polyacrylamide gel (PAG). Both these substances | Electrophoresis
contain tiny pores, which allow them to act like a molecular sieve. Small particles can move | A technique of
through these gels quite quickly, whereas larger molecules move much more slowly. separating charged ions
in a fluid by applying a
potential difference.

Biological molecules separated by electrophoresis also carry an electrical charge. In the
case of DNA, phosphate groups in DNA fragments give them a net negative charge.
Consequently, when DNA molecules are placed in an electric field they migrate
towards the positive pole.

Taxonomy - the classification of diversity @



@ 7 Classification

So, in electrophoresis, separation occurs according to the size and the charge carried.
This is the double principle of electrophoretic separations. Separation of DNA
fragments produced by the actions of restriction enzymes is shown in Figure 7.6.
Note that the bands of DNA fragments are not visible on the gel until, in this case,

a DNA-binding fluorescent dye as been added.

electrophoresis in progress

electrode (carbon
fibre) — negative wells (DNA samples loaded
here after treatment with
restriction enzyme)

power supply (battery —

maximum voltage 40 volts) N
"" buffer solution
larger fragments /| ’ l,’
| QW DA
= - & U
= = — =y 4
gel (of agarose or =y, = —~ =
polyacrylamide) T = | o =
= = =
= = L
smaller fragments — = Z = Positive
== = =
= = :, = : Q" clectrode
reservoir with = —_ I
buffer solution \%

DNA electrophoretogram
] [

subsequently:

DNA separates into bands of different sized fragments while
- the potential difference is maintained (time depends on

voltage supplied) — the DNA fragments in the gel are made
f— visible, typically by the addition of a specific dye which
penetrates and colours the bands of DNA fragments

+

Figure 7.6 Electrophoretic separation of DNA fragments
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DNA differences used to determine evolutionary relationships
The relatedness of organisms is studied experimentally by investigation of differences
in DNA.

1 By DNA hybridisation

The genetic differences between the DNA of various organisms give us data on
degrees of divergence in their respective evolutionary histories. By the technique of
DNA hybridisation, the matching of DNA samples of different species has enabled
the discovery of how closely related particular species are (Figure 7.7).

The degree of similarity of samples of DNA from two organisms is disclosed by
measuring the temperature at which they separate. The more distantly related the
organisms are, the fewer the bonds (due to base-pairing) that will form between
the strands of DNA when mixed. A lower temperature is then required to
separate them (Figure 7.7).



DNA hybridisation is a technique that involves matching the DNA The degree of relatedness of the DNA of primate species can be
of different species, to discover how closely they are related. correlated with the estimated number of years since they shared a

common ancestor.
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to cause them to with DNA strands from 14 <
become single strands another species, prepared
in exactly the same way 5
(therefore comparable) . 10
X
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strands of DNA complementarity ] 20
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The closeness of the two DNAs is measured by finding
the temperature at which they separate — the fewer
bonds formed, the lower the temperature required.

Figure 7.7 Genetic difference between DNA samples and evolutionary relatedness

2 By application of developments in the new discipline of bioinformatics

At the centre of this development is the creation and maintenance of databases
concerning nucleic acid sequences (and the proteins derived from them). Already,
the genomes of many prokaryotes and eukaryotes have been sequenced, as well

as that of humans. This huge volume of data requires organisation, storage and
indexing to enable practical use of the subsequent analyses. These tasks involve
applied mathematics, informatics, statistics and computer science, and are collectively
referred to as bioinformatics.

One possible outcome is the use of the GenBank database to determine differences

Key terms [

Bioinformatics The
storage, manipulation
and analysis of
biological information
via computer science.

Phylogeny The
evolutionary development
and history of a species or
other group of organisms.

in base sequence of a gene in two species. For example, it is possible to compare

the nucleotide sequences of the cytochrome ¢ oxidase gene of humans with that of
the Sumatran orang-utan or other species, as shown in Figure 7.8, with a view to
determining the degree of relatedness of the two species. This process involves using
The National Center for Biotechnology Information web services, which provide
access to biomedical and genomic information.

These approaches exploit the fact that organisms that are closely related show fewer
differences in the composition of specific nucleic acids (and therefore cell proteins) that
they possess. But despite these impressive additional sources of evidence, evolutionary
relationships are still only partly understood, so current taxonomy is only partly an
evolutionary or phylogenetic classification.

Learning and
understanding the
detailed structure of
nucleic acids is very
useful in many sections
of the specification for
both AS and A Level.

Taxonomy - the classification of diversity



Species A TTCCGCTTCCTGTCCGACTGTGGTGTCTTTGCTGAGGGTCACATTGAGCTGCAGGTTGAA

Species B TTCCGUTTCCCGTGCGACTGTGGTGTC TTTGUTGAGGGTCACATTGAG TGCAGGTTGCA
Species A TCCGGGGTGCCTTTAGGATTCAGCAC CATGGCGGAAGACATGGAGAC CAAAAT CAAGAA
CEEEEELEEEEE e er e e e e e e e
Species B TCCGGGGTGCCTTTAGGATTCAGCAC CATGGC GGAAGACATGGAGAC CAAACTCAAGAA
Species A TACAAGACCG TTTTGACAGCCGCTT AACCAGAACCAGACTAGAAAC TGCTGG
A [TTTTT II\III\III\III\III\III\III\III\III\III |||\|||\|||\
Species B TACAAGACTG TTTTGACAG AGAACCAGACCAGAAACTGCTG
Species A AGAACTACCTGGACTTCCACCGUTGTCAGAAGGCAATGAC (GC TAAAGGAGG  GATAT
A |||\|||\|||\|||\|||\|||\|||\IIH|||\|||\|II\III\III\III\III\
Species B GT AATG TAAAGGAGGCGATAT
Species A TCTGTGTGCGAATGGTACCAGCGTGTGTACCAGT TCTG ACATCCTGGGTCACA
_ |II\|||\III\III\III\III\III\III\III\III\III\III\III\III\III\
Species B TGTGTGUGAATGGTAC CAGCGTGTGTA TGGGT
Species A GACTGGGATGAGCAACGGGCTGAAGGCACGTTT GGGAAGATCTGAACTGGCTGCAT
FEEEEELEEEEEE T e e ey 1
Species B GACTGGGATGAGCAACGGGCTGAAGG ACGTTT GGGAAGATCTGAACTGGCTGCGT
Species A TCCCTTTCCTCTGTCCTCCATCCTTCTCCCAGGATGGTCGAAGGGGGACCTGGTACCCAGT o
, ||||||||||||||||||||||||||||||||||||||||||||| H—HHHH substitution
Species B TTTCCTTTGT TTCTCCCAGGATGGTGAAGGGGGATGTAGTA GT
Species A AGGATCCTA----AATCATGACTTACCTGC TAATAAAAAC TCATTGGA
, |||||||||||| |||||||| |||||||||||||||||||||||||||||||||||
Species B GATCCT. GACTTACCTG ATTGGA
Species A AAAGTGA
[T deletion
Species B AAAGTGA

Figure 7.8 Cytochrome oxidase base sequence comparison for two species

Test yourself

1 Explain why using observable features alone may 4 Which other property of DNA fragments allows
give a false classification of living organisms. them to be separated by the agarose gel?

2 Use the diagrams in Figure 7.5 to explain why a 5 Why will DNA formed from two strands from
restriction enzyme such as EcoRI would be used distantly related organisms separate at a lower
to produce DNA fragments that could be easily temperature?
attached to other pieces of DNA 6 What is the difference between an analogous and

3 Which part of the DNA nucleotide gives the a homologous structure?
molecule an overall negative charge?

@ 7 Classification

| The five kingdoms

At one time the living world seemed to divide naturally into two kingdoms (Table 7.1).

Table 7.1 Living things divided into two kingdoms

Photosynthetic (autotrophic nutrition) Ingestion of complex food (heterotrophic nutrition)
Mostly rooted (i.e. stationary) Typically mobile organisms
organisms

These two kingdoms grew from the original disciplines of biology, namely botany,
the study of plants, and zoology, the study of animals. Fungi and microorganisms were
conveniently ‘added’ to botany! Initially there was only one problem; fungi possessed
the typically animal heterotrophic nutrition but were more plant-like in structure.



Later, with the use of the electron microscope came the discovery of the two types of
cell structure, namely prokaryotic and eukaryotic. As a result, the bacteria with their
prokaryotic cells could no longer be ‘plants’ since plants have eukaryotic cells. This led
to the idea that living things should be divided into five kingdoms (Table 7.2).

The evolutionary relationships of the kingdoms are suggested in Figure 7.9.

Table 7.2 The five kingdom classification

Prokaryotae bacteria and cyanobacteria (photosynthetic bacteria), predominately
(prokaryotes) unicellular organisms

Protoctista eukaryotes, predominately unicellular, and seen as resembling the ancestors
(protoctists) of the fungi, plants and animals

eukaryotes, predominately multicellular organisms, non-motile, and with
heterotrophic nutrition
Plantae eukaryotes, multicellular organisms, non-motile, with autotrophic nutrition
(plants)
Animalia eukaryotes, multicellular organisms, motile, with heterotrophic nutrition
(animals)

? = origin of life

A new grouping within
the prokaryotes is now
recognised — bacteria
that survive under
extreme conditions.

prokaryotes
bacteria + cyanobacteria

eukaryotes O
The cells of these The cells of these
organisms contain projozoans Q slime organisms contain
mitochondria. moulds chloroplasts also.
red brown y.
_algae  green algae &

sponges algae protoctistans

cnidarians

flatworms fungi
mosses
round
worms -
chordates
(= f|§hes, gmphlblans molluses _
reptiles, birds conifers

and mammals) annelids

flowering plants
arthropods

animals plants

Figure 7.9 Possible evolutionary relationship of the five kingdoms

The five kingdoms @



| A new scheme of classification

Then came the discovery of species of bacteria that survive and prosper in extremely
hostile environments (the extremophiles), such as the ‘heat-loving’ bacteria found in
hot-springs at about 70 °C). Subsequently, extremophiles were found in a wider range
of hostile habitats.

Table 7.3 The range of extremophile bacteria

‘Salt-loving’ bacteria (halophytes) common in salt lakes and where sea water becomes trapped and concentrated by
evaporation and where salt has crystallised

e E e s e LG e survive at above pH 10 — conditions typical of soda lakes

Bacteria that thrive in extremely found in conditions of <pH2, such as some sulfur bacteria found in hot,
acidic conditions (acidophiles) thermal vents

‘Heat-loving’ bacteria (thermophiles) occur in hot-springs at about 70°C; some are adapted to survive at temperatures
of 100-115°C (hyperthermophilic prokaryotes)

Bacteria that thrive in sub-zero common at temperatures of —10°C, as in the ice of the poles where salt

temperatures depresses the freezing point of water

The classification of living organisms into three domains on the basis of their ribosomal RNA

These evolutionary relationships have been established by comparing the sequences
of bases (nucleotides) in the ribosomal RNA (rRNA) present in species of each group.
animals

Archaea

Eukarya
(archaebacteria)

O fungi (eukaryotes)
Bacteria
(eubacteria)

- *
»
* Q.
* Q. .
O
* The shortest branches lead to hyperthermophilic species, which suggests that the
universal ancestor of all living things was a hyperthermophile (possibly ‘assembled’
C under conditions at deep ocean vents where volcanic gases are discharged into water
universal at high temperature and pressure).
ancestor?

Archaea were discovered among prokaryotes of extreme and inaccessible habitats. Subsequently, other members of the Archaea
were found more widely - in the gut of herbivores and at the bottom of lakes and mountain bogs, for example.

Figure 7.10 Ribosomal RNA and the classification of living organisms

@ 7 Classification



These microorganisms of extreme habitats all have cells that we can identify as prokaryotic.
However, the larger RNA molecules present in the ribosomes of extremophiles were
discovered to be different from those of previously known bacteria. Further analyses of the
biochemistry of extremophiles, in comparison with that of other groups, suggested new
evolutionary relationships and led on to a new scheme of classification (Figure 7.10).

Classification into three domains W

As a result, we now recognise three major forms of life, called domains. The Domain One of three
organisms of each domain share a distinctive, unique pattern of ribosomal RINA and major forms of life
there are other differences, which establish their evolutionary relationships (Table 7.4). used in the most
recent suggestion for
classification of living
o the Archaea (the extremophile prokaryotes) things.

o the Eubacteria (the true bacteria)

o the Eukaryota (all eukaryotic cells — the protoctista, fungi, plants and animals).

These domains are:

Incidentally, the Archaea have now been found in an even broader range of habitats
than merely extreme environments. Some occur in the oceans and some in fossil fuel
deposits deep underground. Some species occur in deep ocean vents, high-temperature
habitats such as geysers, in salt pans and in polar environments. Others occur only in
anaerobic enclosure such as the guts of termites and of cattle, and at the bottom of
ponds, among the rotting plant remains. Here they breakdown organic matter and
release methane — with important environmental consequences.

Table 7.4 Biochemical differences between the domains

DNA of chromosome(s) Circular genome Circular genome Chromosomes

Bound protein (histone) Present Absent Present

present in DNA

Introns in genes Typically absent Typically absent Frequent

Cell wall Present — not made of Present — made of Sometimes present
peptidoglycan peptidoglycan — never made of

peptidoglycan

Lipids of cell membrane Archaeal membranes contain lipids that differ from those of

bilayer eubacteria and eukaryotes (Figure 7.11)

Phospholipids of archaeal membranes Phospholipids of eubacteria

and eukaryote membranes

phosphate group

. L-glycerol hydrocarbon tails D-glycerol
hydrocarbon tails o _unbranched ﬁ
O i /\/\/\\/\/\/\/\/C—O
M\/\A/W C_O ’ AAAAANANAN i
WW =0 0 o—t—0
/ ester linkage O

ether linkage
phosphate group

Figure 7.11 Lipid structure of cell membranes in the three domains

A new scheme of classification



7 Classification

The issue of what is a species

On a day-by-day basis, biologists frequently use the term ‘species” when they refer to
an organism they are studying, within the context of a particular aspect of its biology.
For example:

o ecologists refer to species as defined by their ecological niche and how they interact
with the living and non-living parts of their environment

o geneticists refer to species as part of a population whose members have the potential
to interbreed and produce viable fertile offspring

o morphologists refer to species as defined by common body shape and other
structural features by which they are distinguished

e taxonomists refer to species as the smallest group of individuals that share a
common ancestor — a single ‘branch of the tree of life’.

We can see that the term is commonly used on a daily basis, in at least four different
contexts, with different meanings and therefore definitions.

Origin of the term ‘species’

When Linnaeus devised the binomial system of nomenclature in the eighteenth century
there was no problem in defining species. It was believed that each species was derived
from the original pair of animals created by God. Since species had been created in this
way they were fixed and unchanging.

In fact, present-day living things have arisen by change from pre-existing forms of

life. This process has been called ‘descent with modification” and ‘organic evolution’,
but perhaps ‘speciation’ is better because it emphasises that species change. The fossil
record provides evidence that these changes do occur in living things — human fossils
alone illustrate this point. We now know that species have evolved, one from another,
in the course of the history of life on Earth. The concept of species has been modified —
we no longer have a simple definition of a species that is totally accurate in all cases.

Today, as many different characteristics as possible are used in order to define and
identify a species. The main characteristics used are:

e morphology and anatomy (external and internal structure)

o cell structure (whether cells are eukaryotic or prokaryotic)

o physiology (blood composition, renal function) and chemical composition
(comparisons of nucleic acids and proteins, and the similarities in proteins between
organisms, for example).

A species can be defined as consisting of organisms of common ancestry that closely
resemble each other structurally and biochemically, and which are members of natural
populations that are actually or potentially capable of breeding with each other to
produce fertile progeny, and which do not interbreed with members of other species.

The last part of this definition cannot be applied to self-fertilising populations or to
organisms that reproduce only asexually. Such groups are species because they are very
similar to each other morphologically and in all other features.

Having set the scene about the challenge of defining species, we can now agree that on
a day-to-day basis the term ‘species’ is satisfactory and useful provided we think of
a species as defined above.



Naming and classifying species - the scale of the task

We have noted there are vast numbers of living things in the world. Up to now, about
2 million species have been described and named. However, until very recently there
has been no attempt to produce an international ‘library of living things’, where new
discoveries are automatically checked out (see below). Consequently, some known
organisms may have been ‘discovered’ more than once. Meanwhile, previously
unknown species are being discovered all the time. In the UK alone, several hundred
new species have been described in the past decade. We might have expected all the
wildlife in these islands to be known, since Britain was one of the countries to pioneer
the systematic study of plants and animals. Apparently this is not the case; previously
unknown organisms are frequently found here, too.

Worldwide, the number of unknown species is estimated at between 3—5 million at
the very least, and possibly as high as 100 million. So scientists are not certain just how
many different types of organism exist.

Scientists do not agree - the debate continues

This chapter is quite different from others on the same subject. It describes several
different ideas about how living things are classified but if you read carefully you

will see that all the suggested schemes have drawbacks. The five-kingdom model has
a group called Protoctista, whose members are really difficult to define. If you look
up a definition of Protoctista you will probably find a description concentrating on
features they do not possess rather than features they have in common. You might find
something like this: “The Kingdom Protoctista is defined by exclusion: its members
are neither animals (which develop from a blastula), plants (which develop from an
embryo), fungi (which lack undulipodia and develop from spores), nor prokaryotes.’
In other words it is a collection of organisms that do not necessarily have a great deal
in common. Not surprisingly, although this model was widely accepted because it had
some clear reasoning, many biologists did not agree.

The discovery of more details of the structure of some bacteria led to the idea that
classification should be more strictly based on possible evolutionary history, and hence
the very different idea of three domains, with the Eukaryota containing almost all the
living things that most people would recognise. Although many biologists accept the
logic behind this, once again, many do not agree.

The whole field of classification continues to be hotly debated, as it has for at least 300
years! Even the father of modern classification Carolus Linnaeus (1735) chose to include
just plants and animals, ignoring the whole group of single-celled organisms discovered
by Anthony van Leeuwenhoek, using the first microscope, some 60 years earlier.

In exam questions, be
prepared to show that
you understand that the
models of classification
are still under debate
and that none is perfect.
The developments, such
as studying DNA from
different cells, mean that
new evidence is being
collected all the time.

A new scheme of classification



7 Classification

Table 7.5 shows some developments of the debate following the introduction of
techniques of molecular analysis in the 1970s.

Table 7.5 A recent timeline of the classification debate

1977 Woese Structure of extremophile RNA suggests they are a separate group.
= 6 kingdoms

1990 Woese More molecular evidence suggests ancient origin of two types of
bacteria with all other living things in one other group.

= 3 domains

1993 Cavalier-Smith  Other evidence used to dispute the idea that all bacteria and other
single-celled protists should be grouped together

= 8 kingdoms
1998 Cavalier-Smith  Groups all bacteria together and links all Protozoa

= 6 kingdoms

This is a very simplified summary and there have been many other suggestions based
on evidence from molecular biology advances since 1998. It is important therefore to
understand that all the different models have their strong points and their drawbacks.

Test yourself

7 Give the correct binomial names of five organisms that would be classified as
Prokaryotes in the five-kingdom classification.

8 Name the two compounds that form a peptidoglycan.

9 Which molecules were first found to be different in Archaea compared with other
domains?

10 Who is often described as the father of classification?
11 What was the main problem with defining the group Protoctista?
12 Why are there likely to be many species yet to be discovered?

| How do scientists investigate their ideas?

The first thing to understand is that scientific ideas and facts are constantly changing.
Some basic principles have stood the test of time, but other ideas have changed
dramatically or have needed modification and are still changing. Only 65 years ago
biologists did not agree that DNA was the genetic material.

Unfortunately many people think of scientific progress as the story of Archimedes —
odd-looking people working away in a strange laboratory and rushing out shouting
‘eureka’ as they reveal some perfect answer. The truth is that very big steps forward are
rare and a great deal of scientific research involves painstakingly repeating investigations
to provide reliable evidence for a proposed model, but without this type of research we
could never build a solid, reliable body of information.



The process of research begins with an idea or theoretical model. This may be an
accepted model or a new approach but it will be only a theory unless there is solid
evidence to support it. At this stage it is necessary to make some prediction based on
the model, which can be tested experimentally. Designing a reliable investigation

to test the prediction requires ingenuity, imagination and extensive background
knowledge. To make real advances it is often necessary to design new methods or to
use available technology in a novel way. This stage is normally a collaborative effort
with a team of other scientists. In this way it is possible to collect evidence to support
the model. As more and more evidence is collected and more predictions prove to be
correct, then the model will be accepted by most scientists. However, it only takes one
well-designed investigation to produce results that contradict the model to undermine
it completely.

How do scientists check the validity of investigations?

This is a really important question as many scientific developments are built on the
work of others over many years. It is essential that conclusions made in the past and
the present are valid and that progress is made based upon reliable information. There
are several ways in which evidence is carefully checked and becomes accepted by the
scientific community.

1 Scientific journals

All scientists publish full details of their investigations in well-known scientific
journals. Their reports must contain full details of their methodology, the original
data and an analysis of their findings, following some strict rules. These journals are

available to scientists worldwide who can read about the work of others and the latest

developments in their field.
2 Peer review

Before a scientific journal will accept work for publication it must be verified

by senior scientists in the place where it was carried out. It is then scrutinised by

an independent panel of scientists who are experts in the same field. They check

the details of the method, the data collected and the validity of conclusions. Peer
reviewers often ask for more details or a revision of conclusions before approving its
publication. The process of peer review and publication of scientific papers is quite
strict and therefore ensures that the information contained in the papers is very
reliable. In this way a large body of scientific knowledge and understanding has been
built up over many years.

3 Conferences (symposia)

Most important fields of research are carried out by many scientists in several
countries. Universities and other institutions often host meetings of scientists from
around the world specialising in one particular area of research. At these meetings
invited participants often present their latest findings before they have been
published. However, the most important function of these meetings is to allow
individuals to share ideas, discuss common problems and argue their case where
different models are proposed.

Finally it is important to realise that scientists are also human. Debates on the merits
of different models can become very heated as proponents defend their ideas.

Reliability and validity
are not the same.
Reliability is concerned
with collecting data
objectively and showing
that results are
repeatable. Validity is
about the design of the
investigation, controlling
variables effectively and
being confident that it is
the independent variable
that is shown to be
affecting the dependent
variable.

This section on how
scientists investigate
and validate their
findings is also relevant
to many other parts of
the specification so can
be tested in any of the
exam papers, including
those questions testing
practical skills.

How do scientists investigate their ideas?



Exam practice questions

@ 1 Which of the following represents the correct hierarchy of classification?

A phylum — class — family — order — genus — species

B phylum — class = order — family — genus — species

C phylum — class = order — genus — family — species

D phylum — class = family — genus — order — species (1)
@ 2 Which of the following applies to all members of the same species?

A have identical external features

B have the same DNA

C cannot interbreed with any other species

D produce fertile offspring with other members of the same species (1)
@ 3 Halobacterium salinarum is a bacterium found in very saline environments.

a) Name two cellular features of this bacterium that could be investigated
to show that it is not a eukaryote. (2)

b) Analysis of the genes for ribosomal RNA (rRNA) is often used to
distinguish Archaea from prokaryotes and eukaryotes. Explain why
this molecule is particularly useful for this purpose. (3)

¢) Many Archaea are extremophiles, which live in harsh environmental
conditions. Some live in hot springs at temperatures of 80 °C or higher.

What are the major problems faced by cells at these temperatures
and how might the modifications of Archaea cell structure help to
overcome them? (4)

@ 4 The table shows the base sequence of the same section of DNA taken
from the gene for 128 ribosomal RNA in three different animals. All are
mammals but the dog and mole are modern placental mammals where
the young develop inside the uterus supplied with nutrients through
the placenta. Marsupial mammals are largely confined to Australia and are
much more primitive, giving birth to tiny underdeveloped young, which
are then kept in an external pouch to develop further.

Dog GGTCCTAGCCTTCCTATTAGTTTTTAGTAGACTTAC
Mole GGTCCCAGCCTTTCTATTAGCTGTCAGTAAAATTAC
Marsupialmole GGTCCTAGCCTTATTATTAATTATTGCTAGTCCTAC

a) How many amino acids would be coded by these base sequences? (1)
b) Count the number of differences in base sequence between:

i) the mole and the dog 1ii) the mole and the marsupial mole. (2)
c) Which two animals are most closely related? Explain your answer. (2)

d) Explain how the evolutionary history of these animals may account
for the relationships between them. (4)




The strands of DNA from each animal were treated with the
restriction enzyme Hpall, which breaks the bond between the
bases G—C. How many fragments would be formed from each

of the DNA samples shown in the table? (1)

Following this enzyme treatment each sample was separated by
electrophoresis. Which sample would produce a band on the
electrophoresis gel that was closest to the negative electrode?
Explain your answer. 4)

Stretch and challenge

5 Peptic ulcer disease is a common complaint. Sections of the stomach wall
become damaged and the highly acidic contents cause severe pain and
can lead to perforation, with the risk of septicaemia. It is also a strong risk
factor for stomach cancer.

For many years the main cause was thought to be excess stomach acid.
Treatments ranged from simple antacids taken orally to more sophisticated
drugs such as hydrogen ion pump inhibitors to limit acid production.
Most doctors around the world treated patients in this way and the
pharmaceutical industry spent many millions of pounds producing a range
of ingenious ways to limit acid production.

This view was challenged by two Australian doctors, Marshall and Warren,
between 1980 and 1990. Their story leads from an initial rejection of their
research paper to the award of a Nobel prize in 2005. It illustrates that
research is a human activity, not always as objective as it might be and
subject to many influences. It is also a good example of the role played

by peer review, journals and conferences in the process of validation.

You will need to read the story, which is presented as a timeline and can
be found by searching for ‘Marshall and Warren Helicobacter timeline’ in a
search engine.

Further research into Helicobacter pylori will also provide you with
interesting background information.

Use this timeline and your own understanding of scientific research to
answer the following questions. The abbreviation PUD is used for peptic
ulcer disease.

a) What did Marshall and Warren suggest about the role of Helicobacter
pylori in PUD?

b) Describe two pieces of evidence that suggested a bacterium might be
involved in PUD well before Marshall and Warren began their work.

c) Describe the role played by meetings, conferences and congresses held

in 1982, 1983, 1984 and 1990.

d) In 1984, Marshall carried out a very unusual demonstration. Why would
the scientific community consider this to be of very low validity?

e) In 1994 the patents for the popular drugs used to reduce acid in the
stomach ran out. Why would this make drug companies less likely to
oppose the introduction of the new antibiotic treatment?

Tip

Question 4 is a very long
question for an AS paper
but it is a good example
of how you will need to
follow through several
parts of a question

that may require
knowledge taken from
different sections of the
specification. These are
synoptic questions and
a common feature of the
full A level examination.




Natural selection and biodiversity

Prior knowledge

In this chapter you will need to recall that:

=¥ individuals of the same species often occur in groups called populations, living in one habitat

=» single populations are linked to others in communities

=» a group of communities with the non-living parts of the habitat form an ecosystem

=» organisms show adaptations to their environment

=» the theory of natural selection was proposed by Charles Darwin in his book On the Origin of Species

=» the animals and plants of the Galapagos islands in the Pacific Ocean showed many features that
provided Darwin with evidence for his theory

=¥ the theory of natural selection has been developed using modern biological knowledge

=» evolution by natural selection can lead to the formation of new species

=» there is a worldwide threat to biodiversity

=» there are basic rules for simple genetic crosses

=» individuals can be homozygous or heterozygous with respect to one pair of alleles

=» genes are carried on chromosomes

=» meiosis halves the chromosome number in gamete production

=» conservation efforts are attempting to preserve biodiversity.

Test yourself on prior knowledge

1 Name the title of the book published by Charles Darwin, which first proposed the
theory of natural selection.

2 Which ship took Darwin on his famous expedition around the world?

3 Name the group of islands that provided Darwin with some of his most important
evidence.

4 How did Darwin come to the conclusion that there was a ‘battle for survival’ in
most species?

5 Explain what is meant by:
a) continuous variation
b) discontinuous variation.
Give one example of each.
6 What is an allele?
7 Explain the terms:
a) homozygous
b) heterozygous.
8 State the two main causes of variation in living organisms.
9 List two adaptations that are common to vertebrates living in polar regions.

10 State the name given to a group of members of the same species living in one
location.

@ 8 Natural selection and biodiversity



| Niche — a concept central to ecology

Ecology is the study of living things within their environment. It is an essential part
of modern biology — understanding the relationships between organisms and their
environment is just as important as knowing about the structure and physiology of
animals and plants, for example. One of the ideas that ecologists have introduced

into biology is that of the ecosystem. An ecosystem is defined as a community of
organisms and their surroundings — the environment in which they live. An ecosystem
is a basic functional unit of ecology since the organisms that make up a community
cannot realistically be considered independently of their physical environment. An
example of an ecosystem is woodland.

Within an ecosystem are numerous habitats. The term habitat refers to the place where
an organism lives. Within a woodland ecosystem, for example, some organisms have

a habitat restricted to a small area. An example is a leaf-tissue parasite such as the
holly leaf-miner insect, especially at the larval stage, as it is restricted to the interior
of the holly leaf. Other species are abundant, for example Pleurococcus, a single-celled
alga found on all damp surfaces such as most tree trunks and branches. So there is no
particularly precise definition of a habitat — but the term is usetul.

On the other hand, the term ecological niche is more informative. It defines just how
an organism feeds, where it lives and how it behaves in relation to other organisms in
its habitat. A niche identifies the precise conditions a species needs.

We can illustrate the value of the niche concept by reference to two common
and rather similar sea birds, the cormorant and the shag (Figure 8.1).

cormorant (P aristotelis)

e

shag (Phalacrocorax carbo)

. o
?

diet is a key difference in the niches of these otherwise similar birds

% of prey taken by

prey shag cormorant
o {sand eels 33 0
surface-swimming prey )
herring 49 1
flatfish 1 26
bottom-feeding prey shrimps, , 33

prawns

Figure 8.1 The sea birds cormorant and shag — their niches

Ecosystem A community
of organisms and their
surroundings — the
environment in which
they live.

ey term [

Ecological niche This
describes not only where
a species lives but all

of its activities, such as
feeding, its predators
and how it interacts
with the non-living
environment around it.

Niche — a concept central to ecology



Both birds live and feed along the coastline and they rear their young on similar cliffs
and rock systems. We can say that they apparently share the same habitat. However,
their diet and behaviour differ. The cormorant feeds close to the shore on sea-bed fish,
such as flatfish. The shag builds its nest on much narrower cliff ledges. It also feeds
further out to sea and captures fish such as sand eels from the upper layers of the waters.
Since these birds feed differently and have different behaviour patterns, although they
occur in close proximity, they avoid competition. They have different niches.

Adaptation of organisms to their
environment

Adaptation is the process by which an organism becomes fitted to its environment.
There are countless examples of this process to be observed in all habitats.

Adaptations can be physiological or anatomical. Physiological adaptations are those
which are the results of changes to the metabolism of the organism which are
advantageous to survival in their particular habitat, such as the production of different
algal pigments as described in the following section. Anatomical adaptations are
changes to the actual structure of organisms, such as the size of ears in hares and rabbits.

Physiological adaptation

An example of a physiological adaptation is shown in the marine algae known as ‘greens’,
‘browns’ and ‘reds’, which flourish at different zones of the shoreline community.

shore lichens plant zones
line green algae
Enteromorpha
Ulva
periwinkles
brown algae
Fucus spiralis
barnacles Fucus vesiculosus
Fucus serratus
. Laminaria sp.
animal zones mussels p
red algae
sea anemones
spring-tide  neap-tide neap-tide  spring-tide
high water  high water low water  low water
light from reflected
the Sun
substratum

absorptlon by
suspended
particles

light at red end of
spectrum (longer
wavelengths) is
absorbed by
water

green algae with
normal photosynthetic
pigments

(chlorophylls a and b etc.)

brown algae have additional brown
pigment (fucoxanthin), which absorbs
yellow-orange light

red algae have additional red pigment (phycoerythrin),
which absorbs blue-green light

Figure 8.2 Zonation of green, brown and red seaweeds
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The colour differences in these seaweeds are due to the particular photosynthetic
pigments they contain. These pigments enable algae to absorb and exploit different
wavelengths of light. In the marine environment, with increasing depth, progressively
more of the higher wavelengths of white light are absorbed or scattered by the sea water
and its suspended particles. Consequently, the red algae, equipped to absorb the blue—
green light that is transmitted to greater depths, flourish there. Here, the brown and
green algae cannot photosynthesise because the wavelengths of light they are adapted to
absorb do not reach that depth.

Meanwhile, at lesser depths, red seaweeds are progressively crowded out in competition
with the vigorous-growing brown seaweeds and green seaweeds as their particular
pigments permit the efficient absorption of the incident light available closer to

the surface.

Incidentally, the barnacles Chthamalus and Semibalanus exhibit differing abilities to
endure exposure in the intertidal zone, and this too is an example of physiological
adaptation.

Physiological adaptations of extremophiles

In recent years the discovery of unique ecosystems surrounding hydrothermal vents has
provided the most remarkable examples of extreme adaptations. These vents are found
in the deep ocean on the boundaries of tectonic plates, where there is volcanic activity
as the plates forming the Earth’s crust move against each other. The water ejected from
these vents is highly acidic, contains many toxic sulfides and is at a temperature of over
350°C and a pressure 250 times greater than that at the surface. The greatest surprise
was to find any life at all under such conditions, let alone the variety of worms and
crustaceans, such as the giant tube worm Riftia pachyptila, which is over 2m long. There
is no light at this depth and the whole ecosystem depends on bacteria using metal
sulfides from the vents in chemosynthesis to produce organic compounds on which
all the other organisms depend.

Many of these organisms are still being studied but it is obvious that, in addition to specialised
nutrition, they must have remarkable adaptations to thrive in such a niche. Compared with
other organisms they have remarkably stable enzymes, membranes and nucleic acids, which
enable them to function in extreme temperatures, pressures and pH levels.

Anatomical adaptations

Examples of anatomical adaptations are body structures adapted to regulate heat loss
in various mammals. Mammals are described as endotherms, since their body’s heat
comes from the metabolic reactions of many body organs. Body temperature is largely
regulated by varying heat loss from the body. The total heat produced from internal
organs largely depends upon the volume of the body, but the amount of heat loss is
dependent upon the surface area. As the size of an organism increases, the volume
increases more rapidly than the surface area. In other words its surface area-to-volume
ratio decreases, reducing the relative heat loss. (We shall look at the concept of surface
area-to-volume ratios in Chapter 10.) Consequently, animals in cold regions of the
world tend to be large. An example is the polar bear. Smaller animals in colder regions
need a high metabolic rate and consequently require a regular and substantial food
supply to survive.
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Chemosynthesis A
method used by some
microorganisms to
release energy from
inorganic molecules.
Typically molecules such
as ammonia or metal
sulfides are oxidised
and the energy released
used to build organic
molecules.
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Table 8.1 Typical
behavioural adaptations of
desert ectotherms

Meanwhile, mammals living in hot regions typically have external ears adapted as
efficient radiators. These flaps of skin bear little fur (hair provides a heat insulation
layer) and are richly supplied with blood capillaries. Heat brought to the external ears
from the body interior by warm blood is quickly lost when capillaries here are dilated.
A comparison of ear size in hares and rabbits in natural habitats at various latitudes on
the North American continent appears to support this (Figure 8.3).

Arctic hare (Lepus arcticus)
& Q&DQ from tundra region

snowshoe hare (L. americanus)
from British Columbia

black-tailed jack rabbit
(L. californicus) from Oregon

latitude N

antelope jack rabbit (L. alleni)
from Arizona

Figure 8.3 External ear sizes of hares in relation to latitude

Behavioural adaptation

Many animals are unable to regulate their body temperature effectively by internal
means. They are known as ectotherms and rely on absorbing heat from their
surroundings. However, this does not prevent them from occupying a wide variety

of niches. Desert environments present particularly challenging problems associated
with temperature control. They are extremely hot during the day and often well below
freezing at night. Despite this, ectotherms such as lizards and snakes are common desert
animals.

To survive in such conditions, ectotherms have adapted their behaviour to avoid large
fluctuations in their body temperature (Table 8.1 and Figure 8.4).

Activities limited to morning and evening  Avoids the hottest times of day

Early morning basking on rocks Raises body temperature quickly after cold nights
Burrowing into sand Avoids direct sunlight and finds a cooler environment
Seeking deep crevices at night Rocks retain heat longer during the night

8 Natural selection and biodiversity



body temperature retreats to overnight

of lizard sheltering position of safe hiding
454
basking alternating
Y
S 30
lizard basking to ©
gain heat qu
alternation of position S 15 ~
in the heat of the day /\/ N
lizard sheltering
from direct sunlight 0 T T T T T T T
! unig 6 am 8am 10am 12noon 2pm 4 pm 6 pm 8 pm
temperature of air temperature time of day

below ground,

, at ground surface
overnight shelter

Figure 8.4 Thermoregulation in an ectotherm

Even advanced mammals, such as humans, with many highly developed temperature
control mechanisms, have adopted numerous behavioural adaptations to ensure their
survival. We build shelters and heat them, we wear clothes, which we change according
to the environmental conditions, and we avoid exposure to the most extreme weather
conditions.

Migration is a behavioural technique employed by many animals to take advantage

of seasonal changes for feeding and breeding. Many birds regularly make incredible
annual journeys across the world. The Arctic tern, Sterna paradisaea, uses the abundant
insect food in northern Europe and the southern Arctic to raise its chicks during the
summer. It then embarks upon one of the longest migrations known to avoid the
severe winters. During the southern hemisphere summer it is found on the fringes

of Antarctica, only to return to the Arctic later in the year. This remarkable feat of
endurance and navigation entails a round-trip of over 45000 miles. The Arctic tern
therefore experiences two summers and probably more daylight than any other animal.

Incidentally, the differing feeding habits of the cormorant and shag are also examples of
behavioural adaptation.

Test yourself

1 Apart from its exact place in a habitat, name three other properties of a species
described by the term ‘ecological niche’.

2 Why might you expect Peruvian people living in the high Andes to have high red
blood cell counts?

3 Why do animals living in polar regions tend to be large?
4 Describe anatomical adaptations to desert life that are typically found in cacti.

5 State three ways in which the cormorant and the shag occupy different niches in
order to avoid competition.

6 Research the main ways in which it is thought that birds are able to navigate over
long distances.
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Evolution The
development of new
types of living organism
from pre-existing types
by the accumulation of
genetic differences over
long periods of time.

How adaptation is brought about — natural
selection

It was Charles Darwin whose careful observations over many years led him to realise
what natural process brought about the adaptations of organisms in response to
challenging environmental conditions. He coined the term ‘natural selection’ for this.

Charles Darwin put forward his ideas in 1859, in a book titled On the Origin of
Species, published by John Murray of Albemarle Street, London. He was proposing a
mechanism for the evolution of organisms.

By ‘evolution’, we mean the gradual development of life in geological time. The word
evolution is used widely, but in biology it specifically means the processes by which life
has been changed from its earliest beginnings to the diversity of organisms we know
about today, living and extinct.

Charles Darwin (and nearly everyone else in the scientific community of his time)
knew nothing of Mendel’s work. Instead, biologists generally subscribed to the
concept of ‘blending inheritance’ when mating occurred (which would only reduce
the genetic variation available for natural selection, if it actually occurred). Today we
are really talking about ‘Neo-Darwinism’, which is essentially a restatement of the
concepts of evolution by natural selection in terms of Mendelian and post-Mendelian
genetics.

The evidence and arguments for natural selection are as follows:

1 Organisms produce many more offspring than survive to be mature
individuals. Darwin did not coin the phrase ‘struggle for existence’, but it does
sum up the point that the over-production of offspring in the wild leads naturally to
competition for resources. Table 8.2 lists the normal rates of production of offspring
in some common species but clearly not all of these survive to pass on their genes to
the next generation.

Table 8.2 Numbers of offspring produced

Rabbit 8-12

Great tit 10

Cod 2-20 million
Honey bee (queen) 120000
Poppy 6000

In fact, in a stable population, a breeding pair gives rise to a single breeding pair of
offspring, on average. All their other offspring are casualties of the ‘struggle’; many
organisms die before they can reproduce.

So, populations do not show rapidly increasing numbers in most habitats, or at least,
not for long. Population size is naturally limited by restraints we call ‘environmental
factors’. These include space, light and the availability of food. The never-ending
competition for resources results in the majority of organisms failing to survive
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and reproduce. In effect, the environment can only support a certain number of
organisms, and the number of individuals in a population remains more or less
constant over a period of time.

2 The individuals in a species are not all identical, but show variations in
their characteristics. Today, modern genetics has shown us that there are several
ways by which genetic variations arise in gamete formation during meiosis and at
fertilisation. You will learn much more about the origins of variation in Chapter 8
of the Edexcel A level Biology 2 but for AS, the important point is that variation is
largely produced during meiosis and it is the essential raw material for selection.
You cannot select if you have nothing to choose from!

As described on page 108, genetic variations arise via:

e random assortment of paternal and maternal chromosomes in meiosis — this
occurs in the process of gamete formation

e crossing over of segments of individual maternal and paternal homologous
chromosomes that results in new combinations of genes on the chromosomes of
the haploid gametes produced by meiosis

o the random fusion of male and female gametes in sexual reproduction — this
source of variation was understood in Darwin’s time.

Additionally, variation arises due to mutations — either chromosome mutations
(page 109) or gene mutations (page 62).

As a result of all these, the individual offspring of parents are not identical. Rather,
they show variations in their characteristics.

3 Natural selection results in offspring with favourable characteristics. When
genetic variation has arisen in organisms:

o the favourable characteristics are expressed in the phenotypes of some of the
offspring

o these offspring may be better able to survive and reproduce in a particular
environment; of course, other offspring will be less able to compete successfully,
survive and reproduce.

Thus natural selection operates, determining the survivors and the genes that are
perpetuated in future progeny. In time, this selection process leads to adaptation to the
environment, later to new varieties and then to new species.

The operation of natural selection is sometimes summarised in the phrase ‘survival of
the fittest’, although these were not words that Darwin used, at least not initially. To
avoid the criticism that ‘survival of the fittest’ is a circular phrase (how can fitness be
judged except in terms of survival?) the term ‘fittest’ is applied in a particular context.
For example, the fittest of the wildebeest of the African savannah (hunted herbivore)
may be those with the acutest senses, quickest reflexes and strongest leg muscles

for efficient escape from predators. By natural selection, the health and survival of
wildebeests is assured.

How adaptation is brought about — natural selection



Test yourself

7 Explain why the rabbit produces only 8-12 offspring per season whereas the cod
produces up to 20 million.

8 If a pair of rabbits produced eight offspring every year and their offspring become
sexually mature after only 1 year, how many rabbits would there be after 3 years
if all the rabbits survived? You may assume that there are equal numbers of
males and females.

9 State three reasons why the majority of offspring in most populations do not
survive to breed.

10 Which forms of genetic variation are simply mixing up alleles into different
combinations and which actually change the alleles present?

11 Describe Darwin’s role on board H.M.S. Beagle.

12 Darwin returned from his voyage in 1836 but his book On the Origin of Species
was not published until 1859. Why did it take so long?

New evidence for evolution

Evidence from fossils (palacontological evidence) was at one time a main source of
information about life forms now extinct. Fossilisation is an extremely rare, chance
event; scavengers and bacterial action normally dismember and decompose dead plant
and animal structures before they can be fossilised. Of the organisms that have been
fossilised, most are never found, recovered or interpreted. Nevertheless, numerous
fossils have been uncovered. They include:

o petrified remains (organic matter of the dead organism is replaced by mineral ions)

e moulds (the organic matter decays but the vacated space becomes a mould)

e traces (an impression of a form, such as of a leaf or a footprint)

e preserved, intact whole organisms (trapped in amber, ice or in anaerobic, acidic peat,
for example).

An example can be seen in Figure 8.5.

Additionally, it has sometimes been possible to date quite
accurately the rocks surrounding fossils by exploiting

the known rates of decay of certain isotopes, including
carbon (**C) and the ratio of potassium to argon (*’K/*°Ar)
present in lava deposits. Using the decay rate of *C gives
ages of fossils formed in the last 60000 years. Using the
ratio of *'K/*Ar gives an approximate age of sedimentary
rocks (and their fossils) below and above a lava layer from
geological time back to the Cambrian period (580 mya),
although these are unreliable for the most recent half
million years.

Figure 8.5 A fossil of Archaeopteryx, found in 1861

@ 8 Natural selection and biodiversity



Exciting and illuminating fossil finds abound. Two of the most moving are, perhaps,
those of the first hominid (a ‘southern ape’ named Lucy) at Hadar in Ethiopia in 1974,
and the footsteps at Laetoli in Tanzania in 1976, found in volcanic ash and dated

3.6 mya — our first record of bipedalism.

Today, studies in comparative physiology and biochemistry are a new tool in the
investigation of evolutionary change.

Most living things have DNA as their genetic material. The genetic code 1s virtually
universal. The processes of ‘reading’ the code and protein synthesis, using RINA

and ribosomes, are very similar in prokaryotes and eukaryotes, too. Processes such
as respiration involve the same types of steps and similar or identical intermediates
and biochemical reactions, similarly catalysed. ATP is the universal energy currency.
Among the autotrophic organisms, the biochemistry of photosynthesis is virtually
identical as well.

So, early biochemical events in the evolution of life have been ‘inherited’ widely, as
and when forms of life diversified. However, large molecules like nucleic acids and the
proteins they code for are subjected to some changes with time, so knowledge of these
changes may be an aid to the study of the timings of evolutionary change. It is possible
to measure the relatedness of different groups of organisms by the amount of difference
between specific molecules such as DNA, proteins and enzyme systems. One aspect of
these investigations is proteomics. This is the study (qualitative and quantitative) of
the proteins coded for by specific genes of the human genome.

Immunological studies

The immune reaction provides a mechanism of detecting differences in specific
proteins, and therefore (indirectly) their relatedness. Serum is the liquid produced
from blood when blood cells and fibrinogen have been removed. Protein molecules
present in the serum act as antigens when serum is injected into animals with an
immune system that lacks these particular proteins. Typically, a rabbit is used when
investigating relatedness to humans. The injected serum triggers the production

of antibodies against the injected ‘foreign’ proteins. Then, fresh serum produced
from the treated rabbit’s blood (it now contains antibodies against human proteins)
is tested against serum from a range of animals. The more closely related the
animal is to humans, the greater the precipitation observed. This is illustrated

in Figure 8.6.

The precipitation produced by reaction with human serum is taken as 100 percent.
For each species, the greater the precipitation, the more recently the species shared

a common ancestor with humans. This technique, called comparative serology, has
been used by taxonomists to establish phylogenetic links in a number of cases, in both
mammals and non-vertebrates.

Proteomics The study of
the proteins coded for by
specific genes found in
the human genome.
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Immunological studies are a means of detecting differences in specific proteins of species,
and therefore (indirectly) their relatedness.

sample of human serum (blood minus later, sample of rabbit’s blood taken
cells and fibrinogens) obtained for anti-human antibodies (rabbit
antibodies to human proteins)

human serum
injected into
rabbit

serum from other mammals
mixed with anti-human antibodies
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Figure 8.6 The immune reaction and evolutionary relationships

Genetic differences in nucleic acids

The technique of DNA hybridisation involves matching DNA from different species
to test the degree of base pairing that occurs (Figure 8.7). This tells us the approximate
degree of divergence between closely related groups, such as families within the
primates. This data can then be correlated with data on the estimated number of years
since they shared a common ancestor.

DNA as a molecular clock

Measurement of changes in DNA from selected species has potential as a molecular
clock. DNA in eukaryotic cells occurs in both the chromosomes of the nucleus

(99 per cent) and also in the mitochondria. Mitochondrial DNA (mtDNA) is a circular
molecule, very short in comparison with nuclear DNA. Cells contain any number of
mitochondria, typically between 100 and 1000.
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Figure 8.7 DNA hybridisation

Mitochondrial DNA has approximately 16500 base pairs. Mutations occur at a very
slow, steady rate in all DNA, but chromosomal DNA has with it enzymes that may
repair the changes in some cases. These enzymes are absent from mtDNA.

Thus mtDNA changes 510 times faster than chromosomal DNA — involving about
1-2 base changes in every 100 nucleotides per million years. Consequently, the length
of time since organisms (belonging to different but related species) have diverged can
be estimated by extracting and comparing samples of their mtDNA.

Furthermore, at fertilisation, the sperm contributes a nucleus only (no cytoplasm and
therefore no mitochondria). So, all the mitochondria of the zygote come from the egg
cell, and there is no mixing of mtDNA genes at fertilisation. All the evidence about
relationships from studying differences between samples of mtDNA is easier to interpret
in the search for early evidence of evolution.

Ribosomal RNA studies

We have seen in Chapter 7 how ribosomal RNA sequencing has led to new debates
as to the main kingdoms and their evolutionary relationship, and a new three-domain
model with the Archaea as a separate evolutionary line.

| Natural selection and speciation

You will remember that in Chapter 7 we discussed how difficult it can be to define

exactly what we mean by a species. The key ideas were a group of organisms that

(a) normally interbreed and (b) produce fertile offspring. It is obvious that organisms
undergoing natural selection will begin to change, but at what point do they change
enough to be recognised as a separate species?

We refer to all of the possible genes and alleles in a population as the gene pool.

Gene pool The total
variety of genes and
alleles presentin a
sexually reproducing
population.
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Speciation The name
given to the process by
which one species may
evolve from another.
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Allopatric speciation
This occurs when two
populations are totally
separated from each
other by a barrier. This
prevents interbreeding
and mixing of their gene
pools.

Natural selection operates on this gene pool and can lead to changes in the proportions
of genes and alleles present in the population. Mutation can also introduce new forms
of genes. The details of exactly how these changes can be measured and monitored are
discussed further in Chapter 8 of Edexcel A level Biology 2.

How changing gene pools may lead to speciation

Species exist almost exclusively as local populations, even though the boundaries to
these populations are often rather open and ill-defined. Individuals of local populations
tend to resemble each other more closely than they resemble members of other
populations. Local populations are very important as they are potential starting points
for speciation.

Speciation is much more likely if part of the population is isolated in some way so

that the gene pool of each part begins to change in different ways. Even then, many
generations may elapse before the composition of the gene pool has changed sufhiciently
to allow us to call the new individuals a different species. Isolation therefore is very
important in this process and can be brought about in different ways.

Allopatric speciation

If'a population is suddenly divided by the appearance of a barrier, resulting in two
populations isolated from each other, allopatric speciation occurs. Before separation,
individuals shared a common gene pool but after isolation, ‘disturbing processes’ like
natural selection, mutation and random genetic drift may occur independently in both
populations, causing them to diverge in their features and characteristics.

Geographic isolation between populations occurs when natural, or human-imposed,
barriers arise and sharply restrict movement of individuals (and their spores and
gametes, in the case of plants) between the divided populations (Figure 8.8).
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Figure 8.8 Geographical barriers
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Geographic isolation also arises when motile or mobile species are dispersed to isolated
habitats — as, for example, when organisms are accidentally rafted from mainland territories
to distant islands. The 2004 tsunami generated examples of this in South East Asia. Violent
events of this type have punctuated world geological history with surprising frequency.

Charles Darwin visited the isolated islands of Galapagos, oft the coast of South
America, during his voyage with The Beagle in 1831-36. The islands are 600 miles
(970km) from the South American mainland. Their origin is volcanic — they
appeared out of the sea about 16 million years ago, at which point they were of course
uninhabited. Today, they have a flora and fauna that relate to mainland species.

Darwin encountered examples of population divergence on the Galapagos islands. For
example, the tortoises found on these islands had distinctive shells. With experience,
an observer could tell which individual island an animal came from by its appearance,
so markedly had the local, isolated populations diverged since their arrival from the
mainland. These giant tortoises are certainly unlike any in other parts of the world and

their differences could lead to the formation of separate species. In any case they are
unlikely to interbreed with those on the other islands.

Sympatric speciation

Once again, the unique habitats of the Galapagos islands provide examples of sympatric
speciation in action (Figure 8.9). The iguana lizard had no mammal competition when it
arrived on the Galapagos islands. It became the dominant form of vertebrate life and was
extremely abundant when Darwin visited. By then, two species were present, one terrestrial
and the other fully adapted to marine life. The latter is assumed to have evolved locally as a
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Sympatric speciation
This occurs when two
populations are still able
to mix freely in the same
area but some individuals
accumulate changes in
their gene pools, which
are sufficient to prevent

result of pressure from overcrowding and competition for food on the islands (both species interbreeding.

are vegetarian), which drove some members of the population out of the terrestrial habitat.

Many organisms (e.g. insects and birds) may have flown or been carried on wind currents to the
Galapagos from the mainland. Mammals are most unlikely to have survived drifting there on a natural
raft over this distance, but many large reptiles can survive long periods without food or water.

immigrant travel to the Galapagos

The giant iguana lizards on the Galapagos Islands became
dominant vertebrates, and today are two distinct species,
one still terrestrial, the other marine, with webbed feet and
a laterally flattened tail (like the caudal fin of a fi