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INntroduction

Authors’ introduction to the second edition

Welcome to your study of International
Baccalaureate (IB) Standard Level (SL) biology. This
book is the second edition of the market-leading
Pearson Baccalaureate SL biology book, first
published in 2007. It has been completely rewritten
to match the specifications of the new IB biology
curriculum, and gives thorough coverage of the
entire course content. While there is much new
and updated material, we have kept and refined the

Content

The book covers the two parts of the IB syllabus: the
core and the options, of which you will study one.
Each chapter in the book corresponds to a topic or
an option in the IB guide, in the same sequence.

Essential ideas

This is followed by an introduction, which gives

the context of the topic and how it relates to your
previous knowledge. The relevant sections from the
IB biology guide for each sub-topic are then given as

members of a species.

Understandings:

features that made the first edition so successful. Our
personal experience and intimate knowledge of the
entire IB biology experience, through teaching and
examining, curriculum review, moderating internal
assessment, and leading workshops for teachers

in different continents, has given us a unique
understanding of your needs in this course. We

are delighted to share our enthusiasm for learning
biology in the IB programme with you!

The sequence of sub-topics within each chapter is
given in the contents page.

Each chapter starts with a list of the Essential ideas
from the IB biology guide, which summarize the
focus of each sub-topic.

Chromosomes carry genes in a linear sequence that is shared by

boxes showing Understandings, and Applications
and skills, with notes for Guidance shown in italics
where they help interpret the syllabus.

e Prokaryotes have one chromosome consisting of a circular DNA molecule.
@ Some prokaryotes also have plasmids but eukaryotes do not.

Applications and skills:

® Application: Non-disjunction can cause Down syndrome and other chromosome abnormalities.
@ Application: Studies showing age of parents influences chances of non-disjunction.
o Skill: Drawing diagrams to show the stages of meiosis resulting in the formation of four haploid cells.

Guidance
e Preparation of microscope slides showing meiosis is challenging and permanent slides should be available in case
no cells in meiosis are visible in temporary mounts.

We have been careful to apply the same terminology
you will see in IB examinations in all worked
examples and questions.

The text covers the course content using plain
language, with all key scientific terms explained
in the eBook glossary.

Vii



Vil

Introduction

Throughout the course you are encouraged to think
about the nature of scientific knowledge and the
scientific process as it applies to biology. Examples
are given of the evolution of biological theories as
new information is gained, the use of models to
conceptualize our understanding, and the ways in
which experimental work is enhanced by modern
technologies. Ethical considerations, environmental
impacts, the importance of objectivity, and the

A popular feature of the book is the different
coloured boxes interspersed throughout each

responsibilities regarding scientists’ code of

conduct are also considered here. The emphasis is

on appreciating the broader conceptual themes in
context. You should familiarize yourself with these
examples to enrich your understanding of biology.
We have included at least one example in each sub-
section, and hope you will come up with your own as
you keep these ideas at the surface of your learning.

chapter. These are used to enhance your learning, as
explained using the examples below.

Most, but not all, organisms assemble proteins from the same 20

amino acids. Virtually every reference concerning amino acids will
This is an overarching theme in the tell you that there are 20 amino acids in nature. It is true that the
course to promote concept-based universal genetic code (universal indicating that it is used in the vast

learning. Throughout the book you
should recognize some similar themes

majority of organisms on Earth) only encodes 20. But in nature there
are frequently exceptions, and that includes things that are called
‘universal'. If you include all known living organisms then there are 22

emerging across different topics. We amino acids that are used to create polypeptides. In addition to the
hope they help you develop your own 20 amino acids whose structures are given in Figure 2.20, there are

skills in scientific literacy.

Even though the first accurate model of DNA was produced by

James Watson (American) and Francis Crick (British) in 1953,

two additional amino acids called selenocysteine and pyrrolysine.

o O

many other scientists from around the world contributed pieces of The impact of the study of biology is

information that were instrumental in developing the final model.

Erwin Chargaff (Austrian) had determined that the numbers of

adenine and thymine bases were equal, as were the numbers of
cytosine and guanine bases. Rosalind Franklin (British) and Maurice

global, and includes environmental,
political, and socio-economic
considerations. Examples of this are

Wilkins (born in New Zealand) had calculated the distance between given to help you see the importance

the various molecules in DNA by X-ray crystallography.

of biology in an international context.

Gene therapy is the process of taking a beneficial gene from a

person who possesses it and putting it into a person who does not

have it, but who needs it to stay healthy. The challenge is that it is
Applications of the topic through very difficult to get the DNA into the sick person's cells. One way

everyday examples are described here,
as well as brief descriptions of related

is to force the gene into the patient’s cells using a virus to deliver
it. Partly because of a lack of understanding of how to use viruses
safely to deliver genes, the decision was made to stop all testing

biological industries. This helps you to of gene therapy on human patients in the USA in 1999, when an
see the relevance and context of what 18-year-old patient died after a virus had been injected into his

you are learning.

body. However, gene therapy trials are coming back, little by little,

notably in helping blind children to regain their eyesight.



In the 1997 science fiction film GATTACA, one of the main
characters brings a sample of cells to a walk-up window at an
establishment that provides anonymous genome services. Within

seconds, she gets a full printout and analysis of the genome she These give background information
is interested in. One objective of science fiction as an art form is that will add to your wider knowledge
to warn society of what might happen in the future if we are not of the topic and make links with other
careful. This film raises questions about how far technology will lead : ;

d . - gy Wit topics and subjects. Aspects such as
us and whether or not we want to go in that direction. Our society . . . .
will need to make some difficult decisions in the coming years historic notes on the life of scientists
concerning our genomes and who has access to the information and origins of names are included
contained within them. here.

®

These indicate links to ideas for

cuttings

Investigating the factors that affect the rooting of stem

lab work and experiments that Design an experiment to assess one factor affecting the rooting of

will support your learning in the
course, and help you prepare for the

stem cuttings. The basic idea is to cut a few centimetres of stem
from a healthy plant and place it into an appropriate medium either
sticking up or having it lying flat. Typical plants to try are impatiens,

Internal Assessment. Some specific begonias, jade, or African violet.

experimental work is compulsory, and
further details of this are in the eBook.

Who should decide how fast
and how far humans should

go with our study of DNA and
the technology that is rapidly

These stimulate thought and consideration of knowledge issues

emerging? as they arise in context. Each box contains open questions to help
trigger critical thinking and discussion.

These key facts are drawn out of the main text and highlighted in
bold. This will help you to identify the core learning points within
each section. They also act as a quick summary for review.

Whenever a definition is given for
a major concept in biology, in this
instance the term ‘gene’, be sure to

memorize its definition word for
word. Such definitions have been

phrased carefully so that all the approaches that examiners like to see. They also identify common

important details are included. pitfalls in understanding, and omissions made in answering questions.
CHALLENGE

These boxes contain open questions that encourage you to think about YOURSELF

the topic in more depth, or to make detailed connections with other
topics. They are designed to be challenging and to make you think.

There are three main sources
for variation in a population:

mutations in DNA
meiosis
sexual reproduction.

These give hints on how to approach questions, and suggest

8 Use the symbols mentioned
above to represent all the possible
nucleotides of DNA.




Introduction

eBook
In the eBook you will find the following:
» Animations e Internal assessment advice
e Videos » Answers to all exercises in the book
o Interactive glossary of scientific » Worksheets
words used in the course o Interactive quizzes

For more details about your eBook, see the following section.

Questions

There are three types of question in this book.

1 Worked example with Solution

These appear at intervals in the text and are used to They are followed by the solution, which shows the
illustrate the concepts covered. thinking and the steps used in solving the problem.

Worked example

You are walking outside with a friend who is wearing a red and white shirt. Explain
why the shirt appears to be red and white.

sunlight strikes the red pigments in the shirt, the blue and the green wavelengths
of light are absorbed, but the red wavelengths are reflected. Thus, our eyes see red.
When sunlight strikes the white areas of the shirt, all the wavelengths of light are
reflected and our eyes and brain interpret the mixture as white.

2 Exercises

These questions are found throughout the text. They ~ The answers to these are given in the eBook at the
allow you to apply your knowledge and test your end of each chapter.
understanding of what you have just been reading.

Exercises
25 Explain why a blue object appears to be blue to the human eye.

26 Explain why black surfaces (like tarmacadam and asphalt) get much hotter in sunlight than lighter
surfaces (like stone and concrete).

27 Plants produce sugars by photosynthesis. What do plants do with the sugars after that?
28 Why do most plants produce an excess of sugars in some months of the year?



3 Practice questions

These questions are found at the end of each chapter.  examiners when marking these questions are given
They are mostly taken from previous years’ IB in the eBook, at the end of each chapter.
examination papers. The markschemes used by

Practice questions

1 Draw the basic structure of an amino acid, and label the groups that are used in peptide

bond formation.
(Total 4 marks)

Full answers to all exercises and practice questions can be found in the eBook.

yil for further study. To access these links go to www.pearsonhotlinks.com and enter the ISBN or title
of this book. Here you can find links to animations, simulations, movie clips and related background
material, which can help to deepen your interest and understanding of the topic.

Hotlink boxes can be found at the end of each chapter, indicating that there are weblinks available

We truly hope that this book and the accompanying online resources help you enjoy this fascinating subject of
IB Standard Level biology. We wish you success in your studies.

Alan Damon, Randy McGonegal, Pat Tosto, Bill Ward
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The Amflora potato

Just recently, for the first time since 1998, a GM crop has
been approved to be grown in a European Union (EU)
country. BASF Plant Science has developed a genetically
modified potato, Solanum tuberosum, plant that is not

to be consumed as a food product but to be used by
industry. In order to be approved, various safeguards
have been put in place to prevent this potato from
mixing with conventional potato plants. Many rules and
regulations must be followed about where the crop is
grown, who grows it, and how it is shipped to a factory.

Amflora is a genetically The potato is called the Amflora potato, and it is a breakthrough in production of

optimized potato that amylopectin, a type of starch made by potatoes. Normally, potatoes produce 20%
produces only one starch amylose and 80% amylopectin. The Amflora potato produces 100% amylopectin,
component and is used for which is a desirable product for industry. The gene in this potato that produces

F | |
technical applications the 20% amylose has been turned off. Amflora starch is beneficial to the paper and

adhesive industry. It gives printer paper a glossier look and makes concrete stick better

Select the icon to watch
avideo

to walls.

Despite regulatory
approval by the EU,
on 16 January 2012
BASF announced that
it is pulling its genetic

|” engineering division out

Scientists must assess the risks and benefits associated with scientific research. Genetic
modification of crops has many risks to be considered:

the potential for herbicide-resistance genes to escape into the wild population

of Europe and stopping unintended harm to other organisms, such as insect pollinators and amphibians
J production of its GM
Amflora potato for the
European market. The
reason cited was lack Have there been allergic reactions to the new gene put into a plant?
of acceptance of this
technology by consumers,
farmers, and politicians.

reduced effectiveness of herbicides
possible human health risks, for example some studies have found glyphosate in human urine.

CHALLENGE YOU RSELF

Adoption rates of GR (glyphosate-resistant) soybeans and cotton in the USA are shown in Figure 8.10.
1 This bar chart shows the percentage of crop adoption over a 10-year period. Look at the bar chart and
Are the risks worth it? Use ¢ answer the following questions.
the hotlinks at the end 5 Compare and contrast the data regarding the two plant species

of this section to watch

a movie called GMO/ 6 Suggest a reason that might explain the differences

100
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Topsoil loss caused by tillage (the preparation of soil by mechanical agitation, such as digging, stirring,
and overturning) is the most destructive effect of crops planted in rows. Tillage contributes to soil
erosion by water and wind, soil moisture loss, and air pollution from dust. Glyphosate-resistant plants
reduce tillage. Reduction in tillage improves soil structure, and results in reduced run-off and less

pollution of rivers and streams.
Look at Figure 8.11 and answer the following questions.
7 Compare and contrast tillage results from 1996 and 2001
8 Suggest a reason for these numbers.
9 Explain the environmental impact of these numbers.
(s

number of glyphosate-
resistant weed species
w
1

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

year

Based on data from ‘Facts About Glyphosate-Resistant Weeds, Purdue Extension,

www.ces.purdue.edu/extmedia/GWC/GWC-1.pdf.

10 Describe the resistance seen in weed species in the USA to glyphosate

11 Using the knowledge you have gained about how organisms change over time, describe how this

may have occurred

12 Compare and contrast resistance of weed species from 1996 to 2005

13 Do some research and find one solution that scientists might suggest in solving this problem. Give

one answer, although there may be many.

Figure 8.11 Soybean tillage
methods by hectares farmed in
the USA in 1996 and 2001
Duke and Cerdeira 2007, Fig. 2

7 -

Figure 8.12 Glyphosate-
resistant weed species in
the USA.

The word ‘compare’ in
a question means you
need to write down the
similarities and contrast
the differences between
two or more things.

Discuss the view of Karl
Popper that, for science to
progress, scientists must
question and criticize the
current state of scientific
knowledge.
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Select the icon to see a
related animation
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Select the icon to take an
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your knowledge

Select the icon at the end
of the chapter to view
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this chapter






Esseﬂtial ideaS HelLa cells were the first cells

to be successfully cultured on
The evolution of multicellular organisms allowed cell specialization a large scale and have been

and cell replacement used extensively in biological
: research, including the

development of the first polio

Eukaryotes have a much more complex cell structure than accine

prokaryotes.

The structure of biological membranes makes them fluid and
dynamic.

Membranes control the composition of cells by active and passive
transport.

There is an unbroken chain of life from the first cells on Earth to all
cells in organisms alive today.

Cell division is essential but must be controlled.

Cytology is the study of all aspects of a cell. As our understanding of the cell has
increased, so has our ability to understand all forms of life, including diseases, that
occur on Earth. However, there is still much work to be done in order to solve all the
mysteries of the cell. Biological research laboratories all over the world are very active
in this area.

Whether organisms are extremely small or extremely large, it is vital we understand
their smallest functional units. These units are known as cells. Organisms range in size
from a single cell to trillions of cells. To understand better all the organisms around us
we must study their cells.

In this chapter, we will begin with a look at cell theory. After cell theory we will learn

about the differences between prokaryotic and eukaryotic cells. A detailed explanation

of cell parts and their functions will then follow. As much attention today is given

to cancer, which seems to occur in most organisms and involves abnormal cell

reproduction, we will focus on normal cell reproduction. Some time will also be spent This is an artists impression of
on understanding how the most complex cells may have come into existence on our human nerve cells.

planet.

Look at the picture on the right. Human
nerve cells (neurones) are essential to
our lives. Because of these cells, we are
able to acknowledge and respond to our
surroundings. Neurones are usually very
efficient but sometimes things go wrong.
Can we gain a greater understanding and
better treatment of conditions such as
depression by learning more about how
these cells function?




NATURE OF SCIENCE

Looking for trends and
discrepancies: although
most organisms conform
to cell theory, there are
exceptions.

Ethical implications

of research: research
involving stem cells is
growing in importance
and raises ethical issues.

Cell theory, cell specialization,
and cell replacement

Understandings:

e According to the cell theory, living organisms are composed of cells.

© Organisms consisting of only one cell carry out all functions of life in that cell.

e Surface area to volume ratio is important in the limitation of cell size.

© Multicellular organisms have properties that emerge from the interaction of their cellular
components.

e Specialized tissues can develop by cell differentiation in multicellular organisms.

e Differentiation involves the expression of some genes and not others in a cell's genome.

® The capacity of stem cells to divide and differentiate along different pathways is necessary in
embryonic development and also makes stem cells suitable for therapeutic uses.

Applications and skills:

e Application: Questioning the cell theory using atypical examples, including striated muscle, giant
algae, and aseptate fungal hyphae.

e Application: Investigation of functions of life in Paramecium and one named photosynthetic
unicellular organism.

e Application: Use of stem cells to treat Stargardts disease and one other named condition.

e Application: Ethics of the therapeutic use of stem cells from specially created embryos, from the
umbilical cord blood of a newborn baby and from an adult's own tissues.

o Skill: Use of a light microscope to investigate the structure of cells and tissues, with drawing of cells.
Calculation of the magnification of drawings and the actual size of structures and ultrastructures
shown in drawings or micrographs.

Guidance

e Students are expected to be able to name and briefly explain these functions of life: nutrition,
metabolism, growth, response, excretion, homeostasis, and reproduction.

e Chlorella or Scenedesmus are suitable photosynthetic unicells, but Euglena should be avoided as it
can feed heterotrophically.

e Scale bars are useful as a way of indicating actual sizes in drawings and micrographs.

Cell theory

It has taken several hundred years of research to formulate the cell theory that is used
today. Many scientists have contributed to developing the three main principles of this
theory. These three principles are:

1 all organisms are composed of one or more cells
2 cells are the smallest units of life
3 all cells come from pre-existing cells.

Cell theory has a very solid foundation largely because of the use of the microscope.
Robert Hooke first described cells in 1665 after looking at cork with a self-built
microscope. A few years later Antonie van Leeuwenhoek observed the first living cells
and referred to them as ‘animalcules’, meaning little animals. In 1838, the botanist
Matthias Schleiden stated that plants are made of ‘independent, separate beings’ called
cells. One year later, Theodor Schwann made a similar statement about animals.

The second principle continues to gain support today, because so far no one has been
able to find any living entity that is not made of at least one cell.

Some very famous scientists, such as Louis Pasteur in the 1880s, have performed
experiments to support the third principle. After sterilizing chicken broth (soup) by



boiling it, Pasteur showed that living organisms would not ‘spontaneously’ reappear.
Only after exposure to pre-existing cells was life able to re-establish itself in the
sterilized chicken broth.

'NATURE OF SCIENCE |

As with most scientific theories, cell theory is not without areas of concern and problems.

A key characteristic of a good scientist is a sceptical attitude towards theoretical claims. To
overcome or validate this scepticism, evidence obtained by observation or experimentation is
essential. Whenever possible in science, controlled experiments are needed to verify or refute
theories. These experiments have a control group and a variable group(s). The groups are kept
under similar conditions apart from the factor that is being tested or questioned. The factor
being tested is referred to as the independent variable. The dependent factor is measured

or described using quantitative or qualitative data. Relatively recent findings that have raised
questions about cell theory include observations of striated muscle, giant algae, and aseptate
fungal hyphae.

As this chapter develops and more information about the basic characteristics of cells
is learned, some recent findings will be discussed.

Functions of life

All organisms exist in either a unicellular or a multicellular form. Interestingly, all
organisms, whether unicellular or multicellular, carry out all the functions of life.
These functions include:

* metabolism * reproduction * homeostasis * excretion.

* growth ° response ° nutrition

All of these functions act together to produce a viable living unit. Metabolism includes
all the chemical reactions that occur within an organism. Cells have the ability to
convert energy from one form into another. Growth may be limited but is always
evident in one way or another. Reproduction involves hereditary molecules that

can be passed to offspring. Responses to stimuli in the environment are imperative
for the survival of an organism. These responses allow an organism to adapt to

its environment. Homeostasis refers to the maintenance of a constant internal
environment. For example, an organism may have to control fluctuating temperature
and acid-base levels to create a constant internal environment. Providing a source of
compounds with many chemical bonds that can then be broken down to provide an
organism with the energy necessary to maintain life is the basis of nutrition. Excretion
is essential to life because it enables those chemical compounds that an organism
cannot use or that may be toxic or harmful to it to be released from the organism’s
system.

Two organisms can be used to demonstrate the functions of life: Paramecium and
Chlorella.

Paramecium is a unicellular member of the kingdom known as the Protista. Study the
diagram of a Paramecium to become familiar with this organism’s basic structure.

Theories are developed
after the accumulation

of a great deal of data

via observation and/

or experimentation.
Sometimes theories will
be abandoned completely
because of conflicting
evidence.

Viruses, prions, and viroids
are not considered to be
living organisms. They
cannot carry out the
functions of life on their
own. However, they may
use cells to perpetuate
themselves.

The functions of life
manifest in different
ways in different types of
organisms. However, all
organisms maintain the
same general functions
that allow them to
continue life. You may
see different terms for
these functions in other
sources.



Figure 1.1 Paramecium. This
single-celled organism may be
used to demonstrate several of

the functions of life.

CHALLENGE

YOURSELF

Answer the following questions
about the observations you
made in the labs.

1 With the paramecia, the
microorganisms should
have clustered around
the negative pole. Which
of the processes of life
is demonstrated by this
action?

2 You should have seen that
when food was added to a
culture of paramecia they
clustered around the food
particles. Which of the
functions of life does this
represent?

3 After these organisms had
used the food particles,
what life function would
they carry out to get rid of
potentially toxic wastes?

4 Two of the structures
shown in the diagram of
a Paramecium (Figure 1.1)
are involved in excretion or
internal water concentration
regulation. They are the anal
pore and the contractile
vacuole. Conduct some
research into the role each
of these structures plays in
excretion.

Anterior end

anterior contractile
vacuole

N

macronucleus 3
—

ciIia<-

food vacuoleq__:_ —0

oral vestibule
e
buccal cavity

with rows of cilia
used in feeding

posterior contractile
vacuole
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@ Paramecium and the functions of life

*Safety alerts: Be cautious of sharp objects. Only use a 9-volt battery as an electric source.
Make sure your instructor checks your set-up before you begin. Wash your hands thoroughly
with soap and water before and after the procedure.*

Paramecium can be used to demonstrate the functions of life in several ways.

1 Place a number of paramecia into a Syracuse dish or an evaporating dish with positive
and negative electrodes of low-voltage electrical charge on opposite sides. A simple 9-volt
battery will usually trigger a response. Do not use electricity of a higher voltage, otherwise
the organism will be harmed. Low-voltage electricity can be applied for several minutes.
The dish should be placed on the stage of a dissecting microscope. A strong magnifying lens
may also be used. Describe the movement and final location of the largest population of
paramecia.

2 Once this activity has ended, remove the electrodes and add several small, but visible,
pieces of hard-boiled egg yolk. Again, using the magnifying instrument make observations
of the movement and final location of the paramecia.

3 Finally, to a culture of paramecia add a drop of very dilute acetic acid (vinegar). Once again,
report on the movement and final location of the paramecia.

4 When you have finished these tests, your teacher will explain what should be done with
the organisms. Respect for life is very important in our studies. The IB policy on animal
experimentation must be followed at all times.

5 Using what you know about the functions of life, explain why the paramecia moved in the
ways you observed.

The next organism we will look at is Chlorella. Compared with Paramecium, Chlorella
has a completely different approach to nutrition. Chlorella is a single-celled organism
that has one very large structure called a chloroplast inside a cell wall. This structure
enables the conversion of the energy in sunlight to a chemical energy form called
carbohydrate. This carbohydrate provides the major nutritional source for the
organism. Study the diagram of a Chlorella.



cell membrane

cell wall

Figure 1.2 Chlorella. A
common freshwater organism.
This organism has been

used by many researchers

to determine the details

nucleus

cytoplasm

of, and the factors that

affect, a process known as
photosynthesis. The structures
labelled chloroplasts are
especially important in this
process.

chloroplast

Chlorella and the functions of life
*Safety alerts: Be cautious of sharp objects. Follow classroom rules for use of microscope. Wash

your hands thoroughly with soap and water before and after the procedure.*

Many classroom practical activities can be carried out with cultures of Chlorella. Carry out the

following activity.

Correlation and cause
are extremely important
in scientific research.

A correlation means
there is a statistical link
relating one variable
or factor with another.
In the case of a causal
relationship, one factor
causes another; there
must be a scientific
process or mechanism
connecting the factors
with one another.

1 Obtain two depression microscope slides, and place the same number of Chlorella
organisms in a proper culture medium in each well.

Seal a cover slip on each slide with a ring of petroleum jelly.

To reduce evaporation further, place each slide in a Petri dish.

Place one Petri dish with its slide in sunlight.

Place the other Petri dish in complete darkness.

Using a microscope, check the numbers of Chlorella on each slide for 3 days.
Use the functions of life to explain the results observed.
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An advanced activity can be carried out. Using a culture of Chlorella, design an experiment
that would allow you to see what colour (wavelength) of light this organism prefers.

Perhaps in the design of the Chlorella activity you had an idea based on your previous
experiences in science about what the outcome of your procedure would be. This idea is
referred to as a hypothesis. Scientists form hypotheses that can be tested by observation and/
or experimentation. These tested hypotheses may ultimately serve to simplify and unify existing
scientific ideas.

Controlled experiments are the best way to investigate the relationship between two factors or
variables. However, this type of experiment is not always possible. In this case, statistical analysis
of the data may indicate a correlation. As time and research proceeds, a causal relationship
may be seen. Objective data, both qualitative and quantitative, are used to establish
relationships whenever possible. It is essential that repeated measurements are taken and that
large numbers of readings are taken so that the data collection is reliable. Scientists spend a lot
of time working with people from other disciplines in order to gain a greater understanding

of their findings. They also read current scientific articles throughout their career in order to
gain further insight into their research. Eventually, a researcher may decide to publish his or her
findings in an appropriate scientific journal. For this to happen, an article undergoes a peer-
review process, which means several scientists working in the same field read the article before
it is published to make sure the methodologies and findings are sound and honest.



Most cells can be up

to 100 micrometres
(um) in size. Organelles
can be upto 10 ym

in size. Bacteria can

be up to 1 ym in size.
Viruses can be up to
100 nanometres (nm)
in size. Cell membranes
are 10 nm thick,

while molecules are
about 1 nm in size. All of
these objects are three-
dimensional.

Cells

Cells and sizes

Cells are made up of a number of different subunits. These subunits are often of a
particular size, but all are microscopically small. In most cases the use of microscopes
with a high magnification and resolution are needed to observe cells and especially
their subunits. Resolution refers to the clarity of a viewed object.

Light microscopes use light, passing through living or dead specimens, to form an
image. Stains may be used to make it easier to see any details. Electron microscopes
use electrons passing through a dead specimen to form an image and provide us with
the greatest magnifications (over 100 000%) and resolution.

Table 1.1 A comparison of light and electron microscopes

Light microscope Electron microscope

Inexpensive to purchase and operate Expensive to purchase and operate

Simple and easy specimen preparation Complex and lengthy specimen

preparation

Magnifies up to 2000x Magnifies over 500 000x

Specimens are dead, and must be fixed in
a plastic material

Specimens may be living or dead

Scientists use the International System of Units (SI) for measurements. This system is
based on powers of 10 and utilizes bases and prefixes. When describing cell size, the
base utilized is the metre. Commonly used prefixes for cell size are:

* 1 centimetre (cm) = 1/100 (107%) metre

* 1 millimetre (mm) = 1/1000 (10~%) metre

* 1 micrometre (um) = 1/1 000 000 (10-%) metre

* 1 nanometre (nm) = 1/1 000 000 000 (10~°) metre
* 1 metre = 102cm = 10> mm = 10° um = 10° nm

Cells and their subunits are so small they are hard to visualize, so it is important to
appreciate their relative sizes. Cells are relatively large, and then in decreasing order of
size are:

organelles — bacteria — viruses — membranes — molecules

If you want to calculate the actual size of a specimen seen with a microscope, you
need to know the diameter of the microscope’s field of vision. This can be calculated
with a special micrometre, or on a light microscope with a simple ruler. The size of the
specimen can then be worked out. Drawings or photographs of specimens are often
enlarged. To calculate the magnification of a drawing or photograph, a simple formula
is used:

magnification = size of image/by size of specimen.

Scale bars are often used with a micrograph or drawing so that the actual size can be
determined. Scale bars and magnification will be addressed in more detail in a later
practical activity.



Worked example

Most compound light microscopes have a field of vision at a low power of about
1.4 mm. If you are looking at a eukaryotic cell that has a diameter of close to
60% of the field of vision at low power, what would be the diameter of the cell in
micrometres?

Solution

As the field of vision is 1.4 mm or 1400 pm, multiply 1400 pm by 0.60:
1400 x 0.60 = 840 pm

Worked example

The length of an image you are looking at is 50 mm. If the actual length of the subject
of the image is 5 pm, what is the magnification of the image you are looking at?

Solution

magnification = 50 mm/5 pm = 50 000 pm/5 pm = 10 000 %
Or: magnification = 50 mm/5 pm = 50 x 10~ m divided by 1 x 107° m = 10 000*

Limiting cell size

So, the cell is a small object. You may wonder why cells do not grow to larger sizes,
especially as growth is one of the functions of life. There is a principle called the
surface area to volume ratio that effectively limits the size of cells. In a cell, the rate
of heat and waste production, and rate of resource consumption, are functions of
(depend on) its volume. Most of the chemical reactions of life occur inside a cell,

and the size of the cell affects the rate of those reactions. The surface of the cell, the
membrane, controls what materials move in and out of the cell. A cell with more
surface area per unit volume is able to move more materials in and out of the cell, for

each unit volume of the cell.
Sphere formulas:

As the width of an object such as a cell increases, the surface area also increases, butat < B crface area - (four)(pi)
a much slower rate than the volume. This is shown in the following table: the volume (radius squared)
increases by a factor calculated by cubing the radius; at the same time, the surface area Volume = (four-thirds)
increases by a factor calculated by squaring the radius. (pi)(radius cubed)

Table 1.2 Surface area to volume ratios

Factor Measurement

Cell radius (r) 0.25 0.50 1.25
Surface area 0.79 3.14 19.63
Volume 0.07 0.52 8.18

Surface area : volume ratio | 11.29:1/6.04:1 (2.40:1

This means that a large cell, compared with a small cell, has relatively less surface area
to bring in materials that are needed and to get rid of waste. Because of this, cells are
limited in the size they can reach and still be able to carry out the functions of life.
Thus large animals do not have larger cells; instead they have more cells.



This is a computer artwork of
an egg cell fertilized during
in vitro fertilization and now
undergoing the first cell
division.

Cancer cells are

examples of cells that
undergo extremely

rapid reproduction with
very little or improper
differentiation. The result is
a mass of cells (a tumour)
with no useful function to
the organism.

When discussing the
overall functions of a cell,
you should focus on the
distinctions between living
and non-living factors in
the environment. It is very
useful and productive to
refer to the functions of
life in such a discussion.
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Cells

Cells that are larger in size have modifications that allow them to function efficiently.
This is accomplished with changes in shape, such as being long and thin rather than
spherical. Some larger cells also have infoldings or outfoldings to increase their surface
area relative to their volume.

Cell reproduction and differentiation

One of the functions that many cells have is the ability to reproduce themselves. In
multicellular organisms this allows growth to happen. It also means damaged or dead
cells can be replaced.

Multicellular organisms usually start their existence as a
single cell after some type of sexual reproduction. This
single cell has the ability to reproduce at a very rapid rate,
and the resulting cells then go through a differentiation
process to produce all the required cell types that are
necessary for the well-being of the organism. The
number of different cell types that can arise from the
one original cell can be staggering. This differentiation
process is the result of the expression of certain specific
genes but not others. Genes, segments of DNA on a
chromosome, enable the production of all the different
cells in an organism. Therefore, each cell contains all the
genetic information needed for the production of the
complete organism. However, each cell will become a
specific type of cell depending on which DNA segment
becomes active.

Some cells have a greatly reduced ability to reproduce once they become specialized,
or lose the ability altogether. Nerve and muscle cells are good examples of this type of
cell. Other cells, including epithelial cells such as skin, retain the ability to reproduce
rapidly throughout their life. The offspring of these rapidly reproducing cells will then
differentiate into the same cell type as the parent.

One of the results of cell reproduction and the subsequent differentiation process that
occurs in multicellular organisms is emergent properties. These properties depend
on the interactions between all the different parts of a particular biological unit, such
as the cell. When you look at the function(s) of each part of a cell, it is less than the
overall function of the complete cell. In other words, the whole is more than the sum
of its parts. To continue with this emergent concept, a whole multicellular organism
is capable of carrying out more functions than the sum of the function(s) each cell is
specialized in. The ultimate example of emergence is a collection of inert (non-living)
molecules that is capable, when functioning together, of creating a living entity that
demonstrates the functions of life.

Stem cells

There are populations of cells within organisms that retain their ability to divide and
differentiate into various cell types. These cells are called stem cells.

Plants contain such cells in regions of meristematic tissue. Meristematic tissues occur
near root and stem tips and are composed of rapidly reproducing cells that produce



new cells capable of becoming various types of tissue within that root or stem.
Gardeners take advantage of these cells when they take cuttings from stems or roots
and use them to propagate new plants.

In the early 1980s, scientists found pluripotent or embryonic stem cells in mice. These

stem cells retain the ability to form any type of cell in an organism and can even form a

complete organism.

When stem cells divide to form a specific type of tissue, they also produce some
daughter cells that stay as stem cells. This enables the continual production of a
particular type of tissue. Medical scientists saw the possibilities of using such cells to
treat certain human diseases. However, one problem discovered early on in stem cell
research was that stem cells cannot be distinguished by their appearance. They can
only be isolated from other cells on the basis of their behaviour.

Stem cell research and treatments

Recently some very promising research has been directed towards growing large
numbers of embryonic stem cells in culture so that they can be used to replace
differentiated cells lost as a result of injury and disease. This involves therapeutic
cloning. Parkinson’s and Alzheimer’s diseases are caused by the loss of proper
functioning brain cells, and it is hoped that implanted stem cells could replace many
of these lost or defective brain cells, thus relieving the symptoms of the disease. With
some forms of diabetes, the pancreas is depleted of essential cells and it is hoped that
a stem cell implant in this organ could have positive effects. As at present most of the
research on stem cells is being carried out using mice, it will probably be some time
before this approach to treatment becomes widespread in humans.

However, there is a type of stem cell treatment that has been used successfully in
humans for many years. As well as pluripotent stem cells, there are tissue-specific stem
cells. These stem cells reside in certain tissue types and can only produce new cells of
that particular tissue. For example, blood stem cells have been introduced routinely
into humans to replace the damaged bone marrow of some leukaemia patients.

Stargardt’s disease is an example of a human condition that is in the early stages of
being treated with stem cells. Stargardt’s disease is an inherited disease caused by both
parents passing on a gene to their offspring that codes for a defect in the processing of
vitamin A. Vitamin A is essential for the light-sensitive cells in the retina to function
properly. With Stargardt’s disease, within the first 20 years of a patient’s life he or she
begins to lose his or her central vision. Later on, peripheral vision loss occurs, which
eventually leads to blindness.

In March 2010, a stem cell treatment was begun that was designed to protect and
regenerate photoreceptors in the retina that are damaged by Stargardt’s disease.
Currently the particular stem cells being used for this treatment in humans are human
embryonic stem cells. The study is ongoing, but the early results are promising.

There are ethical issues involved in stem cell research. The use of pluripotent stem
cells is particularly controversial. These cells are obtained from embryos, largely from
laboratories carrying out in vitro fertilization (IVF). Harvesting these cells involves the
death of an embryo, and some people argue that this is taking a human life. Others
argue that this research could result in a significant reduction in human suffering, and
is, therefore, totally acceptable.

In 2005, stem cells were
used successfully to help
restore the lost insulation
of nerve cells in rats,

thus resulting in greater
mobility in these animals.

Stem cells are being
utilized in a number

of ways by scientists
around the world. One
area of research involves
using human embryonic
stem cells in order to
understand human
development better.
This research involves
studies of cell division
and differentiation.
Other scientists are
using stem cells to test
the safety and effects of
new drugs. Information
in this area is essential
to the understanding of
how these drugs might
affect differentiating cells
in existing organisms.
Another very interesting
area of study involves
cell-based therapies,
especially as they may
have a positive influence
on the treatment of
diseases and traumas such
as Alzheimers disease,
spinal cord injuries, heart
disease, diabetes, burns,
and strokes.

11



There has been much
sharing of data involving
stem cell research.
However, many nations
have banned or restricted
research in this area
because of local cultural
and religious traditions.

NATURE OF SCIENCE

Developments in

scientific research

follow improvements in
apparatus: the invention of
electron microscopes led
to greater understanding
of cell structure.

Becoming familiar with
common prefixes, suffixes,
and word roots will help
you understand biological
terms. For example, the
word prokaryotic comes
from the Greek words
‘pro’, which means before,
and ‘karyon’, which means
kernel, referring to the
nucleus.

Bacteria and members
of a group referred to

as Archaea are made up
of prokaryotic cells and
are called prokaryotes.
The vast majority of
these organisms do not
cause disease and are
not pathogenic (disease-
causing).
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Cells

0 @ How the scientific community conveys information concerning its research to the wider society

is very important. The information must be accurate, complete, and understandable, so that
society can make informed decisions regarding the appropriateness of the research. There is

a need to balance the very great opportunities of this type of research with the potential risks.
Recently, there has been evidence that some types of cancer may be caused by stem cells
undergoing a cancer-like or malignant transformation. Where do you stand in the debate about
the nature of stem cell research? How do you feel about the source of pluripotent stem cells?

Exercises

1 How is the excretion of metabolic wastes from cells related to the concept of the surface area to
volume ratio?

2 Explain how the function of life known as nutrition differs in Paramecium compared with the green
alga Chlorella.

3 How does specialization in muscle and nerve cells affect their ability to reproduce?

4 What would prevent stem cells from other species being successful in humans?

¥4 The ultrastructure of cells

Understandings:

® Prokaryotes have a simple cell structure without compartmentalization.
e Eukaryotes have a compartmentalized cell structure.
e Electron microscopes have a much higher magnification than light microscopes.

Applications and skills:

e Application: Structure and function of organelles within exocrine gland cells of the pancreas and
within palisade mesophyll cells of the leaf.

e Application: Prokaryotes divide by binary fission.

o Skill: Drawing of the ultrastructure of prokaryotic cells based on electron micrographs.

@ Skill: Drawing of the ultrastructure of eukaryotic cells based on electron micrographs.

o Skill: Interpretation of electron micrographs to identify organelles and deduce the function of
specialized cells.

Guidance

® Drawings of prokaryotic cells should show the cell wall, pili, and flagella, and plasma membrane
enclosing cytoplasm that contains 70S ribosomes and a nucleoid with naked DNA.

® Drawings of eukaryotic cells should show a plasma membrane enclosing cytoplasm that contains 80S
ribosomes and a nucleus, mitochondria and other membrane-bound organelles are present in the
cytoplasm. Some eukaryotic cells have a cell wall.

What is a prokaryotic cell?

After extensive studies of cells, it has become apparent that all cells use some common
molecular mechanisms. There are huge differences between different forms of life but
cells are the basic unit and different cells have many characteristics in common. Cells
are often divided into particular groups based on major characteristics. One such
division separates cells into two groups: prokaryotic and eukaryotic cells. Prokaryotic
cells are much smaller and simpler than eukaryotic cells. In fact, most prokaryotic
cells are less than 1 pm in diameter. Because of this, and many other reasons that will
be discussed later, the prokaryotic cells are thought to have appeared on Earth first.

As bacteria are prokaryotic cells, you can see that such cells play a large role in the
world today.



Features of prokaryotic cells
Study the figure of a prokaryotic cell (Figure 1.3) and make sure you can identify:

* the cell wall * ribosomes

* the plasma membrane * the nucleoid (a region containing free
* flagella DNA).

* pili

capsule
cytoplasm

ribosomes

cell wall

The cell wall and plasma membrane

The prokaryotic cell wall protects and maintains the shape of the cell. In most
prokaryotic cells this wall is composed of a carbohydrate—protein complex called
peptidoglycan. Some bacteria have an additional layer of a type of polysaccharide
outside the cell wall. This layer makes it possible for some bacteria to adhere to
structures such as teeth, skin, and food.

The plasma membrane is found just inside the cell wall and is similar in composition
to the membranes of eukaryotic cells. To a large extent the plasma membrane controls
the movement of materials into and out of the cell, and it plays a role in binary fission
of the prokaryotic cell. The cytoplasm occupies the complete interior of the cell.

The most visible structure with a microscope capable of high magnification is the
chromosome or a molecule of DNA. There is no compartmentalization within the

cytoplasm because there are no internal membranes other than the plasma membrane.

Therefore, all cellular processes within prokaryotic cells occur within the cytoplasm.

plasmid

Figure 1.3 This is a false-
colour scanning electron
micrograph (SEM) of the
bacterium Escherichia coli.
Below is a drawing of a
prokaryotic cell.

plasma membrane
nucleoid of DNA

pili

flagella

If there is no
compartmentalization
within prokaryotic cells,
chemical reactions are
not isolated from one
another. This may limit
the cell's development
and efficiency because
of possible interference
between the reactions.
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Cells

Pili and flagella

Some bacterial cells contain hair-like growths on the outside of the cell wall. These
structures are called pili and can be used for attachment. However, their main function
is joining bacterial cells in preparation for the transfer of DNA from one cell to another
(sexual reproduction).

The importance of
plasmids in prokaryotic
cells will be discussed fully
in Chapter 3. Plasmids
have very important roles
to play in some techniques
involving genetic

engineering/modification: Some bacteria have flagella (plural) or a flagellum (singular), which are longer than pili.

Flagella allow a cell to move.

i

Ribosomes

Ribosomes occur in all prokaryotic cells and they function as sites of protein
synthesis. These small structures occur in very large numbers in cells that produce a
lot of protein, and, when numerous, they give a granular appearance to an electron
micrograph of a prokaryotic cell.

The nucleoid region

The nucleoid region of a bacterial cell is non-compartmentalized and contains

a single, long, continuous, circular thread of DNA, the bacterial chromosome.
Therefore this region is involved with cell control and reproduction. In addition to

the bacterial chromosome, bacteria may also contain plasmids. These small, circular,
DNA molecules are not connected to the main bacterial chromosome. The plasmids
replicate independently of the chromosomal DNA. Plasmid DNA is not required by the
cell under normal conditions but it may help the cell adapt to unusual circumstances.

Some types of bacteria
go through binary
fission every 20 minutes
when conditions are
ideal. This results in
huge populations and
greater potential for
infections. Refrigeration
of foods is often used to
reduce ideal conditions
for bacteria. This results
in lower bacterial counts
in our food and less
chance of infection/food
poisoning.

Binary fission

Prokaryotic cells divide by a very simple process called binary fission. During this
process, the DNA is copied, the two daughter chromosomes become attached to
different regions on the plasma membrane, and the cell divides into two genetically
identical daughter cells. This divisional process includes an elongation of the cell and a
partitioning of the newly produced DNA by microtubule-like fibres called FtsZ.

Very often in IB, laboratory tests and examinations will require you to draw an object or
organism. Follow the guidelines given below when completing any drawing.

* The size should be appropriate for the complexity of the drawing.
e Correct positioning of structures is essential.

* The outline of structures should be continuous unless gaps or pores are present in the actual
border or structure.

® Proportions are important.
* The relative numbers of parts are important.
e Draw in pencil first so that mistakes can be corrected. Write on or label the final drawing in
black ink.
* Labelling must be included on all drawings unless the question tells you not to.
* Lines from labels to parts on a drawing should be straight and should never cross.
* In IB exams, boxes are provided for drawings. Do not draw or write outside the box as this
area will not be scanned or marked.
This is a false-colour
transmission electron
micrograph (TEM) showing
Escherichia coli dividing by
binary fission.



CHALLENGE
YOURSELF

Summary

Here is a list of the major distinguishing characteristics of prokaryotic cells.

* Their DNA is not enclosed within a membrane and forms one circular chromosome.
5 Prepare a drawing of

the ultrastructure of a

* They lack membrane-bound organelles. Ribosomes are complex structures within prokaryotic cell based
the plasma membrane, but they have no exterior membrane. on electron micrographs.

Make sure you follow

the guidelines given for

* They usually divide by binary fission, a simple form of cell division. drawings.

* Their DNA is free; it is not attached to proteins.

* Their cell wall is made up of a compound called peptidoglycan.

* They are characteristically small in size, usually between 1 and 10 pm.

What is a eukaryotic cell?

Whereas prokaryotic cells occur in bacteria, eukaryotic cells occur in organisms such
as algae, protozoa, fungi, plants, and animals. Examine the following diagrams and
pictures.

Plasma membrane Cytoplasm Mitochondria are organelles that
carry out respiration.

Golgi apparatus stores,
modifies, and packages proteins.

Nuclear pore allows
communication between the
nucleus and the rest of the cell.

Centrioles are associated with
nuclear division. They are
composed of microtubules. The
area in which centrioles are
found is called the centrosome.
Itis present in all eukaryotic
cells, but centrioles are absent
from higher plant cells.

nucleus
Nucleolus is a dense,

solid structure involved in
ribosome synthesis.

. Nuclear membrane
Ribosomes are small

structures, free in the
cytoplasm or associated
with the endoplasmic
reticulum (ER).

Lysosomes are sacs bounded
by a single membrane. They
contain and transport enzymes.
Lysosomes show little internal
structure. Lysosomes are usually

Rough endoplasmic reticulum absent from plant cells.

is a site of protein synthesis.

Smooth endoplasmic reticulum Vacuoles are smaller than those
is ER without ribosomes. found in plant cells.
Figure 1.4 Look at this
Eukaryotic cells range in diameter from 5 to 100 pm. A ‘kernel’ or nucleus is usually drawing of a typical animal cell
noticeable in the cytoplasm. Other organelles may be visible within the cell if you have and compare it with Figure 1.5,

a microscope with a high enough magnification and resolution. Organelles are non-
cellular structures that carry out specific functions (a bit like organs in multicellular
organisms); different types of cell often have different organelles. These structures
enable compartmentalization in eukaryotic cells, which is not a characteristic of

prokaryotic cells. Compartmentalization enables different chemical reactions to The term ‘eukaryote’
be separated, which is especially important when adjacent chemical reactions are comes from the Greek
incompatible. Compartmentalization also allows chemicals for specific reactions to be word ‘eukaryon’ meaning

true kernel or true nucleus.
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Cells

Endoplasmic reticulum (ER) is a network of tubes
and flattened sacs. ER connects with the plasma
membrane and the nuclear membrane and may
be smooth or have attached ribosomes (rough ER).

Central vacuole has
storage and hydrolytic
functions

Cytoplasm contains dissolved
substances, enzymes, and the cell
organelles.

Nucleus contains most of the
cell's DNA.

Nuclear pore

Chloroplasts are specialized
plastids containing the green
pigment chlorophyll. They
consist of grana within the
colourless stroma. They are
the sites for photosynthesis.

Nucleolus

Nuclear membrane is a double-
layered structure.

Ribosomes are small (20 nm)
structures that manufacture proteins.
They may be free in the cytoplasm or
associated with the surface of the
endoplasmic reticulum.

Cell wall is a semi-rigid
structure composed
mainly of cellulose.

Plasma membrane

is inside the cell wall. Golgi apparatus

Starch granules are
composed of carbohydrate
stored in amyloplasts.

Mitochondria are bounded by
a double membrane. They are
energy transformers.

Figure 1.5 What is different
and what is similar between
this typical plant cell and
Figure 1.47

A TEM of a pancreatic
exocrine cell. Can you tell this
is an animal cell? Locate as
many of the structures of an
animal cell as you can. How
do the structures of this cell
reflect the overall functions of
the pancreas?
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<« ATEM of a cell from the
mesophyll region of a
leaf. How do you know
this is a plant cell? Locate
as many of the structures
of a plant cell as you
can. What cell structures
reflect most the unique
abilities of a plant cell?

As you read about the organelles of eukaryotic cells below, refer back to the figures
above and on page 16 and add more names of organelles. Also, be certain to note
which organelles are common to both types of cells and which organelles occur in
only one of the two types.

Organelles of eukaryotic cells

Common organelles include the following (see Figures 1.4 and 1.5):

* endoplasmic reticulum

* ribosomes

* lysosomes (not usually found in plant cells)

* Golgi apparatus

* mitochondria

* nucleus

* chloroplasts (only in plant and algal cells)

* centrosomes (in all eukaryotic cells, but centrioles are not found in some plant cells)
* vacuoles.

The microscope has given us an insight into the structure and function of the
following eukaryotic cell organelles and characteristics.

Cytoplasm

All eukaryotic cells have a region called the cytoplasm that occurs inside the plasma
membrane or the outer boundary of the cell. It is in this region that the organelles are
found. The fluid portion of the cytoplasm around the organelles is called the cytosol.

Endoplasmic reticulum

The endoplasmic reticulum (ER) is an extensive network of tubules or channels that
extends most everywhere in the cell, from the nucleus to the plasma membrane. Its
structure enables its function, which is the transportation of materials throughout the
internal region of the cell. There are two general types of ER: smooth ER and rough
ER. Smooth ER does not have any of the organelles called ribosomes on its exterior
surface. Rough ER has ribosomes on its exterior.

Microscopes have a rich
history of international
development. Glass lenses
were used in the first
century by the Romans to
magnify objects. Salvino
D'Armate, an Italian, made
an eye glass in the 13th
century that allowed
magnification for one
eye. Two Dutch eyeglass
makers, Hans Jansen and
his son Zacharias Jansen,
in the 1590s, produced
the first compound
microscope by putting
two lenses together. Anton
van Leeuwenhoek, also
Dutch, greatly improved
the Jansen compound
microscope in the 1600s.
Since this beginning,
many individuals in many
different countries of the
world have worked to
make the present-day
microscope extremely
effective in the study of
the cell and other small
structures. Modern
technology allowing
extensive communication
has been extremely
important in the continual
improvement of the
present-day microscope.

Visual illusions are the
result of sensory-derived
images that differ from
objective reality. M. C.
Escher's Waterfall is a
prime example of an
optical illusion. In his
print water seems to flow
downhill on its way to
the 'top’ of the waterfall.
How can the repeating
of experiments in science
decrease the chances of
an illusion? Do you feel
modern technology is
decreasing the chances
of these visual illusions
occurring in modern-day
science research?
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Figure 1.6 Smooth ER and
rough ER.

The letter S used in

the measurement of
ribosomes refers to
Svedberg units, which
indicate the relative
rate of sedimentation
during high-speed
centrifugation. The
higher the S value, the
quicker the structure
will become part of the
sediment and the more
mass it will have.
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nuclear membrane

rough ER
ribosomes

smooth ER

Smooth ER has many unique enzymes embedded on its surface. Its functions are:

» the production of membrane phospholipids and cellular lipids

* the production of sex hormones such as testosterone and oestrogen

* detoxification of drugs in the liver

* the storage of calcium ions in muscle cells, needed for contraction of muscle cells
» transportation of lipid-based compounds

* helping the liver release glucose into the bloodstream when needed.

Rough ER has ribosomes on the exterior of the channels. These ribosomes are involved
in protein synthesis. Therefore, this type of ER is involved in protein development

and transport. These proteins may become parts of membranes, enzymes, or even
messengers between cells. Most cells contain both types of ER, with the rough ER
being closer to the nuclear membrane.

Ribosomes

Ribosomes are unique structures that do not have an exterior membrane. They

carry out protein synthesis within the cell. These structures may be found free in the
cytoplasm or they may be attached to the surface of ER. They are always composed of a
type of RNA and protein. You will recall that prokaryotic cells also contain ribosomes.
However, the ribosomes of eukaryotic cells are larger and denser that those of
prokaryotic cells. Ribosomes are composed of two subunits. These subunits together
equal 80S. The ribosomes in prokaryotic cells are also composed of two subunits, but
they only equal 70S.

Lysosomes

Lysosomes are intracellular digestive centres that arise from the Golgi apparatus.

A lysosome does not have any internal structures. Lysosomes are sacs bounded

by a single membrane that contain as many as 40 different enzymes. The enzymes
are all hydrolytic and catalyse the breakdown of proteins, nucleic acids, lipids, and
carbohydrates. Lysosomes fuse with old or damaged organelles from within the

cell to break them down, so that recycling of the components can occur. Lysosomes
are also involved in the breakdown of materials that may be brought into a cell by
phagocytosis. Phagocytosis is a type of endocytosis that is explained on page 37 in
Section 1.4. The interior environment of a functioning lysosome is acidic; this acidic
environment is necessary for the enzymes to hydrolyse large molecules.



Golgi apparatus

The Golgi apparatus consists of what appears to be flattened
sacs called cisternae, which are stacked one on top of another.
This organelle functions in the collection, packaging,
modification, and distribution of materials synthesized in the
cell. One side of the apparatus is near the rough ER, called the
cis side. It receives products from the ER. These products then
move into the cisternae of the Golgi apparatus. They continue
to move to the discharging or opposite side, the trans side. Small
sacs called vesicles can then be seen coming off the trans side.
These vesicles carry modified materials to wherever they are needed inside or outside

the cell. This organelle is especially prevalent in glandular cells, such as those in the Figure 1.7 In this drawing

. of the Golgi apparatus, the
pancreas, which manufacture and secrete substances. gl apparatus, the
movement of the vesicles is

shown by arrows. Can you

o— vesicles with

modified materials

cisternae

vesicle from
rough ER

Mitochondria identify which side is the cis
side and which is the trans
Mitochondria (singular mitochondrion) are rod-shaped organelles that appear side?

throughout the cytoplasm. They are close in size to a bacterial cell. Mitochondria have
their own DNA, a circular chromosome similar to that in bacterial cells, allowing them
some independence within a cell. They have a double membrane: the outer membrane
is smooth, but the inner membrane is folded into cristae (singular crista). Inside the
inner membrane is a semi-fluid substance called the matrix. An area called the inner
membrane space lies between the two membranes. The cristae provide a huge surface
area within which the chemical reactions characteristic of the mitochondria occur.
Most mitochondrial reactions involve the production of usable cellular energy called
adenosine triphosphate (ATP). Because of this, the mitochondria are often called the
powerhouse of a cell. This organelle also produces and contains its own ribosomes;
these ribosomes are of the 70S type. Cells that have high energy requirements, such as
muscle cells, have large numbers of mitochondria.

Figure 1.8 Compare this
drawing of a mitochondrion
with the false-colour TEM of a
outer mitochondrion.

membrane

crista inner
membrane
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Cells

Nucleus

The nucleus in eukaryotic cells is an isolated region where the DNA resides. It is
bordered by a double membrane referred to as the nuclear envelope. This membrane
allows compartmentalization of the eukaryotic DNA, thus providing an area where
DNA can carry out its functions without being affected by processes occurring in
other parts of the cell. The nuclear membrane does not provide complete isolation
because it has numerous pores that allow communication with the cell’s cytoplasm.

Figure 1.9 The nucleus has a nuclear membrane

double membrane with pores
and contains a nucleolus.

nucleolus

nucleus

False-colour TEM showing
nucleus and nucleolus.

False-colour TEM showing
pores in the nuclear
membrane.

The DNA of a eukaryotic cell often occurs in the form of chromosomes; chromosomes
vary in number depending on the species. Chromosomes carry all the information
that is necessary for the cell to exist; this allows an organism to survive, whether it

is unicellular or multicellular. The DNA is the genetic material of the cell. It enables
certain traits to be passed on to the next generation. When the cell is not in the process

Figure 1.10 This drawing
shows how DNA is packaged

into chromosomes. chromosome

DNA wrapped around histone
core and held in place with another
histone (not shown)

central cores of nucleosomes,
(made up of eight histones)
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of dividing, the chromosomes are not present as visible structures. During this phase
the cell’s DNA is in the form of chromatin. Chromatin is formed of strands of DNA
and proteins called histones. The DNA and histone combination often results in
structures called a nucleosome. A nucleosome consists of eight spherical histones
with a strand of DNA wrapped around them and secured with a ninth histone. This
produces a structure that resembles a string of beads. A chromosome is a highly coiled
structure of many nucleosomes.

The nucleus is often located centrally within the cell’s cytoplasm, although in some
cell types it is pushed to one side or the other. The side position is characteristic of
plant cells because these cells often have a large central vacuole. Most eukaryotic cells
possess a single nucleus, but some do not have a nucleus at all, and some have multiple
nuclei. Without a nucleus, cells cannot reproduce. The loss of reproductive ability is
often paired with increased specialization to carry out a certain function. For example,
human red blood cells do not have nuclei: they are specialized to transport respiratory
gases. Most nuclei also include one or more dark areas called nucleoli (singular
nucleolus). Ribosome molecules are manufactured in the nucleolus. The molecules
pass through the nuclear envelope before assembling as ribosomes.

Chloroplasts

Chloroplasts occur only in algae and plant cells. The chloroplast contains a double
membrane and is about the same size as a bacterial cell. Like the mitochondrion, a
chloroplast contains its own DNA and 70S ribosomes. The DNA of a chloroplast takes
the form of a ring.

You should note all the characteristics that chloroplasts and mitochondria have in
common with prokaryotic cells.

As well as DNA and ribosomes, the interior of a chloroplast includes the grana

(singular granum), the thylakoids, and the stroma, which are labelled in Figure 1.11. A

granum is made up of numerous thylakoids stacked like a pile of coins. The thylakoids

are flattened membrane sacs with components necessary for the absorption of light.

Absorption of light is the first step in the process of photosynthesis. The fluid stroma

is similar to the cytosol of the cell. It occurs outside the grana but within the double

membrane. Stroma contains many enzymes and chemicals that are necessary to

complete the process of photosynthesis. Like mitochondria, chloroplasts are capable Figure 1.11 Compare the

of reproducing independently of a cell. drawing of a chloroplast with
this TEM of a chloroplast.

outer membrane =

inner membrane ¢

granum (pile
of thylakoids)

stroma

one thylakoid



Centrosome

The centrosome occurs in all eukaryotic cells. Generally,
it consists of a pair of centrioles at right angles to

one another. These centrioles are involved with the
assembly of microtubules, which are important to a cell
because they provide structure and allow movement.
Microtubules are also important for cell division. Cells
from higher plants, plants that are thought to have
evolved later, produce microtubules even though they
do not have centrioles. The centrosome is located at one
end of the cell close to the nucleus.

Vacuoles

Vacuoles are storage organelles that are usually formed
from the Golgi apparatus. They are membrane-bound
and have many possible functions. They occupy a
very large space inside the cells of most plants. They
may store a number of different substances, including
potential food (to provide nutrition), metabolic waste
and toxins (to be expelled from the cell), and water.
Vacuoles enable cells to have higher surface area to
volume ratios even at larger sizes. In plants, they allow
the uptake of water, which provides rigidity to the
organism.

This TEM shows the two
centrioles of a centrosome. '

Summary of eukaryotic cell organelles and areas

Table 1.3 A summary of eukaryotic cells

Name Main function Cell type
Cytoplasm Contains the organelles Plant and animal
Endoplasmic reticulum (ER) | Transportation Plant and animal
Rough ER Protein transportation and processing | Plant and animal
Smooth ER Lipid synthesis and transportation Plant and animal
Ribosomes Protein synthesis Plant and animal
Lysosomes Intracellular digestion Animal and some plants
Golgi apparatus Storage, packaging, and transport Plant and animal
Mitochondria ATP formation Plant and animal
Nucleus Control centre housing chromosomes | Plant and animal
Chloroplasts Photosynthesis Plant
Centrosome Region that aids in cell division All (but no centrioles in plant)
Vacuole Storage Most prominent in plant, smaller in

animal when present
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A comparison of prokaryotic and eukaryotic cells

A table is a good way to summarize the differences between prokaryotic and
eukaryotic cells.

When comparing items,
be certain to state the
characteristic of each type
of item, as shown in the
table for prokaryotic and
Table 1.4 Comparing prokaryotic and eukaryotic cells eukaryotic cells.

Prokaryotic cells Eukaryotic cells

DNA in a ring form without protein DNA with proteins as chromosomes/chromatin

DNA free in the cytoplasm (nucleoid | DNA enclosed within a nuclear envelope

region) (nucleus)
No mitochondria Mitochondria present
70S ribosomes 80S ribosomes

No internal compartmentalization to | Internal compartmentalization present to form
form organelles many types of organelles

Size less than 10 pm Size more than 10 pm

If asked to state the similarities between the two types of cells, make sure you include
the following:

* both types of cell have some sort of outside boundary that always involves a plasma
membrane

* both types of cell carry out all the functions of life

* DNA is present in both cell types.

A comparison of plant and animal cells and their
extracellular components

We will now look at how to compare two general types of eukaryotic cell: plant
and animal cells. A table like the one below can be used to highlight the differences.
However, do not forget to also recognize the similarities between the two cell types.

Table 1.5 Comparing plant and animal cells

Plant cells Animal cells

The exterior of the cell includes an outer cell | The exterior of the cell only includes a

wall with a plasma membrane just inside plasma membrane. There is no cell wall
Chloroplasts are present in the cytoplasm There are no chloroplasts
area

Large centrally located vacuoles are present | Vacuoles are not usually present or are

small
Carbohydrates are stored as starch Carbohydrates are stored as glycogen
Do not contain centrioles within a Contain centrioles within a centrosome
centrosome area area
Because a rigid cell wall is present, this cell Without a cell wall, this cell is flexible
type has a fixed, often angular, shape and more likely to be a rounded shape
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Cells

Most cell organelles are present in both plant and animal cells. When an organelle
is present in both types of cell, it usually has the same structure and function. For
example, both cell types contain mitochondria that possess cristae, a matrix, and
a double membrane. Also, in both cell types, the mitochondria function in the
production of ATP for use by the cell.

The outermost region of various cell types is often unique to that cell type, as shown
by the following table.

Table 1.6 Outermost parts of different cells

(@] Outermost part

Bacteria Cell wall of peptidoglycan

Fungi Cell wall of chitin

Yeasts Cell wall of glucan and mannan

Algae Cell wall of cellulose

Plants Cell wall of cellulose

Animals No cell wall, instead a plasma membrane that secretes a mixture of sugar
and proteins called glycoproteins that forms the extracellular matrix

cell
Figure 1.12 This drawing of

a section through plant cells
shows the primary walls,
middle lamella and secondary
walls.

middle lamella

secondary wall

primary wall

Whenever a cell wall is present, it is involved in maintaining cell shape. It also helps
regulate water uptake. Because of its rigidity it will only allow a certain amount of
water to enter the cell. In plants, when an adequate amount of water is inside the cell,
there is pressure against the cell wall. This pressure helps support the plant vertically.

The extracellular matrix (ECM) of many animal cells is composed of collagen fibres
plus a combination of sugars and proteins called glycoproteins. These form fibre-
like structures that anchor the matrix to the plasma membrane. This strengthens
the plasma membrane and allows attachments between adjacent cells. The ECM
allows cell-to-cell interactions, possibly altering gene expression and enabling the
coordination of cell actions within the tissue. Many researchers think the ECM is
involved in directing stem cells to differentiate. Cell migration and movement also
appear to be, at least partially, the result of interactions in this area.
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Figure 1.13 This is a drawing
of the extracellular matrix of an
animal cell.
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The use of a light microscope to investigate cells and cell structure sizes @
*Safety alerts: Be very cautious with sharp instruments. Wash your hands thoroughly with

soap and water before and after handling cell sources. Follow all additional teacher safety

directives.*

This practical will develop your skill in using a microscope, allow you to observe some
common cells microscopically, and demonstrate ways to calculate the size of cells and cell
parts. There are many different types of compound light microscope. Before beginning this
practical, it is essential you understand how to use your school’s microscopes properly. As well
as a microscope, other materials necessary for this practical include microscope slides, cover
glasses, methylene blue in a dropper bottle, water in a dropper bottle, a plastic ruler, toothpicks,
and several sources of cells.

1 Determine the total magnification of each objective lens

Because you are using a compound microscope, there are two types of lens present. One
is the ocular lens and the other is the objective lens. Each of these lenses has a number

on it followed by an x. These numbers represent the magnification of that particular lens.
To determine the total magnification of an object being examined with the microscope,
multiply the power of the ocular lens by the power of the objective lens. Carry out this
procedure for each of the microscope objective lenses you use and record the information
required in the following table.

Table 1.7 Microscope total magnification and diameter of field of view

Power Power of Total Diameter Diameter of
of ocular | objective magnification of field of field of view
lens lens view (mm) (um)
Low
Medium
High
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2 Determine the diameter of the field of view

The field of view (field of vision) is the circular area you can see when you look through the
ocular lens of a microscope. It is important to know its diameter. One way to determine
this is to place a plastic ruler under the low-power objective lens so that it crosses the
diameter of the field of view. Observe and record the diameter in millimetres in the above
table. Repeat the same procedure for the next two objectives to determine the diameter of
their field of view. Instead of using a ruler for the two higher power objectives, you can use
proportions to determine the field of view by comparing their diameters with the diameter
determined for the lowest power. Convert millimetre (mm) measurements to microns
(micrometres; um):

1 mm = 1000 pm
3 Observing and determining the sizes of cells

(a) You will now look at several types of cells. Prepared slides may be used or you can
make your own wet-mount slides. Your teacher will provide the information you need
to produce a wet mount.

(b) Some ideas for producing your own wet-mount slides include: the inside
epidermal layer from the bulb of an onion; Elodea leaf cells; Anabaena (an aquatic
cyanobacterium); cheek cells from inside your mouth; scraped soft banana tissue.

(c) Whatever cells are used, study them carefully, noting any internal structures, and their
size in relation to the rest of the cell and its visible parts. Using a stain such as methylene
blue or iodine often means you can see the parts of a cell more clearly. Use any
resources available, including texts and the internet, to identify any structures you can
see.

(d) For each cell type you observe, complete the following steps.

(i) Usinga pencil, draw several typical cells seen in the field of view. Label any visible
cell structures.

(ii) Carefully and accurately make a scale drawing of these cells and any visible internal
parts.

(iii) Beside each drawing include the:
* total magnification
* diameter of the field of view
* estimated length of an individual cell.

To figure out the length of one cell, divide the diameter of the field of view by the number
of cells that cross the diameter of the field of view. This value should be recorded in microns
(um).

Another way to determine the size of objects in the field of view of a microscope is to

use an eyepiece graticule. Graticules must be calibrated. To calibrate a graticule, a plastic
millimetre ruler or a graduated slide can be used. While using the lowest power objective
lens, move the graduated slide until the graticule scale and the graduated slide scale align.
The size of the graticule units can now be determined. You can follow the same procedure
to calibrate the other two objectives, or you can calculate the other calibrations. Once you
have calibrated the graticule, it can be used to take accurate measurements of the object
being viewed.

4 Microscope magnification and cell size

We will complete this activity with some problems involving cell size and magnification. Use
this general formula for calculating magnification:

magnification = drawing size/actual size

(a) An organism has an actual length of 0.01 mm. If you draw a diagram that is 50 mm,
what is the magnification of your drawing?

(b) Scale bars are lines added to a micrograph (the photograph of an image under a
microscope) or a drawing to represent the actual size of the structures. For example, a
25-um bar would represent the size of a 25-um image. The picture on page 27 shows
an image of several Volvox seen in a microscope field of view. Use the scale bar to
determine the approximate size of the three central, fully shown Volvox.

26



(c) An organism has an actual length of 0.05 mm. If you use a scale of 1: 200, what will the
size of your drawing of the organism be?

(d) You should look at more images of micrographs on the internet to develop your skills
in determining the sizes of cells and cell structures. Be certain to include electron
micrographs in your practice.

Exercises

5 What is a disadvantage to prokaryotic cells of having their DNA free in the cytoplasm without a
nuclear membrane?

6 What structures are involved in sexual reproduction in prokaryotic cells?

7 Dental plaque involves the presence of bacteria. Explain how the bacteria are able to attach firmly to “.oN  To learn more about

teeth such that the bacteria can only be removed with scraping. g prokaryotic and eukaryotic
8 Why do muscle cells have a large number of mitochondria? cells, and the features of
9 Name two organelles that are similar to prokaryotic cells. bacterial cells, go to the

hotlinks site, search for the
title or ISBN, and click on
Chapter 1: Section 1.2.

10 If plant cells have chloroplasts for photosynthesis, why do they also need mitochondria?

11 What is the importance of scale bars on micrographs?

Membrane structure Using models as

representations of the real
world: there are alternative
models of membrane

Understandings: structure.

e Phospholipids form bilayers in water due to the amphipathic properties of phospholipid Falsification of theories,
molecules. with one theory being
e Membrane proteins are diverse in terms of structure, position in the membrane, and function. superseded by another:

e Cholesterol is a component of animal cell membranes. evidence falsified the

Davson-Danielli model.

Applications and skills:

e Application: Cholesterol in mammalian membranes reduces membrane fluidity and permeability
to some solutes.

o Skill: Drawing of the fluid mosaic model.

e Skill: Analysis of evidence from electron microscopy that led to the proposal of the Davson-
Danielli model.

o Skill: Analysis of the falsification of the Davson-Danielli model that led to the Singer-Nicolson
model.

Guidance

® Amphipathic phospholipids have hydrophilic and hydrophobic properties.

® Drawings of the fluid mosaic model of membrane structure can be two-dimensional rather than
three-dimensional. Individual phospholipid molecules should be shown using the symbol of a
circle with two parallel lines attached. A range of membrane proteins should be shown including
glycoproteins.
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Using models is a way in
which scientists explain
complex structures such
as cellular membranes.
Models are based on

the knowledge available
at the time a theory is
suggested. Even though
the early models of cell
membranes were later
proved wrong (because
of new data), they helped
in the development of
the presently accepted
model of cell membranes.
Discuss why it is important
to learn about theories
that are later discredited.

Membrane structure

As early as 1915 scientists were aware that the structure of membranes isolated from
cells included proteins and lipids. Further research established that the lipids were
phospholipids. Early theories were mostly concerned with phospholipids forming a
bilayer with proteins, forming thin layers on the exterior and interior of the bilayer.
The Davson—Danielli model, proposed by Hugh Davson and James Danielli in 1935,
used this lipid bilayer model, suggesting it was covered on both sides by a thin layer of
globular protein.

In 1972, Seymour J. Singer and Garth L. Nicolson proposed that proteins are inserted
into the phospholipid layer and do not form a layer on the phospholipid bilayer surfaces.
They believed that the proteins formed a mosaic floating in a fluid layer of phospholipids.
There were several reasons why Singer and Nicolson proposed a model that was
different from the Davson-Danielli model. These reasons included the following.

* Not all membranes are identical or symmetrical, as the first model implied.

* Membranes with different functions also have a different composition and different
structure, as can be seen with an electron microscope.

* A protein layer is not likely because it is largely non-polar and would not interface
with water, as shown by cell studies.

Much of the evidence used to change the Davson—-Danielli model was gathered with
the use of the electron microscope. Another source of evidence was the study of cells
and their actions in various environments and solutions. The ability to culture cells in
the laboratory allowed many of these studies. Since 1972 further evidence has been

gathered about membranes, and slight changes to the Singer—Nicolson model have

Figure 1.14 In the fluid mosaic
been made.

model of the cell membrane there
is a double layer of lipids (fats)
arranged with their tails facing
inwards. Proteins are thought to
float’ in the lipid bilayer.

The current agreed model for the cellular membrane is the fluid mosaic model. It is
shown in the following diagram. All cellular membranes, whether plasma membranes
or organelle membranes, have the same general structure.

Glycobroteins are composed of carbohydrate Integral proteins completely penetrate
chains attached to peripheral proteins. They play  the lipid bilayer. They control the

a role in recognition of like cells and are involved ~ €ntry and removal of specific
in immune responses. molecules from the cell.

phospholipid
bilayer

Cholesterol helps to
regulate membrane
fluidity and is important
for membrane stability.

Some polar substances, particularly ions
and carbohydrates, are transported across
28 the membrane via the channel proteins.

Some non-polar substances are
transported directly through
the lipid bilayer.



Phospholipids

In Figure 1.14 note that the ‘backbone’ of the membrane is a bilayer produced from
huge numbers of molecules called phospholipids. Each phospholipid is composed of a
three-carbon compound called glycerol. Two of the glycerol carbons have fatty acids.
The third carbon is attached to a highly polar organic alcohol that includes a bond to a
phosphate group. Fatty acids are not water soluble because they are non-polar. In
contrast, because the organic alcohol with phosphate is highly polar, it is water soluble.
This structure means that membranes have two distinct areas when it comes to
polarity and water solubility. One area is water soluble and polar, and is referred to as
hydrophilic (water-loving). This is the phosphorylated alcohol side. The other area is
not water soluble and is non-polar. It is referred to as hydrophobic (water-fearing).

Figure 1.15 This is a model of
a phospholipid.

organic alcohol

attached to a polar

(hydrophilic) region non-polar

phosphate (hydrophobic) region
group
fatty acid
—
fatty acid
The hydrophobic and hydrophilic regions cause phospholipids to align as a bilayer if
there is water present and there is a large number of phospholipid molecules. Because Figure 1.16 This model of a

phospholipid bilayer shows

the fatty acid ‘tails’ do not attract each other strongly, the membrane tends to be fluid h o
. . . ] ow phospholipid molecules
or flexible. This allows animal cells to have a variable shape and also allows the process behave in two layers. Both
of endocytosis (which is discussed below) to take place. What maintains the overall layers have the phosphorylated
structure of the membrane is the tendency water has to form hydrogen bonds. alcohol end of the molecules
towards the outside and the
fatty acid tails oriented towards
each other in the middle.
hydrophilic
phosphorylated | @ Ag8 A @ @ @& & € & ¢ € € ¢
alcohol
heads
hydrophobic
region of
fatty acids
hydrophilic
phosphorylated
alcohol T s e e e T. T . v
heads
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Make sure you can draw
and label all the parts of a
membrane as described
in this section for the fluid
mosaic model. Follow the
directions given earlier for
making a good drawing.
In the drawing, the
phospholipids should be
shown using the symbol
of a circle with two parallel
lines attached. It is also
important to show a wide
range of proteins with
various functions and
locations.
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Cholesterol

Membranes must be fluid to function properly. They are a bit like olive oil in their
consistency. At various locations in the hydrophobic region (fatty acid tails) in animal
cells are cholesterol molecules. These molecules have a role in determining membrane
fluidity, which changes with temperature. The cholesterol molecules allow membranes
to function effectively at a wider range of temperatures than if they were not present.
Plant cells do not have cholesterol molecules; they depend on saturated or unsaturated
fatty acids to maintain proper membrane fluidity.

Proteins

The last major component of cellular membranes comprises the proteins. It is these
proteins that create the extreme diversity in membrane function. Proteins of various
types are embedded in the fluid matrix of the phospholipid bilayer. This creates the
mosaic effect referred to in the fluid mosaic model. There are usually two major types
of proteins. One type is referred to as integral proteins and the other type is referred
to as peripheral proteins. Integral proteins show an amphipathic character, with
both hydrophobic and hydrophilic regions within the same protein. These proteins
will have the hydrophobic region in the mid-section of the phospholipid backbone.
Their hydrophilic region will be exposed to the water solutions on either side of the
membrane. Peripheral proteins, on the other hand, do not protrude into the middle
hydrophobic region, but remain bound to the surface of the membrane. Often these
peripheral proteins are anchored to an integral protein. Look at the drawing of the
fluid mosaic model (Figure 1.14) to see the location of these proteins.

Membrane protein functions

As you will recall, it is the membrane proteins that impart different functions to
the different membranes. There are many different proteins, which have six general
functions:

* sites for hormone-binding * cell-to-cell communication
* enzymatic action * channels for passive transport
* cell adhesion * pumps for active transport.

Proteins that serve as hormone-binding sites have specific shapes exposed to the
exterior that fit the shape of specific hormones. The attachment between the protein
and the hormone causes a change in the shape of the protein, which results in a
message being relayed to the interior of the cell.

Cells have enzymes attached to membranes that catalyse many chemical reactions. The
enzymes may be on the interior or the exterior of the cell. Often they are grouped so
that a sequence of metabolic reactions, called a metabolic pathway, can occur.

Cell adhesion is provided by proteins that can hook together in various ways to provide
permanent or temporary connections. These connections, referred to as junctions, can
include gap junctions and tight junctions.

Many of the cell-to-cell communication proteins have carbohydrate molecules attached.
They provide an identification label that represents the cells of different types of species.

Some proteins contain channels that span the membrane, providing passageways
for substances to be transported through. When this transport is passive, material



moves through the channel from an area of high concentration to an area of lower
concentration.

A passive process does
not need the cell to
provide any energy for
it to occur. If energy is
needed for a process
to occur, that process
is called active and the
form of energy most
often used is a type

of nucleic acid called
adenosine triphosphate
or ATP.

In active transport, proteins shuttle a substance from one side of the membrane to
another by changing shape. This process requires the expenditure of energy in the
form of ATP. It does not require a difference in concentration to occur.

Exercises

12 Explain the orientation of the bilayer of phospholipid molecules in the plasma membrane using the
terms hydrophobic and hydrophilic.

13 Why does a diet high in plants and plant products have relatively low cholesterol levels compared with
a diet involving high amounts of animal products?

14 What type of properties do amphipathic phospholipids possess?

15 What do many of the proteins of the plasma membrane involved with cell-to-cell communication
have attached to them?

NATURE OF SCIENCE

Membrane transport

Experimental design:
accurate quantitative
measurements in 0SmMosis
experiments are essential.

Understandings:

® Particles move across membranes by simple diffusion, facilitated diffusion, osmosis, and active
transport.

e The fluidity of membranes allows materials to be taken into cells by endocytosis or released by
exocytosis. Vesicles move materials within cells.

Applications and skKills:

e Application: Structure and function of sodium-potassium pumps for active transport and
potassium channels for facilitated diffusion in axons.

e Application: Tissues or organs to be used in medical procedures must be bathed in a solution with
the same osmolarity as the cytoplasm to prevent osmosis.

o Skill: Estimation of osmolarity in tissues by bathing samples in hypotonic and hypertonic solutions.

Guidance
® Osmosis experiments are a useful opportunty to stress the need for accurate mass and volume
measurements in scientific experiments.

Passive and active transport

There are two general types of cellular transport:

° passive transport
° active transport.

As mentioned previously, passive transport does not require energy (in the form of
ATP), but active transport does. Passive transport occurs in situations where there are
areas of different concentrations of a particular substance. Movement of the substance
occurs from an area of higher concentration to an area of lower concentration.
Movement is said to occur along a concentration gradient.

When active transport occurs, the substance is moved against a concentration
gradient, so energy expenditure must occur.
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Passive transport: diffusion and osmosis
Examine Figure 1.17. It shows chemical diffusion.

lump
of sugar

sugar
molecule

Figure 1.17 Chemical
diffusion: note how the sugar
molecules disperse from the
area of higher concentration
to the area of lower
concentration.

Diffusion

Diffusion is one type of passive transport. Particles of a certain type move from a
region of higher concentration to a region of lower concentration. However, in a living
system, diffusion often involves a membrane. For example, oxygen gas moves from
outside a cell to inside that cell. Oxygen is used by the cell when its mitochondria
carry out respiration, thus creating a relatively lower oxygen concentration inside the
cell compared with outside the cell. Oxygen diffuses into the cell as a result. Carbon
dioxide diffuses in the opposite direction to the oxygen because carbon dioxide is
produced as a result of mitochondrial respiration.

Facilitated diffusion

Facilitated diffusion is a particular type of diffusion involving a membrane with
specific carrier proteins that are capable of combining with the substance to aid its
movement. The carrier protein changes shape to accomplish this task but does not
require energy.

An example of a disease
involving facilitated
diffusion is cystinuria. This
occurs when the protein
that carries the amino acid
cysteine is absent from
kidney cells. The result is a
build-up of amino acids in
the kidney, resulting in very
painful kidney stones.

It should be evident from this explanation that facilitated diffusion is very specific
depending on the carrier protein. The rate of facilitated diffusion will level off when
total saturation of the available carriers occurs.

Osmosis

Osmosis is another type of passive transport: movement occurs along a concentration
gradient. However, osmosis involves only the passive movement of water across a
partially permeable membrane. A partially permeable membrane is one that only
allows certain substances to pass through (a permeable membrane would allow
everything through). A concentration gradient of water that allows the movement

to occur is the result of a difference between solute concentrations on either side of a
partially permeable membrane. A hypertonic (hyperosmotic) solution has a higher
concentration of total solutes than a hypotonic (hypo-osmotic) solution. Water
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therefore moves from a hypotonic solution to a hypertonic solution across a partially
permeable membrane (study Figure 1.18). If isotonic solutions occur on either side of a
partially permeable membrane, no net movement of water is evident.

Table 1.8 summarizes diffusion and osmosis (passive transport) across cellular
membranes.

Table 1.8 Diffusion and osmosis

Type of passive transport Description of membrane

Simple diffusion Substances other than water move between
phospholipid molecules or through proteins that
possess channels

Facilitated diffusion Non-channel protein carriers change shape to allow
movement of substances other than water

Osmosis Only water moves through the membrane using
aquaporins, which are proteins with specialized
channels for water movement

urea partially permeable  water
molecule membrane molecules

hylpo—osmotic
solution

hylperosmotic
solution

Size and charge

The size and polarity of molecules determine the ease with which various substances
can cross membranes. These characteristics and the ability of molecules to cross
membranes are arranged along a continuum like this:

small and non-polar molecules <«——— > large and polar molecules cross
cross membranes easily membranes with difficulty

How easily a substance can move across a membrane passively depends on two major
factors: size and charge. Substances that are small in size and non-polar will move
across a membrane with ease. Substances that are polar, large in size, or both, do not
cross membranes easily. Examples of small, non-polar substances are gases such as
oxygen, carbon dioxide, and nitrogen. lons such as chloride ions, potassium ions, and
sodium ions have a great deal of difficulty crossing membranes passively, as do large
molecules such as glucose and sucrose. Molecules such as water and glycerol are small,
uncharged polar molecules that can cross membranes fairly easily.

Partically permeable
membranes are also
called selectively
permeable membranes.

Passive transport will
occur until there is an
equal concentration of
the substance in both
areas involved. This is
called equilibrium.

An aid to remembering
the difference between
diffusion and osmosis is
‘H,0smosis’, linking the
solvent water to 0smosis.

Figure 1.18 The partially
permeable membrane
between two solutions

of different osmotic
concentrations allows water
molecules to pass from the
hypo-osmotic solution to the
hyperosmotic solution.
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A practical example of diffusion and osmosis is kidney dialysis. Many people have
problems regulating blood solutes (solutes are substances that are dissolved in a
solvent, in this case blood, to form a solution).

Solutions occur throughout the body in various types of spaces: intracellular spaces
occur inside cells; extracellular spaces occur outside cells; interstitial spaces occur
between cells; intravascular spaces occur within blood vessels.

Problems in regulating the solutes in the many body spaces can arise as the result of
some sort of irregularity in the function of the kidneys. This can ultimately threaten
a person’s life because of the lack of homeostatic levels of solutes. To re-establish
homeostasis, a process called haemodialysis may be carried out.

In this process, blood is passed through a system of tubes composed of selectively
permeable membranes. These tubes are surrounded with a solution that is referred to
as the dialysate. The dialysate contains key solutes at levels close to the patients normal
blood levels. Wastes are kept at a low level in the dialysate. As blood moves through the
tubes, the dialysate is constantly replaced to maintain ideal levels.

Dialysis is also an example of how cell or tissue osmolarity (the concentration of
osmotically active particles) can be estimated. If cells are placed in a solution of known
osmolarity, there are three possibilities: the cells may gain mass, the cells may lose mass,
or the cells may remain at the same mass.

CHALLENGE YOURSELF

Use your knowledge of osmosis, diffusion, membrane transport, and kidney dialysis to answer the
following questions.

6 When solutes move from the blood through the selectively permeable membrane into the dialysate,
what process is occurring?

7 Why is the process that allows wastes to move from the blood to the dialysate referred to as passive?
What is the importance of constantly changing the dialysate?

Name some characteristics of solutes in blood that would affect their rate of movement through the
selectively permeable membrane.

10 Haemodialysis also allows regulation of water concentrations within the blood. What process is
occurring when water moves through the tube membranes into the dialysate?

11 What factors might affect the time necessary for dialysis to bring about homeostatic blood levels of
solutes and wastes?

12 If a group of cells are placed in a hypotonic solution, what will happen to their mass? Explain your
answer.

13 One way to stop undesirable plants growing at a specific location is to apply a solution of water with
a high concentration of sodium chloride (table salt). Why does this kill the plants and prevent their
return for a period of time?

@ Determining the osmolarity of tissues
*Safety alerts. Use safety goggles and lab aprons. Be cautious of cork borers and any other
sharp instruments used. Wash your hands thoroughly with soap and water after each day’s
procedures.*

Follow these instructions to determine the osmolarity of tissues by bathing samples in
hypotonic, isotonic, and hypertonic solutions. The instructions use potatoes as a source of
tissue, but other tissues could be used.

1 With a cork borer, cut six cores from a potato. The cores should all be as close to the same
length as possible: 30-50-mm cores are recommended. Each core should be kept separate
and identified as core A, core B, core C, core D, core E, and core F.

2 Before continuing, produce a table that will show the volume and mass of the potato cores
before and after being placed in solutions of six different sucrose molarities. The molarities
to be used are 0.0 M, 0.2 M, 0.4 M, 0.6 M, 0.8 M, and 1.0 M.

3 Using an appropriately sized graduated cylinder approximately one-half filled with water,
determine the volume of each core using fluid displacement. Record this information.



4 Once each core is removed from the graduated cylinder, blot it dry with a paper towel and
determine its mass using a laboratory balance. Record your results in the table.

5 Place each core in a different test tube labelled with the core’s identification letter and the
molarity of the sucrose solution to be placed in the tube.

6 Add a labelled molar solution to each test tube until the core is covered. Place foil or plastic

wrap over each tube and store for 24 hours.
7 On the next day, repeat steps 3 and 4. Record your 24-hour results in the table.
8 Data processing

* Produce a table to record the processed data involving the percentage change in mass
and core volume.

Calculate the percentage change in mass, and the percentage change in volume, at the
end of 24 hours, for each core. Record your results in the processed data table.

x-axis and the dependent variable of mass percentage change on the y-axis.
* Construct a similar graph showing volume percentage change.
9 Analysis
* What is the osmolarity of the potato tissue? Explain how you determined this.

* Explain the importance of accurate mass and volume measurements in this procedure,
and in all scientific experiments.

* Suggest some ways in which this procedure could be altered so that more reliable data
could be attained.

Active transport and the cell

As you will remember, active transport requires work to be performed. This means
energy must be used, so ATP is required. Active transport involves the movement of
substances against a concentration gradient. This process allows a cell to maintain
interior concentrations of molecules that are different from exterior concentrations.
Animal cells have a much higher concentration of potassium ions than their exterior
environment, whereas sodium ions are more concentrated in the extracellular
environment than in the cells. The cell maintains these conditions by pumping
potassium ions into the cell and pumping sodium ions out of it. Along with energy, a
membrane protein must be involved for this process to occur.

The sodium-potassium pump

The mechanism for actively moving sodium and potassium ions, the sodium—
potassium pump, has five stages.

1 A specific protein binds to three Extracellular
intracellular sodium ions.

O

Na*

%

Intracellular

Construct an appropriate graph, with the independent variable of sucrose molarity on the

Figure 1.19 Stage 1: A protein
in a phospholipid bilayer
opens to the intracellular side
and attaches three sodium
ions.
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2 The binding of sodium ions causes Extracellular
phosphorylation by ATP. ATP has
three attached phosphates. When
it carries out phosphorylation, one
phosphate is lost resulting in a two-
phosphate compound called ADP.
ATP and ADP are discussed in more
detail in Chapter 2.

Figure 1.20 Stage 2: ATP

attaches to the protein. Intracellular

3 The phosphorylation causes the Extracellular
protein to change its shape, thus
expelling sodium ions to the exterior.

Figure 1.21 Stage 3: The

carrier opens to the exterior of
the cell and the sodium ions
are released. ADP is released,

leaving a phosphate group
attached to the protein.

Intracellular

4 Two extracellular potassium ions Extracellular AX
bind to different regions of the ’
protein, and this causes the release of
the phosphate group.

Figure 1.22 Stage 4:
Extracellular potassium ions

attach to the protein. Intracellular
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5 Theloss of the phosphate group restores the protein’s original shape, thus causing
the release of the potassium ions into the intracellular space. I

Extracellular Extracellular

Figure 1.23 Stage 5: The
protein opens towards the
cell interior again and releases
the potassium ions into the
interior.

R

Nabg <4v.

Intracellular Intracellular

The sodium—potassium pump shows how important and active specific proteins are
in the active transport of particular substances. It is also clear how ATP plays a crucial
role in active transport.

Endocytosis and exocytosis

Endocytosis and exocytosis are processes that allow larger molecules to move
across the plasma membrane. Endocytosis allows macromolecules to enter the cell,
while exocytosis allows molecules to leave. Both processes depend on the fluidity

of the plasma membrane. It is important to recall why the cell membranes are

fluid in consistency: the phospholipid molecules are not closely packed together,
largely because of the rather loose’ connections between the fatty acid tails. It is

also important to remember why the membrane is quite stable: the hydrophilic and
hydrophobic properties of the different regions of the phospholipid molecules cause
them to form a stable bilayer in an aqueous environment.

Endocytosis occurs when a portion of the plasma membrane is pinched off to enclose
macromolecules or particulates. This pinching off involves a change in the shape of
the membrane. The result is the formation of a vesicle that then enters the cytoplasm
of the cell. The ends of the membrane reattach because of the hydrophobic and
hydrophilic properties of the phospholipids and the presence of water. This could not
occur if the plasma membrane did not have a fluid nature.

Exocytosis is essentially the reverse of endocytosis, so the fluidity of the plasma
membrane and the hydrophobic and hydrophilic properties of its molecules are just

as important as in endocytosis. One example of cell exocytosis involves proteins
produced in the cytoplasm of a cell. Protein exocytosis usually begins in the ribosomes
of rough ER and progresses through a series of four steps, outlined below, until the
substance produced is secreted to the environment outside the cell.

1 Protein produced by the ribosomes of the rough ER enters the lumen, inner space,
of the ER.

2 Protein exits the ER and enters the cis side or face of the Golgi apparatus; a vesicle is
involved.

There are many other
examples of active
transport in cells besides
the sodium-potassium
pump. Liver cells use
active transport to
accumulate glucose
molecules from blood
plasma even though
the liver has a higher
glucose concentration.

Cystic fibrosis is a human
genetic disease in which
the membrane protein
that transports chloride
ions is missing. This causes
high concentrations of
water inside the cells
that line the lungs, and
abnormally thickened
mucus production. Itis a
very serious condition.

Examples of endocytosis
include:
phagocytosis, the
intake of large
particulate matter
pinocytosis, the intake
of extracellular fluids.
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Figure 1.24 How the Golgi
apparatus functions.

Examples of exocytosis
occur when:

pancreas cells
produce insulin and
secrete it into the
bloodstream (to
help regulate blood
glucose levels)

neurotransmitters are
released at synapses
in the nervous system.
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3 Asthe protein moves through the Golgi apparatus, it is modified and exits on the
trans face inside a vesicle.

4 The vesicle with the modified protein inside moves to and fuses with the plasma
membrane; this results in the secretion of the contents from the cell.

cis face

(receiving side of
Golgi apparatus)

trans face
(shipping side of

Golgi apparatus)

@ Vesicle coming from ER.

@ Vesicle entering cis

side of Gol

i apparatus.

@ Cisternae
move in a cis-
to-trans
direction.

@ Vesicle leaves the
trans side of Golgi
apparatus with modified
contents.

The fluidity of the plasma membrane is essential to allow fusion and subsequent
secretion of the vesicle contents. At this point the vesicle membrane is actually a part
of the plasma membrane.

Summary of membrane transport processes

Table 1.9 Passive processes

Process Source of energy Description Example

Diffusion Kinetic energy of Movement along a Oxygen moving through
molecules concentration gradient plasma membrane

Facilitated Kinetic energy of | Diffusion using a carrier | Glucose moving into

diffusion molecules cells

Osmosis Kinetic energy of Diffusion of water Movement of water in
molecules through a partially and out of cells through

permeable membrane aguaporins

Table 1.10 Active processes

Process Source of energy Description Example
Active ATP Movement through a Sodium—potassium
transport membrane against a pump
concentration gradient

Exocytosis ATP Vesicles fuse with plasma Secretion of insulin
membrane and eject from pancreatic cells
contents from the cell

Endocytosis | ATP Vesicles form from the cell | Phagocytosis and
exterior creating vesicles pinocytosis
that move inwards




Exercises

16 Why is the term equilibrium used with passive but not active transport?

17 What type of amino acids will be present where integral proteins attach to cell membranes?

18 Why are exocytosis and endocytosis known as examples of active transport?

NATURE OF SCIENCE

The origin Of Ce"S ' Testing the general

principles that underlie the
natural world: the principle
that cells only come from

UﬂderStaﬂdlﬂgSZ pre-existing cells needs to

e Cells can only be formed by division of pre-existing cells. be verified.
e The first cells must have arisen from non-living material.
e The origin of eukaryotic cells can be explained by the endosymbiotic theory.

Applications and skills:

e Application: Evidence from Pasteur’s experiments that spontaneous generation of cells and
organisms does not now occur on Earth.

Guidance

e Evidence for the endosymbiotic theory is expected. The origin of eukaryote cilia and flagella does not
need to be included.

o Students should be aware that the 64 codons in the genetic code have the same meanings in nearly
all organisms, but that there are some minor variations that are likely to have accrued since the
common origin of life on Earth.

Cell theory

The cell theory was discussed in Section 1.1. We mentioned that the current theory has
three main parts:

1  all organisms are composed of one or more cells
2 cells are the smallest units of life

3 all cells come from other pre-existing cells.

We also mentioned that there are some problems with and exceptions to the current
cell theory. These exceptions will now be discussed. Scientists use the term theory to
represent a well-substantiated explanation of a natural phenomenon that incorporates
tested hypotheses and laws. Because of this, a theory is an extremely valuable endpoint
of science that represents understandings that have developed from extensive
observation, experimentation, and logical inferences. Cell theory is a prime example
of this. It has been modified during the years since it was first proposed in the 1800s. It
will continue to be modified as cellular research progresses in the future.

One obvious missing component of cell theory is how the first cell arose. There is no
evidence that new cells arise from non-living material today. However, the first cells
must have been formed in this way. As already mentioned, in the 19th century the
famous French scientist Louis Pasteur showed that bacteria could not spontaneously
appear in sterile broth. Here is an overview of his experiment.
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Figure 1.25 Pasteur’s broth
experiment.

Plasmodial slime
moulds, of the phylum
Myxomycota, are
composed of eukaryotic
cells. They are found in
forests as a single large
cell formed when many
individual motile cells
fuse. These cells have
many nuclei and may
increase in size to several
centimetres. They are
even capable of slow but
coordinated movement.
These organisms certainly
present a different

image of a cell than
usually thought of when
discussing the cell theory.

Now is an ideal time
to have a classroom
discussion about cell
characteristics, the
functions of life, and
exceptions to the
current cell theory. In
the discussion be open
to the ideas of others,
remembering that this is
a key characteristic of a
successful scientist.
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1 He boiled a nutrient broth.

2 The now sterile nutrient broth was then placed in three flasks, as shown below.
Incubation over a period of time was then allowed.

open flask sealed flask
G
distilled
water
nutrient nutrient nutrient
broth broth broth

3 Asample of each flask was then transferred to a plate containing solid medium
and incubated.

The only flask sample that showed the presence of bacteria was the opened one. The
other two did not show any bacterial growth. This indicated to Pasteur that the concept
of spontaneous generation was wrong.

The Italian scientist Francesco Redi also questioned the concept of spontaneous
generation, nearly 200 years before Pasteur, and conducted an experiment using raw
meat in jars. Many other experiments have been done since the work of these two
science pioneers, casting further doubt on the idea of spontaneous generation.

Moving on to the exceptions to the current cell theory, these include:

* the multinucleated cells of striated muscle cells, fungal hyphae, and several types of
giant algae

* very large cells with continuous cytoplasm that are not compartmentalized into
separate smaller cells

* viruses

» the problem of explaining the ‘first’ cells without spontaneous generation.

These examples represent exceptions to the ‘normal’ cells that we see in most of the
organisms on Earth today. Continued research is needed to see how these exceptions
‘fit’ in with the current cell theory.

A common origin for all cells on Earth requires an explanation of how a cell could
progress from a simple, non-compartmentalized prokaryote to a complex, highly
compartmentalized eukaryote. This is currently explained by the endosymbiotic
theory. This theory was presented by Lynn Margulis in 1981. Key points of the theory
include:

* about 2 billion years ago a bacterial cell took up residence inside a eukaryotic cell

* the eukaryotic cell acted as a ‘predator’, bringing the bacterial cell inside

* the eukaryotic cell and the bacterial cell formed a symbiotic relationship, in which
both organisms lived in contact with one another

» the bacterial cell then went through a series of changes to ultimately become a
mitochondrion.



In this process, the eukaryote helped the bacteria by providing protection and
carbon compounds. The bacteria, after a series of changes, became specialized in
providing the eukaryote with ATP. There is a lot of evidence to support this theory.
Mitochondria:

« are about the size of most bacterial cells

« divide by fission, as do most bacterial cells

« divide independently of the host cell

* have their own ribosomes, which allows them to produce their own proteins

* have their own DNA, which more closely resembles the DNA of prokaryotic cells
than of eukaryotic cells

* have two membranes on their exterior, which is consistent with an engulfing process.

In addition to the mitochondria, chloroplasts in plant cells also provide evidence for
the theory of endosymbiosis. A modern-day protist called Hatena normally fulfils its
nutritional needs by ingesting organic matter. However, when it behaves as a predator
and ingests a green alga, it switches its method of fulfilling its nutritional needs to one
that uses sunlight to convert organic molecules, a process known as photosynthesis.
The two organisms, the Hatena and the green alga, continue to thrive in a symbiotic
relationship.

Another organism, Elysia chlorotica, demonstrates a similar situation. Elysia is a slug
found in salt and tidal marshes and creeks. Its early stage of life, referred to as its
juvenile stage, characteristically involves movement and it derives its nutrition by
ingesting nutrients from its surroundings. During this juvenile stage it is brown. As it
develops, if Elysia comes into contact with a specific type of green algae, it will enter
its adult phase, in which chloroplasts from the ingested algae will be retained in its
digestive tract. The adult stage of Elysia is therefore green in colour. The symbiotic
relationship between Elysia and the green algae allows the adult form of Elysia to

take on a more sedentary lifestyle, depending on light being available to carry out
photosynthesis.

The final bit of evidence for endosymbiotic theory is DNA. DNA provides a code made
up of 64 different ‘words’. Interestingly, this code has the same meaning in nearly

all organisms on Earth and is said to be ‘universal’. There are only slight variations,
which can be explained by changes since the common origin of life on our planet.

As mentioned above, the mitochondria of eukaryotic cells have a DNA code that
more closely resembles bacteria than eukaryotic cells. Most scientists believe that the
more DNA two organisms have in common, the more closely related they are to one
another.

Exercises
19 Why did bacteria grow in the broth of the flask that was left open by Pasteur?

20 Provide an explanation for how a nucleus might have come to exist within eukaryotic cells.
21 How does the example of Hatena and the alga represent an emergent explanation of life?

22 From the evidence presented in this section, explain why many scientists feel there has been an
unbroken chain of life from the first cells on Earth to all cells in organisms alive today.

CHALLENGE
YOURSELF

14 On a sheet of paper

produce a series of
drawings that represent
how two membranes
could have come to exist
on mitochondria and
chloroplasts through an
engulfing process involving
endocytosis.

Biology is concerned not
only with life, but also
anything that affects life.
When studying organisms,
it is possible to take

two approaches. One
approach, often referred
to as reductionism,
reduces the complex
phenomena of organisms
to the interaction of
their parts. Essentially,
this viewpoint says it is
the sum of the parts that
make up the complex
system, the organism.
Another approach is

that of holism or of
looking at systems. This
approach has the central
belief that the whole is
greater than the sum of its
parts. Discuss how both
approaches have allowed
the accumulation of the
body of knowledge we
now possess in biology.
Attempt to utilize both
approaches to explain
the functions of life as
demonstrated by a single
cell.
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Serendipity and scientific
discoveries: the discovery
of cyclins was accidental.

Figure 1.26 The cell cycle in
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eukaryotes.

Cell division

Understandings:

e Mitosis is division of the nucleus into two genetically identical daughter nuclei.

® Chromosomes condense by supercoiling during mitosis.

® Cytokinesis occurs after mitosis and is different in plant and animal cells.

e Interphase is a very active phase of the cell cycle with many processes occurring in the nucleus

and cytoplasm.
e Cyclins are involved in the control of the cell cycle.
® Mutagens, oncogenes, and metastasis are involved in the development of primary and secondary

tumours.

Applications and skills:

e Application: The correlation between smoking and incidence of cancers.
o Skill: Identification of phases of mitosis in cells viewed with a microscope or in a micrograph.
o Skill: Determination of a mitotic index from a micrograph.

Guidance
e The sequence of events in the four phases of mitosis should be known.
e Preparation of temporary mounts of root squashes is recommended but phases in mitosis can also be

viewed using permanent slides.

e To avoid confusion in terminology, teachers are encouraged to refer to the two parts of a chromosome
as sister chromatids, while they are attached to each other by a centromere in the early stages of
mitosis. From anaphase onwards, when sister chromatids have separated to form individual structures,
they should be referred to as chromosomes.

The cell cycle

cytokinesis The cell cycle describes the behaviour

of cells as they grow and divide. In most
cases, the cell produces two cells that are
genetically identical to the original. These
are called daughter cells. The cell cycle
integrates a growth phase with a divisional
phase. Sometimes, cells multiply so rapidly
that they may form a solid mass of cells
called a tumour. We refer to this disease
state as cancer. It appears that any cell can
lose its usual orderly pattern of division,
because we have found cancer in almost all
tissues and organs.

ce\l divisiop

You may wonder what causes a cell to go out of control. To answer this question, we
must first understand the ordinary cell cycle. Usually, the life of a cell involves two
major phases. In one phase, growth is the major process. In the other phase, division
is the major process. The cell cycle begins and ends as one cell, so it can be represented
by a circle divided into various named sections, as shown in Figure 1.26.



Interphase

The largest phase of the cell cycle in most cells is interphase. This is the longest and
most variable of the cell-cycle phases. Interphase includes three smaller phases: G, S,
and G,. During G, the major event is growth of the cell. At the beginning of G, the cell
is the smallest it will ever be. After G, comes the S phase, in which the main activity is
replication of the DNA of the cell, the chromosomes. This phase is sometimes referred
to as the synthesis phase. Once the chromosomes have been replicated, the cell enters
its second growth phase, called G,. During this phase, the cell grows and makes
preparations for mitosis, the M phase. During G,, organelles may increase in number,
DNA begins to condense from chromatin to chromosomes, and microtubules may
begin to form.

Cyclins are a group of proteins that control the cell’s progression through the cell cycle.
The cyclins bind to cyclin-dependent protein kinases (CDKs), enabling them to act as
enzymes. These activated enzymes then cause the cell to move from G; to the S phase
and from G, to the M phase. The points where the cyclin-activated CDKs function

are called checkpoints in the cell cycle. Some cells will pause during G, and enter a
separate phase, the G, phase. G is a non-growing state and certain cells stay in G, for
varying periods of time. Some cells, such as nerve and muscle cells, never progress
beyond the G, phase.

trigger mitosis

M-phase-promoting factor

MPF
mitotic cyclin ,\/ y

oint
G; cyclin

Qeck
|

start kinase

2 checkpoint

=
%

trigger DNA replication

Interphase is a very
active period ina

cell’s life. It involves
metabolic reactions,
DNA replication, and an
increase in the number
of organelles. Because
interphase involves
growth, it is essential
that protein synthesis
occurs at a rapid rate

| during this phase.

Tim Hunt and Joan
Ruderman were studying
gene expression in early
embryos. While doing

so they found three
proteins that varied in
concentrations at different
times of the cell cycle.
These were eventually
called cyclins. This
illustrates that scientists
must always be observant,
to spot unplanned and
surprising discoveries. This
example of ‘accidental
discovery is common in
science.

Figure 1.27 Two cyclins are
extremely important to the cell
cycle: Gy cyclin and mitotic
cyclin. Note their location in
the cell cycle and that they
must combine with a CDK to
become active.
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To remember the correct
order of phases in the
cell cycle and mitosis,
remember the word
‘shipmate’. If you take
away the word ‘she’, you
get ‘ipmat’ these letters
give you the order of
interphase, prophase,
metaphase, anaphase, and
telophase.
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Table 1.11 A summary of the events of interphase

Phases of Major events
interphase
G, Growth of cell and increase in number of organelles
S Replication of chromosomes, with copies remaining attached to one
another
G, Further growth occurs, organelles increase in number, DNA
condenses to form visible chromosomes, microtubules begin to form
Overall Cell is performing the tasks appropriate to its type, e.g. a cell of the
pancreas may be actively secreting insulin to lower high glucose
levels in the body
Mitosis

Once all the preparatory processes have taken place, and the DNA has replicated, the
cell moves into mitosis or the M phase. During mitosis the replicated chromosomes
separate and move to opposite poles of the cell, thus providing the same genetic
material at each of these locations. When the chromosomes are at the poles of the cell,
the cytoplasm divides to form two cells distinct from the larger parent. These two cells
have the same genetic material and are referred to as daughter cells.

Mitosis involves four phases. They are, in sequence:

* prophase

* metaphase
* anaphase

* telophase.

Before considering a detailed description of these phases, it is essential you understand
the chromosome. As you will recall, during the second growth phase, G,, the
chromatin (elongated DNA and histones) begins to condense. This condensation is
accomplished via a process called supercoiling. First, the DNA wraps around histones
to produce nucleosomes. The nucleosomes are further wrapped into a solenoid.
Solenoids group together in looped domains, and then a final coiling occurs to
produce the chromosome.

Eukaryotic cells contain chromosomes that, before replication in the S phase of the
cell cycle, are composed of one molecule of DNA. After replication, the chromosome
includes two molecules of DNA. These two identical molecules are held together by
the centromere, and each molecule is referred to as a chromatid. Together, they are
called sister chromatids. The chromatids will eventually separate during the process
of mitosis. When they do, each is then called a chromosome and each has its own
centromere.

Once you are familiar with the structure of a chromosome, you can understand the
four phases of mitosis. Remember, when a cell enters the phases of mitosis, replication
of DNA has already occurred. Therefore, the chromosomes at this stage are each
composed of two sister chromatids.



Figure 1.28 This diagram

chromosome shows you how DNA is
packaged by supercoiling
from a single double helix to
nucleosomes, to solenoids, to
looped domains and finally to
a chromosome.

scaffold protein

supercoil
within chromsome

- chromatin
coiling
within
supercoil

looped

Y

chromatin fibre

solenoid - coil
of nucleosomes
(shown in simplified form)

sister
chromatids

Figure 1.29 An anaphase
chromosome is a single
molecule of DNA and has
a centromere. A metaphase
chromosome has sister

centromere chromatids attached at the
centromere.

[ ]

]
metaphase
chromosome
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Figure 1.30 This animal cell

is in prophase. For clarity,
only a small number of
chromosomes is shown.

Figure 1.31 The cell is now in
metaphase. Again, only a small
number of chromosomes is
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shown.

Cells

Prophase

Examine the figure below.

1
2

chromosomes

The chromatin fibres become more tightly coiled to form chromosomes.

The nuclear envelope disintegrates and nucleoli disappear.

3 The mitotic spindle begins to

form and is complete at the end

spindle of prophase.

microtubules 4 The centromere of each
chromosome has a region called
the kinetochore that attaches to
the spindle.

centrosome

5 The centrosomes move towards
the opposite poles of the cell
as aresult of lengthening
microtubules.

Metaphase

Examine the figure below.

1 The chromosomes move to the middle or equator of the cell. This is referred to as
the metaphase plate.
2 The chromosomes’ centromeres lie on the plate.
3 The movement of chromosomes arises as the result of the action of the spindle,
which is made of microtubules.
4 The centrosomes are now at the opposite poles.
spindle
microtubules
chromosomes
have moved to
the equator
Anaphase
Examine the figure at the top of the next page.
1 This is usually the shortest phase of mitosis. It begins when the two sister
chromatids of each chromosome are split.
2 These chromatids, now chromosomes, move towards the opposite poles of the
cell.
3 The chromatid movement arises as a result of the shortening of the microtubules
of the spindle.
4 Because the centromeres are attached to the microtubules, they move towards the
poles first.
5 Atthe end of this phase, each pole of the cell has a complete, identical set of

chromosomes.



centromeres
have divided

and the
chromatids spindle
have become microtubules

chromosomes pull
chromosomes

to opposite
poles

Figure 1.32 The cell is now in
anaphase. Again, only a small
number of chromosomes is

shown.

Telophase

Examine the figure below.

1 The chromosomes are at each pole.

2 A nuclear membrane (envelope) begins to re-form around each set of
chromosomes.

The chromosomes start to elongate to form chromatin.

Nucleoli reappear.

The spindle apparatus disappears.

S V1 W

The cell is elongated and ready for cytokinesis.

chromosomes reach the poles

and nuclear membranes spindle
form around them microtubules Figure 1.33 Finally, the cell

break down . enters telophase.
cleavage
furrow
Cytokinesis
_‘ ant b

As you can see, the phases of mitosis involve nuclear division. It appears that the
process of mitosis occurs in discrete stages. But this is not in fact true: the stages occur
along a continuum. We only use the separate stages to help us understand the overall
process.

Once nuclear division has occurred, the cell undergoes cytokinesis. Cytokinesis

in animal cells involves an inward pinching of the fluid plasma membrane to form
cleavage furrows. However, plant cells have a relatively firm cell wall and they form a
cell plate. The cell plate occurs midway between the two poles of the cell and moves
outwards towards the sides of the cell from a central region. Both processes result in
two separate daughter cells that have genetically identical nuclei.

Left:

Frog embryo showing cells
dividing to form the 4-cell stage.
Right:

Micrograph showing the
telophase stage of mitosis in the
root tip cell of maize.

Most noticeable is the cell wall
being formed that will separate
the daughter cells in cytokinesis.
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vesicles
forming

cleavage cell plate cell plate new cell wall
furrow daughter cells Vi

Figure 1.34 Cytokinesis in =S g
animal and plant cells. = ° ° il . °
..

contractile ring N\
of microfilaments
wall of daughter
parent cell cells
Cleavage of an animal cell (SEM) Cell plate formation in a plant cell (TEM)

Table 1.12 A summary of the two types of cytokinesis

Cell example Description of cytokinesis

Animal Cell membrane pinches inwards forming cleavage furrows that
ultimately separate the two cells

Plant Cell plate forms from the inside producing the rigid cell walls that
separate the two cells

The growth of organisms, development of embryos, tissue repair, and asexual
reproduction all involve mitosis. Mitosis does not happen by itself. It is a part of the cell
cycle.

Study the micrographs below and on page 49 to note the main events of the stages of
mitosis and to note the differences between plant and animal cells in mitosis. Note that
A is from a plant cell and B is from an animal cell.

A Micrograph of root tip cells from an onion [
undergoing mitosis. From top left to bottom
right: the chromosomes condense and appear
as long thread-like structures (prophase).
They then align along the centre of the cell
(metaphase). Each chromosome consists of two
identical sister chromatids that separate and are
pulled to opposite ends of the cell (anaphase).
Nuclear membranes then form around the
two daughter nuclei as the chromosomes
de-condense (telophase). The cell then divides
(cytokinesis).
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prometaphase

prophase metaphase

\ anaphase

Mitosis

telophase

Cancer

As mentioned earlier, cancer occurs when a cell’s cycle becomes out of control. The
result is a mass of abnormal cells referred to as a tumour. A primary tumour is one that
occurs at the original site of a cancer. A secondary tumour is a metastasis, a cancerous
tumour that has spread from the original location to another part of the organism. An
example of metastasis is a brain tumour that is in fact composed of breast cancer cells.
In some cases the metastasis of the primary tumour cells is so extensive that secondary
tumours are found in many locations within the organism.

The mitotic index is an important tool for predicting the response of cancer cells to @

chemotherapy. It is the ratio of the number of cells in a tumour or tissue type undergoing
mitosis compared with the number of cells not undergoing mitosis. A higher mitotic index
indicates a more rapid proliferation of cells of a certain type. It is likely that tumours with higher
mitotic indices will be more difficult to control, and a patient with such a tumour may be given
a poorer prognosis than a patient with a tumour that has a lower mitotic index.

A question to consider here is how or why a primary tumour forms. Most organisms
have sections of genes that may mutate or may be expressed at abnormally high levels.
These sections of genes, called oncogenes, contribute to converting a normal cell into
a cancer cell. The oncogenes may start to change or go through mutation because they
are triggered by an outside agent referred to as a mutagen. One such potential mutagen
is cigarette smoke. There is a correlation between smoking and the incidence of cancer.
This has been shown consistently in many independent studies. Examine the graph from
the World Health Organization shown in Figure 1.35 and note the positive correlation.

B Composite of transmission
electron micrographs showing
the stages of mitosis in a
human lymphocyte.

Laboratories all over the
world are busy researching
causes and treatments for
all known types of cancers.
Sharing of information is

a common occurrence
amongst these laboratories
and their researchers.

This is an appropriate time
to discuss the unethical
actions of the tobacco
industry in the suppression
of results linking smoking
with cancer. A global
perspective should be
included in this discussion.
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Figure 1.35 Examine this
graph from the World Health
Organization noting tobacco

use as a risk factor for eight
leading causes of death in

the world. Especially note

the information provided
concerning trachea, bronchus,
and lung cancers. Darker areas
indicate proportions of deaths
that are related to tobacco use
and are coloured according to
the column of the respective
cause of death. WHO,
http://www.who.int/tobacco/
mpower/graphs/en/index.html

To learn more about the
mitotic phases, go to the
hotlinks site, search for the
title or ISBN, and click on
Chapter T: Section 1.6.
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A very interesting activity is to find micrographs on the internet of various human
tissues going through cell division. Determine the mitotic index of these various types
of tissue. Attempt to find micrographs of the same types of tissue that are cancerous
and determine their mitotic index. This comparison will show quite effectively the
more rapid cell division found in cancer tissues.

CHALLENGE YOURSELF

Cancer cells have a higher rate of mitotic division than normal cells. Because of this, cancer tissue has a
higher mitotic index than normal tissue. This is why cancer cells can grow and spread very rapidly.

15 If a microscopic field of 1000 normal cells has 900 cells in interphase, estimate the number of cells
in interphase when 1000 cells of the same type are from tissue that is cancerous.

16 If the normal cells have an average cell cycle time of 600 minutes, estimate the average, relative cell
cycle time of the cancer cells.

17 How does this information affect the mitotic index of the two sets of cells?

Exercises

23 A chemical called colchicine disrupts the formation of microtubules. What effect would this drug have
on a cell going through mitosis?

24 [f a parent cell has 24 chromosomes, how many chromatids would be present during metaphase of
mitosis?

25 Explain when cytokinesis occurs within the cell cycle.
26 Compare cytokinesis in plant and animal cells.
27 What is the value of the mitotic index?



Practice questions

1 The micrograph on the right shows an adult human stem cell.

(@) The cell cycle can be divided into two parts: interphase and mitosis.

(i) Identify, with a reason, whether the stem cell in the micrograph

is in interphase or mitosis. (1)
(ii) Deduce two processes that occur in human cells during this
part of the cell cycle, but not during the other part. (2)
(b) State two characteristics of stem cells that can be used to
distinguish them from other body cells. (2)
(c) Outline one therapeutic use of stem cells. (3)
(Total 8 marks)

2 To the right is a micrograph of an E. coli bacterium
undergoing reproduction.

In the diagram what does label X identify?

A Nucleoid C Histones

region D Endoplasmic

B Chromatin reticulum
(Total T mark)

3 Which of the following is not a function performed
by a membrane protein?

www.bio.mtu.edu/campbell/

. prokaryo.htm
A Hormone- B Cell adhesion C Enzyme D Pumps for

binding sites synthesis active transport
(Total T mark)
4 Which of the following take(s) place during either interphase or mitosis in animal cells?

. Re-formation of nuclear membranes.
Il.  Pairing of homologous chromosomes.
lIl. DNA replication.

A lonly. B Iand Il only. C lland il only. D Iand Il only.
(Total 1 mark)

5 (a) The scanning electron micrograph on the right shows the surface of the nuclear
envelope with numerous nuclear pores.

(i) Calculate the power of magnification of the image. (1) x
(ii) State the diameter of the pore labelled X. (1
(b) List two examples of how human life depends on mitosis. (1)
(c) Describe the importance of stem cells in differentiation. (3)
(Total 6 marks)

Adapted from Nelson and Cox 2000, :
© Don W. Fawcett/Science Source B
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ESSGﬂtia| ideaS Computer image of an insulin
molecule. Insulin is a peptide
(protein) hormone that helps
to regulate glucose levels
between the bloodstream and
the cytoplasm of cells.

Living organisms control their composition by a complex web of
chemical reactions.

Water is the medium of life.

Compounds of carbon, hydrogen, and oxygen are used to supply
and store energy.

Proteins have a very wide range of functions in living organisms.
Enzymes control the metabolism of the cell.
The structure of DNA allows efficient storage of genetic information.

Genetic information in DNA can be accurately copied and can be
translated to make the proteins needed by the cell.

Cell respiration supplies energy for the functions of life.

Photosynthesis uses the energy in sunlight to produce the chemical
energy needed for life.
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Organic chemistry is the chemistry of carbon compounds. Biochemistry is the branch
of organic chemistry that attempts to explain the chemistry characteristics of living
organisms. Even though biochemistry can be amazingly complex and varied, there are
common patterns that are well known. For example, all living organisms are made up
of molecules that can be classified into one of four types:

« carbohydrates * lipids * proteins * nucleic acids.

In addition, biochemical processes in living organisms follow certain common
pathways for which we can study the common pattern. So, when we study cell
respiration or photosynthesis as biochemical processes, we do not need to study a
completely different process for each organism or species.

This chapter will introduce you to some of the more common biochemically
important molecules and processes.

NATURE OF SCIENCE

Molecules to metabolism

Falsification of theories:

the artificial synthesis

of urea helped to falsify

Understandings: e

® Molecular biology explains living processes in terms of the chemical substances involved.

e Carbon atoms can form four covalent bonds, allowing a diversity of stable compounds to exist.

e Life is based on carbon compounds, including carbohydrates, lipids, proteins, and nucleic acids.

® Metabolism is the web of all the enzyme-catalysed reactions in a cell or organism.

® Anabolism is the synthesis of complex molecules from simpler molecules, including the formation
of macromolecules from monomers by condensation reactions.

e Catabolism is the breakdown of complex molecules into simpler molecules including the
hydrolysis of macromolecules into monomers.
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Aquaporins are channels that
allow water molecules to pass
through the membrane.
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Applications and skills:

e Application: Urea as an example of a compound that is produced by living organisms but can also
be artificially synthesized.

o Skill: Drawing molecular diagrams of glucose, ribose, a saturated fatty acid, and a generalized
amino acid.

o Skill: Identification of biochemicals such as sugars, lipids, or amino acids from molecular diagrams.

Guidance

® Only the ring forms of D-ribose, alpha-D-glucose, and beta-D-glucose are expected in drawings.

® Sugars include monosaccharides and disaccharides.

® Only one saturated fat is expected, and its specific name is not necessary.

e The variable radical of amino acids can be shown as R. The structure of individual R-groups does not
need to be memorized.

o Students should be able to recognize from molecular diagrams that triglycerides, phospholipids, and
steroids are lipids. Drawings of steroids are not expected.

® Proteins or parts of polypeptides should be recognized from molecular diagrams showing amino acids
linked by peptide bonds.

Molecular biology is the
chemistry of living organisms

The majority of molecules within all living
organisms can be categorized into one of
four biochemical groupings. Those groupings
are carbohydrates, lipids, proteins, and
nucleic acids. In turn, these four groupings

of molecules interact with each other in a
wide variety of ways in order to carry out the
metabolism of each cell.

Consider the following example of metabolism
in order to see how living processes are
actually chemical substances interacting

in predictable patterns. Insulin is a protein
hormone that facilitates the movement of
glucose from the bloodstream to the interior
of cells. Insulin does this by interacting

with protein channels in body cell plasma
membranes, thereby opening those channels to glucose. As long as glucose is in

a higher concentration outside the cell compared with inside the cell, glucose will
continue to move through the open channel by diffusion. The plasma membrane

is largely composed of a type of lipid called a phospholipid. Because of molecular
polarity differences, phospholipids will not allow glucose to pass through the
membrane without going through the protein channels. Both insulin and the channels
within the plasma membrane are proteins, therefore they must both be coded for

by deoxyribonucleic acid (DNA) within the cells of the organism in which they are
working.

Glucose is a carbohydrate, the phospholipid molecules are lipids, both insulin and
the membrane channels are proteins, and DNA is a nucleic acid. Each molecule has a
specific function and collectively they all work together in order to ensure that body
cells have access to glucose for their energy needs. All the biochemistry within all
living organisms can be ‘broken down’ into smaller interactions similar to the above
example.




CHALLENGE YOURSELF

1 Read through this example of molecular interactions leading to a physiological response.
After doing so, try to classify each of the named molecular components as a carbohydrate,
lipid, protein, or nucleic acid.

When a predator, such as a snake, catches and eats a small rodent, one of the main sources
of nutrition that the snake is consuming is the muscle of the prey animal. That muscle

is primarily composed of two molecules: actin and myosin. When the ingested muscle
reaches the intestines of the snake, enzymes (such as trypsin) help the snake digest the actin
and myosin into amino acids. Other enzymes (such as lipase) help the snake digest the
triglyceride fats within the adipose tissue of the rodent.

Carbon-based life

Carbon dioxide is one of the
very few carbon-containing
substances that is not classified
as organic. In this model the
black, centre, atom is the
carbon atom, and the two red
atoms are the oxygen atoms.

Organic chemistry is the study of compounds that contain carbon. Some compounds
that contain carbon are not classified as organic, including carbon dioxide. Despite

this important exception, there are very many molecules containing carbon that are
classified as organic. The molecules already mentioned above (carbohydrates, proteins,
lipids, and nucleic acids) are all organic molecules. These are the molecules from which
all living things are composed, thus the element carbon can be considered to be the
keystone element for life on Earth. This is the reason why you sometimes hear life on
Earth being described as ‘carbon based’.

Carbon’s name is derived
from the Latin word
‘carbo’, meaning charcoal.

You will notice that
virtually all the images

you see of atoms and
molecules are in the

form of models. Why are
models used? What do the
real atoms and molecules
look like?

You may recall from your introductory chemistry course that each carbon atom has an
atomic number of six. Directly this means that carbon has six protons, but indirectly

it also means that carbon has six electrons. Two of these six electrons form the stable
inner shell, and four are found in the second and unfilled shell. Carbon’s way of “filling’
this second shell of electrons is to share four electrons with other atoms in order to
create a stable configuration of eight electrons in total. Each time carbon shares one of
its electrons, a covalent bond is formed, and carbon always forms four covalent bonds.

The structure and bonding
of an ethanol molecule.
The atoms shown in black
are carbon, the red atom
is oxygen, and all the white
atoms are hydrogen.

There are many other elements found within the molecules of living organisms.
In addition to carbon, the following elements are common: hydrogen, oxygen,
nitrogen, and phosphorus. These elements are used in the molecular structures of
carbohydrates, proteins, lipids, and nucleic acids by forming covalent bonds with
carbon, and very often by forming covalent bonds with each other.

Biochemical compounds that are important to living
organisms

Living things are composed of an amazing array of molecules. We can start to
make sense of all of these molecules by classifying them into different types.
Molecules of the same type have certain qualities in common and become fairly
easy to recognize with a little practice. Table 2.1 shows some of the more common
biochemically important molecules and their subcomponents (or building blocks).




This is a colour-coded

molecular model of the amino
acid alanine. Green = carbon;
pink = oxygen; blue = nitrogen;
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white = hydrogen.
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Table 2.1 Types of molecules

Molecule ‘ Subcomponents (building blocks)
‘ Carbohydrates . Monosaccharides
i. Lipids | Glycerol, fatty acids, phosphate groups
‘. Proteins (polypeptides) | Amino acids
| Nucleic acids | Nucleotides

As you study biochemistry, you will soon learn to recognize and classify common
biochemical molecules into appropriate categories. Table 2.2 shows some of the
common categories and examples of molecules.

Table 2.2 Common categories of molecules

Category ‘ Subcategory ‘ Example molecules

| Carbohydrates | Monosaccharides | Glucose, galactose, fructose, ribose

‘ . Disaccharides Maltose, lactose, sucrose

| Polysaccharides Starch, glycogen, cellulose, chitin

i Proteins Enzymes, antibodies, peptide hormones

‘ Lipids Triglycerides " Fat stored in adipose cells

i | Phospholipids | Lipids forming a bilayer in cell membranes
‘. Steroids | Some hormones

Nucleic acids Deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), adenosine triphosphate (ATP)

The ways in which these molecules interact with each other in living organisms
is amazingly diverse and interesting. All of these interactions are referred to as
metabolism and that is the focus of the next section.

Metabolism: reactions controlled by enzymes

If you were to visualize zooming into the inside of a cell down to the molecular level,
you would see thousands of molecules colliding with each other as they move through
their aqueous (water-based) environment. Many of these collisions do not result in



any action other than the molecules changing direction and thus heading into new
collisions. But sometimes these molecular collisions provide enough energy to specific
molecules, the reactants, for those reactants to undergo a chemical reaction of some
type. That single chemical reaction would be one of the millions of reactions that
occur within that cell that comprise that cell’s metabolism. In a multicellular organism,
all of the reactions within all of the cells (and fluids such as blood) comprise the
metabolism of the organism.

When two molecules collide, a large number of factors determines whether a reaction
occurs or not. Some of these factors include the:

identity of the colliding molecules
orientation of the colliding molecules (where they hit each other)
the speed of the molecules when they collide.

Cells use enzymes in order to increase the likelihood that a collision will lead to a
useful reaction. Enzymes are protein molecules that have a specific shape into which
a reactant(s) can fit, at a molecular location called the active site of the enzyme. By
having an active site, the enzyme increases the likelihood of a reaction.

Let’s look at an example of one reaction that makes up part of a typical cell’s
metabolism. The reaction we will consider is one in which adenosine triphosphate
(ATP) is formed or synthesized. ATP is the most common molecule used by cells
when chemical energy is required. ATP is synthesized from the bonding of adenosine
diphosphate (ADP) to a phosphate (P) group. This reaction requires energy, and that
energy may come originally from food (cell respiration) or sunlight (photosynthesis).
Put simply, the reaction can be summarized as:

ADP + P, —> ATP
adenosine diphosphate plus inorganic phosphate yields adenosine triphosphate

The odds of these two reactants (ADP + P;) colliding at a very high speed, at exactly

the correct orientation, leading to a new covalent bond forming between them, is
extremely small. That is where an enzyme comes into play: the enzyme acts as a
catalyst for the reaction. The catalyst will not be used up and so the enzyme will be
available to act as a catalyst many times over. The ADP reactant fits into part of the
enzyme’s active site, and the inorganic phosphate group reactant fits perfectly oriented
next to it, and, within a small fraction of a second, the two reactants become covalently
bonded to each other. So, in effect, three molecules are involved in the collision but
only two of them result in the production of ATP. The ATP is then released from

the active site and the enzyme is ready for another collision with another ADP and
phosphate group. The catalysis provided by the enzyme enables this reaction to occur
at a much higher reaction rate and with less collisional energy compared with the same
reaction occurring without the enzyme.

All of your metabolism is based on this fundamental scenario. A multitude of
reactions are occurring inside each living organism’s cells at any given moment. Most
of these reactions are being catalysed by enzymes. These are the reactions that make
up your overall metabolism, and include diverse sets of reactions, including:

replication of DNA, in preparation for cell division

synthesis of RNA, allowing chemical communication between the nucleus and
cytoplasm

Metabolism is best
thought about from a
molecular perspective.
Often, people think
only of physiological
parameters, such as
heart rate and digestion,
as their metabolism.

But remember that
metabolism is all of the
reactions within all of
the cells of an organism.

The ‘collisional energy’
referred to in this section
is called activation energy.
An enzyme is often
defined as an organic
catalyst that lowers the
activation energy of

a reaction.
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Many of the carbon
atoms found in the food
that you eat (such as
carbohydrates) will be
eliminated from your
body in the molecules of
carbon dioxide that you
breathe out.

This computer graphic image
shows pepsin, an enzyme
that helps to digest proteins.
Pepsin is an example of a
hydrolysing enzyme.
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« synthesis of proteins, including bonding of one amino acid to another
* cell respiration, with nutrients being converted into ATP

* photosynthesis, with light energy being used to create carbohydrates
» and many, many more.

Metabolism = catabolism + anabolism

It is very common for people to use some form of the word metabolism in everyday
conversations, for example: ‘I wish [ had a higher metabolic rate so that I could

eat more without putting on weight’. When people say something like that, they

are usually thinking of factors like their heart rate. There is actually a great deal
more than this involved in metabolism. As described in the previous section, your
metabolism is the sum total of all the enzyme-catalysed reactions taking place within
you. Some of these enzyme-catalysed reactions function to convert large, complex
molecules (like many of the foods that we eat) to smaller, simpler molecular forms.
This is called catabolism. Other enzyme-catalysed reactions carry out the reverse:
they convert small, simple molecules into a larger, more complex molecules. This

is called anabolism. These molecular conversions are done for a variety of reasons,
and we will look at a couple of examples in this section. You will find more examples
later as you study the various biochemical and physiological processes common to
living organisms.

Many organisms, including all animals, rely on the foods that they eat to obtain the
building block molecules that make up their larger molecules. When animals eat
foods, the food is digested (or hydrolysed) into the building blocks (catabolism). After
these building blocks are transported to body cells, they are bonded together to form
larger molecules once again (anabolism).

Let’s explore what happens to ingested foods. Foods are chemically digested in
your alimentary canal. The digestive enzymes that accomplish this are hydrolysing



enzymes. Each reaction is called a hydrolysis and requires a molecule of water as a
reactant. This is a good way to recognize hydrolysis reactions: water is always ‘split’ as
part of the reaction. Below are four examples of hydrolysis reactions.

1 Hydrolysis of a disaccharide to two monosaccharides (see Figure 2.1).

lactose + water — glucose + galactose

Figure 2.1 Hydrolysis of the
disaccharide lactose to form
the two monosaccharides
galactose and glucose. The
difference between galactose
and glucose is shown in the
blue areas.

S
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C OH
CH,OH CH,OH
HO C—oO C=—0, H
HH lact
\C/OH\H H\C/ \C/OH\H H\C/ N /O\ galactose
H/ \C| ./ \O/ \c| |/ \OH H H glucose
7] a
H H CH,OH
OH OH
lactose + water e —o H
C/OH H H\C/

HOf s\c|:—c|:/ \OH

/

H
Hydrolysis of a polysaccharide to many monosaccharides.
starch + (many) water — (many) glucose
3 Hydrolysis of a triglyceride lipid to glycerol and fatty acids (see Figure 2.2).
triglyceride + 3 water — glycerol + 3 fatty acids
OIH OIH OIH
H H_(l:_cl_(l:_H glycerol
Q H H
H—C—O—g—(CHZ)MCH3 (|)|
il
H—C——0——C——(CH,),,CH, + 3H,0 HO—C—(CH,),,CH,
o}
H—C—0—C (CH,),,CH (I)l three
S e 2/2 3
’ HO—C— (CH2)21CH3 fatty
H o acids
I
triglyceride lipid HO—C— (CHz)27CH3

Hydrolysis of a polypeptide (protein) to amino acids.
protein + (many) water — (many) amino acids

Condensation reactions are, in many ways, the reverse of hydrolysis reactions. In
cells, condensation reactions occur to re-form the larger, biochemically important,
molecules. In the four examples given above, simply reverse the reaction arrow and
each example shows a condensation reaction. For example:

OH

Figure 2.2 Hydrolysis of

a triglyceride lipid to form
glycerol and three fatty acid
molecules.
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» condensation of amino acids to form a polypeptide

(many) amino acids — protein + (many) water

Notice that in condensation reactions, water molecule(s) are products rather than
reactants. Condensation reactions require a different type of enzyme, one that is
capable of catalysing reactions in which covalent bonds are created rather than broken.

In summary, remember that an organism’s metabolism comprises all of the reactions
that occur within all of its cells. Thus metabolism can also be thought of as the sum

of all the reactions that work to hydrolyse large biochemical substances into smaller
subcomponents (catabolism), plus all those reactions that rebuild large, more complex
biochemical substances from the smaller subcomponents (anabolism).

Molecular model of urea. The

It is difficult for people growing up and learning in today’s world to truly appreciate the
scientific ideas of the past. One of the philosophies that was widely held nearly two centuries
ago was called vitalism. Vitalism was the belief that living organisms and inanimate things
differed fundamentally because living organisms contained a non-physical or vitalistic element,
and were subject to different principles of nature compared with non-living things. A part

of this philosophy even suggested that the organic molecules that are characteristic of living
organisms could only be produced within living organisms.

large grey atom is carbon.
Each of the two blue side-
chains is an amine functional
group and the red atom is a
double-bonded oxygen atom.

One example of an organic molecule is urea. Urea is produced in some living organisms

as a nitrogenous waste product. In mammals, including humans, urea is produced in the
liver, enters the bloodstream, and is then filtered out of the bloodstream by the kidneys, and
becomes a component of urine. The fundamentals of this process were known in the early
1800s, and it was assumed, because of the widely held principle of vitalism, that this was the
only way urea could be produced.

In 1828, Friedrich Wohler, a German physician and chemist, made a discovery that helped
change the thinking behind vitalism. In his laboratory, Wohler had mixed two inorganic
substances, cyanic acid and ammonium, in a beaker. He noticed the formation of a crystalline
substance that looked familiar to him. After testing, he confirmed that the crystals were urea.
He had previously only come across urea crystals in the study of the compounds that are
characteristic of urine. For perhaps the first time in a controlled setting, an organic molecule
was synthesized from inorganic substances.

Wéhler did not fully appreciate the meaning and consequences of his findings at the time,
but, as it turned out, his published work was soon used as evidence that vitalism should be
questioned as a scientific theory. It was not long before other substances, such as amino acids,
were synthesized from inorganic precursors in various laboratories.

What does this show about the nature of science?
Scientific theories undergo modifications over time. Some are just modified, while some are
proved to be completely false.
Frequently, important discoveries are made ‘accidently’. Dr Wohler did not add the two
inorganic substances together with the intention of making urea.

Frequently, a scientific discovery is not appreciated immediately for its importance. This is
one of the reasons why discoveries need to be published. This allows the entire scientific
community to fit new knowledge into the bigger picture of science, and sometimes that only
happens much later.

The German physician and
chemist Friedrich Wohler.
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CHALLENGE YOURSELF

2 Drawing molecular diagrams of common biochemical substances is easier than you might think,
especially with a little practice. You will be expected to be able to draw the following molecules
from memory:
® alpha-D-glucose
® beta-D-glucose
® ribose
® an unnamed saturated fatty acid
® a generalized amino acid.

When drawing these, and other complex organic molecules, it helps to draw them in a sequential

pattern. That sequence is given below.

(a) Draw the carbons first (this is called the carbon backbone of the molecule).

(b) Then add in any functional groups that are found as part of the molecule.

(c) ‘Fill in" with hydrogen atoms, to ensure that all the carbon atoms are showing four covalent
bonds.

(d) Look over your entire structure, to make sure that all of the different atom types are showing
the correct number of covalent bonds for that type of element.

(e) If you know or have been given the chemical formula of the substance, count the number of
each type of atom and check that number against the known formula.

Here is how it would work for the monosaccharide sugar called alpha-D-glucose, a substance that
we know has the chemical formula of C4H;,04.

(@ ¢ b)  Ho—c

c—=oO C—o0O

C—C

Figure 2.3 The carbon backbone of

alpha-D-glucose.
Figure 2.4 The alcohol

() T groups added.
HO—(‘i—H
Hc—o

| \T Figure 2.5 The hydrogens added.
H
Cl\OH H /(‘:
| |
HO C—C OH

H OH

H
Note: Be sure to count the covalent bonds around each element, ‘
and make sure that the number is appropriate for each. You should
also count the number of each type of atom and check that against HO C H
the known formula of C¢H,,O. ‘

. H c—o OH
Beta-D-glucose has exactly the same chemical formula as alpha-D- ‘/| \‘
glucose and the two are, in fact, isomers of each other. Alpha-D- H
. . C C

glucose and beta-D-glucose differ only in how a few of the atoms OH H
within the structure are oriented in space in relation to each other. ‘\| /‘
Here is the finished molecular diagram of beta-D-glucose: HO T | H

H OH

Figure 2.6 Beta-D-glucose.
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Trying to draw complex
organic molecules by
somehow memorizing
the entire intact structure
is frustrating and
impossible for most
people. Instead, always
use the sequence of steps
shown on the previous
page, of laying out the
carbon backbone, adding
the functional groups,
and then filling in with
hydrogen(s) as needed.
This will not only help
you learn the molecules
you need to know, but

it will also enable you to
look at large, complex
biochemical molecules
from a new and more
useful perspective.
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Here are the completed molecular diagrams of another three molecules that you need to learn to

draw from memory. Get out some paper and a pencil and practise drawing the two glucose molecules
shown on the previous page and the three molecules shown below. Don't practise drawing them in
their entirety, but use the step-by-step process as shown above. Do this until you are confident that you
know each one very well.

H CsH10s5

HO——C——H o
A
SN TN

C=—C
| ‘ Figure 2.7 D-ribose.
OH OH
o [H]| H
Iyl
HO—C —-C——C—cC -
| ‘ Figure 2.8 A generalized
! ! ! fatty acid.
n

Where n = any number between 3 and 29 (11-23 are the most common)

H R (0]
H—l‘\l—c‘ —‘(!—OH Figgre 2.? A generalized
‘ amino acid.
H

Where R = 1 of 20 variable groups

Section summary

* Carbon atoms form four covalent bonds, leading to an incredible variety of organic
molecules.

¢ Organic compounds within living organisms include carbohydrates, lipids, proteins,
and nucleic acids.

* All of the enzyme-catalysed reactions in living things are collectively called
metabolism.

* Anabolism is the portion of metabolism where monomers are formed into
macromolecules.

* Catabolism is the portion of metabolism where macromolecules are formed into
monormers.

Exercises

1 One way to check whether organic molecules are drawn correctly is to make a sketch based on the
information given and then count the number of atoms of each element using a given or known
formula. Draw each of the molecules described below and then check each against the formula given
in the answers.

(a) Sketch a single carbon atom, add an alcohol group, fill in with hydrogen atoms. Give the formula
of the molecule.

(b) Sketch a single carbon atom, add an amine group, add a carboxyl group, fill in with hydrogens.
Give the formula of the molecule.



2 Give the products of each of the following reactions:

(a) the complete hydrolysis of a starch molecule
(b) the condensation reaction between glucose and galactose
(c) the complete hydrolysis of a triglyceride lipid.

3 Briefly describe the two aspects of metabolism.

m Water

Understandings:

® Water molecules are polar and hydrogen bonds form between them.

e Hydrogen bonding and dipolarity explain the cohesive, adhesive, thermal, and solvent properties
of water.

e Substances can be hydrophilic or hydrophobic.

Use theories to explain
natural phenomena: the
theory that hydrogen
bonds form between
water molecules explains
| the properties of water.

Applications and skills:

® Application: Comparison of the thermal properties of water with those of methane.

e Application: Use of water as a coolant in sweat.

e Application: Modes of transport of glucose, amino acids, cholesterol, fats, oxygen, and sodium
chloride in blood in relation to their solubility in water.

Guidance

o Students should know at least one example of a benefit to living organisms of each property of water.

e Transparency of water and maximum density at 4°C do not need to be included.

® Comparison of the thermal properties of water and methane assists in the understanding of the
significance of hydrogen bonding in water.

The structure of water molecules and the resulting
polarity

Water is the solvent of life. Living cells typically exist in an environment in which there
is water within the cell (cytoplasm) and also water in the surrounding environment
(intercellular fluid, fresh or salt water, etc.). We refer to all solutions as aqueous
solutions if water is the solvent, no matter what mixture of substances make up

the solutes. Thus, cytoplasm and water environments such as the oceans are all
aqueous solutions.

In order to understand the many properties of water, and the importance

of those properties to living organisms, we must first consider the POIIalr . "
covalen T
structure of water molecules. ©)
bonds 5
/O\ MM
The covalent bonds between the oxygen atom and the two hydrogen ®H H® ®H  HE
atoms of a single water molecule are categorized as polar covalent water - structural water - electron
bonds. You should remember from fundamental chemistry that covalent diagram dot diagram
bonds form when two atoms share electrons. As electrons are negatively
charged and the nucleus of an atom (because of the protons) is positively charged, any Figure 2.10 The shared
electrons that are shared equally create a bond and, because the charges cancel, this is electrons between oxygen
called a non-polar covalent bond. The bond between two carbons is a good example of and hydrogen are not shared

this type of bond. Polar covalent bonding results from an unequal sharing of electrons. equally, thus they are polar
covalent bonds. This gives rise

In water, the single oxygen atom is bonded to two different hydrogen atoms. Each to the polarity of water.
oxygen—hydrogen bond is a polar covalent bond, and results in a slight negative charge
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Figure 2.11 In liquid water,
water molecules form ‘split
second’ hydrogen bonds

with other water molecules
(dotted line), despite the fact
that water continues to move
in many different directions.
These short-lived hydrogen
bonds give rise to many of the
interesting properties of water.

You can float a paper clip
on water because of the
surface tension of water.
Make sure you maximize
the surface area of the
paper clip on the water if
you try this.

A water strider making use of
the high surface tension of
water.

Basilisk lizards may be as
long as 0.8 m, but they
can run across the surface
of bodies of water. The
relatively large surface
area of their toes does not
break through the surface
tension of the water as
long as they keep running.
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.

at the oxygen end of the molecule and a slight positive charge at the end with the two
hydrogens. Because of the triangular shape of a water molecule, the two ends of each
molecule have opposite charges, with the oxygen side being somewhat negative and
the hydrogen side being somewhat positive. This is why water is a polar molecule: it
has different charges at each end and so exhibits dipolarity. Because of this dipolarity,
water molecules interact with each other and other molecules in very interesting
ways. Many of these interactions are explained by the usually ephemeral (short-lived)
attractions between either two water molecules or between water and another type
of charged atom (or ion). These typically short-lived attractions are called hydrogen
bonds and will be explained further in the following sections.

direction of
movement

H
i@ """"""" ® \o@

ephemeral hydrogen bond

H ([) H/T
@ H direction of
movement

Cohesive properties

Water molecules are highly cohesive. Cohesion is when molecules of the same type
are attracted to each other. As mentioned earlier, water molecules have a slightly
positive end and a slightly negative end. Whenever two water molecules are near each
other, the positive end of one attracts the negative end of another; this is hydrogen
bonding. When water cools below its freezing point, the molecular motion has slowed
to the point where these hydrogen bonds become locked into place and an ice crystal
forms. Liquid water has molecules with a much faster molecular motion, and the
water molecules are able to influence each other, but not to the point where molecules
stop their motion. The ephemeral hydrogen bonding between liquid water molecules
explains a variety of events, including:

* why water forms into droplets when it is spilt

* why water has a surface tension that allows some organisms to ‘walk on water’ (for
some this is ‘run on water’)

* how water is able to move as a water ‘column’ in the vascular tissues of plants.

Adhesive properties

Water molecules are certainly not the only molecules in nature that exhibit polarity.
Any attraction between two unlike molecules is called adhesion. Thus when water



molecules are attracted to cellulose molecules by hydrogen
bonding, the attraction is an example of adhesion because the
hydrogen bonding is between two different kinds of molecules.
Where is this important in nature? One example is the column

of water in plant vascular tissue, mentioned above. Cohesion and
adhesion are both at work, because the water molecules exhibit
cohesion to each other, and they also exhibit adhesion to the inside
of the vascular tubes, which are partially composed of cellulose.
When the column of water is ‘pulled up’, cohesion moves each
molecule up a bit; when the column is not being ‘pulled up’,
adhesion keeps the entire column from dropping down within

the tube. The same phenomenon occurs when water is placed in a
capillary tube; in fact, you can think of the vascular tissue in plants
as being biological capillary tubes.

Water evaporates from leaves through small openings called stomata. As
shown here, each stoma has two cells, called guard cells, that surround it.
When the guard cells swell with water, the stoma appears between the cells,
and water evaporates through the stoma. One benefit to the plant of this is
the cooling effect that evaporation provides.

Water has thermal properties that are important to living things. One of those thermal
properties is high specific heat. In simple terms, this means that water can absorb

or give off a great deal of heat without changing temperature very much. Think of a
body of water on a very cold night: even though the air may be very cold, the body

of water is relatively stable in temperature. All living things are composed of a great
deal of water, and so you can think of your water content as a temperature stabilizer.
Water also has a high heat of vaporization. This means that water absorbs a great deal
of heat when it evaporates. Many organisms, including ourselves, use this as a cooling
mechanism. Your internal body heat results in perspiration, and the perspiration then
evaporates from your skin. Much of the heat that turned the water molecules from the
liquid phase to the vapour phase came from your body, and thus sweating not only
makes you feel cooler, it really does lower your temperature.

Solvent properties

Water is an excellent solvent of other polar molecules. You may remember from earlier
science classes that like dissolves like. The vast majority of molecules typically found
inside and outside most cells are also polar molecules. This includes carbohydrates,
proteins, and nucleic acids (DNA and RNA). Most types of lipids are relatively non-
polar and thus most organisms have special strategies to deal with the transport and
biochemistry of lipids.

Because water is an excellent solvent for biochemically important molecules, it is

also the medium in which most of the biochemistry of a cell occurs. A cell contains

a wide variety of fluids, all of which are primarily water. We refer to such solutions as
aqueous solutions. Table 2.3 shows some common aqueous solutions in which specific
biochemical reactions take place.

The word ‘'stoma’ comes
from a Greek word
meaning mouth or
opening. In medicine,
stoma is a surgically
created opening in the
body that replaces a
normal opening.

Specific heat is the
amount of heat per unit
mass required to raise
the temperature one
degree Celsius.

Heat of vaporization

is the amount of heat
required to convert a
unit mass of liquid into
vapour with no increase
in temperature.
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Try doing a web search
on the topic of ‘memory
of water’. Are any of the
claims you find examples
of pseudoscience rather
than science?
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Table 2.3 Common aqueous solutions

Aqueous solution ‘ Location Common reactions

Cytoplasm Fluid inside cells but Glycolysis/protein synthesis
outside organelles reactions

Nucleoplasm Fluid inside nuclear DNA replication/
membranes transcription

Stroma Fluid inside chloroplast Light-independent
membranes reactions of photosynthesis

Blood plasma Fluid in arteries, veins, and | Loading and unloading of
capillaries respiratory gases/clotting

Examples of water as a solvent in plants and animals

The properties of water make it an excellent medium for transport. Vascular tissue
in plants carries water and a variety of dissolved substances. More specifically, xylem
carries water and dissolved minerals up from the root system to the leaves of a plant.
Phloem then transports dissolved sugars from the leaves to the stems, roots, and
flowers of a plant.

Blood is the most common transport medium in animals, and is largely made up of
water. The liquid portion of blood is called blood plasma. Some of the more common
solutes in blood plasma are:

* glucose (blood sugar)

* amino acids

« fibrinogen (a protein involved in blood clotting)

* hydrogen carbonate ions (as a means of transporting carbon dioxide).

Water ‘loving’ or water ‘fearing’ substances

Molecules in living systems interact with water in a variety of ways. Remember that
water is the solvent of life, and living cells typically have an aqueous environment both
inside and outside their plasma membrane.

Molecules, such as water, that are polar substances are said to be hydrophilic, or water
‘loving’. The majority of substances that are biochemically important are polar. Polar
molecules easily dissolve in water, because a polar solvent will dissolve polar solutes.
It is not difficult to recognize most of the molecules that are hydrophilic, as these
molecules typically contain functional groups that result in the molecules being polar.
Carbohydrates are a good example of polar molecules; their relative solubility in water
is attributed to their multiple hydroxyl (alcohol) functional groups.

Molecules that are classified as non-polar are said to be hydrophobic, or water ‘fearing’.
Organic substances that are non-polar are typically composed of just carbons and
hydrogens (hydrocarbons) or have large areas of the molecule where there are only
carbons and hydrogens. Methane (CH,) is an example of a hydrophobic molecule;

it is composed of only one carbon and four hydrogens. Methane will not dissolve in
water. Examples of biochemically important molecules that are predominantly non-
polar are the fatty acids found in triglyceride lipids and phospholipids. In addition to a
carboxyl functional group at one end, a fatty acid consists of a long chain of carbons



with only hydrogens. The carboxyl group gives the
fatty acid slight polarity at that end, but the chain
of hydrocarbons is so long that the majority of the
molecule is non-polar and thus hydrophobic.

Protein molecules can be differentially polar
depending on the arrangement of their amino acids.
Some amino acids are relatively polar and some are
non-polar. The location of each type of amino acid

is important within the three-dimensional structure
of the protein. Good examples are the proteins that
attach into and extend out of a cell membrane. The
amino acids making up the portion of the protein that
attaches to (and extends down into) the membrane
are hydrophobic and easily mix with the hydrophobic
fatty acid ‘tails’ of the membrane phospholipid
molecules. The portion of the protein that extends out .
of the membrane is predominately made up of hydrophilic amino acids that easily mix This photo shows what

with the water environment either inside or outside the cell or organelle. happens when a hydrophobic
substance encounters water.

= The two types of molecules do
NATURE OF SCIENCE not mix because they are not
You probably already know the freezing point (0°C) and boiling point (100°C) of water. You soluble.

may not already know the phase change temperatures for methane: the freezing point of

methane is ~183°C and the boiling point is -162°C.

It is interesting to think about why these two substances have such very different phase change
temperatures. Consider the structure and polarity of these two molecules.

- H
polar non-polar Figure 2.12 A comparison of
covalent covalent
Q / bonds bonds water and methane.
2 H—C—H
N
®H HE |
H
water H,0O methane CH,

The polar covalent bonds within water give rise to the polarity of the molecule. All of the
covalent bonds within methane are non-polar and so methane is a non-polar substance. All
molecules composed of just carbons and hydrogens (hydrocarbons) are non-polar.

When methane undergoes a phase change, because of its lack of polarity, there are no
hydrogen bonds that influence the change of phase. You have probably realized that methane
has a very low (cold) freezing point and also a very low boiling point. When methane changes
from a liquid to a gas at -162°C there are no hydrogen bonds attracting the molecules to each
other. Thus they ‘escape’ from each other with only a relatively small amount of molecular
motion needed. That is not true for water molecules: each water molecule is constantly
forming, breaking, and almost instantly reforming hydrogen bonds with other water molecules.
When water changes from a liquid to a gas at 100°C, the high temperature is necessary to
create the relatively high rate of molecular motion needed to enable the molecules to ‘escape’
from each other.

When methane changes from its liquid phase to its solid phase (at its freezing point, =183°C),
the change in phase is explained by the fact that methane no longer has enough molecular
motion to exist as a liquid. Water makes this phase change at a much higher temperature (0°C)
because, when the molecular rate of motion becomes low enough, hydrogen bonding locks
water molecules into stable geometric forms known as ice crystals.

We cannot actually see the hydrogen bonds. However, the theory that is used to explain
hydrogen bonding is largely supported by many pieces of evidence, including those described
above. Sometimes, in the nature of science, a theory helps explain a phenomenon and then
multitudes of similar phenomena support the theory.
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An artist's drawing of a cell
membrane with proteins.
The portions of the proteins
found within the bilayer of
phospholipids are composed
of relatively non-polar amino
acids, whereas those outside
the bilayer are composed of
many polar amino acids.

A typical person might
be able to survive about
3 weeks without food.

Water in living organisms acts as a mode of transport for the variety of molecules that

However, a typical person must be moved about both within cells and between cells. Just think of the various
would only survive T week water-based fluids you already know, such as cytoplasm, intercellular fluid, blood,

or less without any water
intake.

and digestive juices. Because of their different polarities, each type of substance

has a different solubility in whatever aqueous environment it is found in, including
blood plasma. Table 2.4 summarizes the various relative polarities of a few selected
molecules and shows whether or not an alternative mode of transport is needed as that
substance circulates in the bloodstream.

Table 2.4 Polarity of different molecules

Glucose Polar molecule/high
solubility

Amino acids | Varying polarity but all
are reasonably soluble

Cholesterol Largely non-polar/very
low solubility

Fats Non-polar fatty acid
components/very low
solubility

Oxygen Travels as diatomic O,/
low solubility

Sodium lonizes/high solubility

chloride
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No special mode of transport needed/dissolves directly in agueous plasma

No special mode of transport needed/dissolve directly in agueous plasma

Transported by blood proteins that have polar amino acids on the outer portion
to give water solubility, and non-polar amino acids internally to bind the non-

polar cholesterol

Transported by blood proteins that have polar amino acids on the outer portion
to give water solubility, and non-polar amino acids internally to bind the non-

polar fatty acid molecules

Relatively low solubility in water is exacerbated by the relatively high
temperature of warm-blooded animals (oxygen is less soluble in warm aqueous
solutions)/haemoglobin is used to bind and transport oxygen molecules
reversibly

No special mode of transport needed/sodium chloride is an ionic compound, it
ionizes into separately charged Na+ and CI-ions in aqueous plasma



Humans and other animals have difficulty absorbing relatively large triglycerides and their
digested form (fatty acids) from the intestine into the bloodstream. Chylomicrons are very

small particles made up primarily of fat and some protein. Chylomicrons are produced in the
alimentary canal and then transported into the bloodstream. They are used to transport fats to

the liver and other tissues in the body. If your doctor orders a lipid blood test, chylomicrons are

some of the low-density lipoproteins (LDL) that are measured. If their levels in the blood are

elevated, they are referred to as the ‘bad lipoproteins'.

Section summary

* Many of the properties of water are attributed to the polarity of water molecules.

* Hydrogen bonding occurs between water molecules, and between water molecules
and other polar substances.

* Water is a very good solvent for molecules that are important to living organisms, as
most of those molecules are also polar.

* Any substance that readily dissolves in water is called hydrophilic, and any substance
that does not dissolve readily in water is called hydrophobic.

Exercises

4 Choose any specific aquatic or terrestrial animal and make a list of all the ways in which water is
important to that animal.

5 How are the properties of water involved in any item of your list?

NATURE OF SCIENCE

Ca rbO hyd rates and I ipids Evaluating claims: health

claims made about

lipids in diets need to be

. assessed.

Understandings:

® Monosaccharide monomers are linked together by condensation reactions to form disaccharides
and polysaccharide polymers.

e Fatty acids can be saturated, monounsaturated, or polyunsaturated.

e Unsaturated fatty acids can be cis or trans isomers.

e Triglycerides are formed by condensation from three fatty acids and one glycerol.

Applications and skKills:

e Application: Structure and function of cellulose and starch in plants and glycogen in humans.
e Application: Scientific evidence for health risks of trans fats and saturated fatty acids.
e Application: Lipids are more suitable for long-term energy storage in humans than carbohydrates.
e Application: Evaluation of evidence and the methods used to obtain the evidence for health claims
made about lipids.
o Skill: Use of molecular visualization software to compare cellulose, starch, and glycogen.
o Skill: Determination of body mass index by calculation or use of a nomogram.
Guidance
e The structure of starch should include amylose and amylopectin.
© Named examples of fatty acids are not required.
e Sucrose, lactose, and maltose should be included as examples of disaccharides produced by
combining monosaccharides.

Monosaccharides: the building blocks of disaccharides

Biochemically important molecules can be extremely large and complex but they
are always made of smaller monomer (building block) molecules. The monomers
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of carbohydrates are the monosaccharides. At the beginning of this chapter you
were introduced to hydrolysis reactions and an opposite set called condensation
reactions. Condensation reactions are key to that part of your metabolism called
anabolism, where larger molecules are synthesized from smaller monomer units. As
the monomer units of carbohydrates are monosaccharides, we will start by looking
at their structure. Monosaccharides can be classified according to how many carbon
atoms they contain. The three most common monosaccharides are:

* trioses, containing 3 carbons and with the chemical formula C;H¢O;

* pentoses, containing 5 carbons and with the chemical formula CsH,,0,

* hexoses, containing 6 carbons and with the chemical formula C,H,,0.

You may have noticed a common pattern in the formulas of these three simple sugars:

monosaccharides typically fit the formula C,H,,0,, where n equals the number of
carbon atoms.

Some textbooks will
refer to condensation
reactions as dehydration
synthesis reactions. The
names condensation and
dehydration synthesis
are both good reminders
that water is always one
of the products of these
reactions.

Let’s look at a detailed example of a condensation reaction occurring between two
monosaccharides. The example in Figure 2.13 shows the formation of the disaccharide
sucrose from the reaction between the two monosaccharides glucose and fructose.

In similar reactions, other disaccharides are formed by different monosaccharides
undergoing a condensation reaction. Figure 2.14 shows the condensation reaction that
forms the disaccharide maltose from two alpha-D-glucose molecules. In a very similar
way, the disaccharide lactose is formed by the condensation reaction between alpha-D-
glucose and the monosaccharide galactose.

CH,0H
HOCH, OH
(0]
5 2 —_—
' H HO v O

H* > CH,OH
H OH OH H
glucose + fructose — sucrose + water

Figure 2.13 The condensation reaction between
glucose and fructose to form the disaccharide
sucrose and a water molecule. Each corner of the
sugar rings has an ‘'unshown’ carbon atom. Each
carbon atom is numbered in the reactants. Glucose
and fructose are isomers of each other because they
have the same chemical formula, CgH1,05.

Figure 2.14 A condensation reaction showing the formation

of the disaccharide maltose. Notice that water is always a
product of a condensation reaction and that one of the two
monosaccharides ‘donates’ a hydroxide ion ("OH) and the other
monosaccharide ‘donates’ a hydrogen ion (H*), which combine
to form the water molecule. The bond that is freed up is used to
form the covalent bond between the two monosaccharides. All
condensation reactions occur in a very similar way.

‘CH,OH °CH,OH

glucose + glucose —_— maltose +  water
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Monosaccharides: the building blocks of
polysaccharides

Condensation reactions can be used to synthesize even larger molecules by
accomplishing the same or a similar reaction on more than one area of a monomer
such as a monosaccharide. Repeatedly bonding glucose monosaccharides produces a
variety of very large molecules or polymers. Some examples are cellulose, starch, and
glycogen; Table 2.5 summarizes their functions.

Scanning electron micrograph
(SEM) of sliced open plant
cells. The plant cell walls
composed largely of cellulose
are clearly visible, and in

the interior of the cells are
chloroplasts, which produce
and store carbohydrates such
as starch.

Table 2.5 The functions of major polysaccharides

Polysaccharide Summary of functions

Cellulose Major component of plant cell walls, helps give rigidity/support to
plant parts such as roots, stems, and leaves

Starch Organic products of photosynthesis are stored in plants as starch,
typically as starch granules in chloroplasts or in plant storage areas
| such as roots or root structures

Glycogen Animals store excess glucose in this form. Glycogen is stored in the
liver and in muscle tissue

At the end of this section, use the hotlinks to view and manipulate three-dimensional
models of cellulose, starch, and glycogen. When viewing these structures online, take
note of the following.

* Cellulose, starch, and glycogen are all polysaccharides of the same monomer unit,
glucose.

* The bonding mentioned with each molecule, such as 1,4 linkages, refers to the carbon
numbers of the glucose molecules that create the covalent bond.

* Starch has two subcomponents, amylopectin and amylose.

* Amylose is the only one of the three glucose polysaccharides that is a linear molecule
with no side branching.

* All three polysaccharides can be composed of many thousands of glucose
monormers.
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Figure 2.15 The three sections
found in all fatty acids: the
carboxyl group at one end, the
long hydrocarbon chain in the
middle, and the methyl group
at the other end. The end with
the methyl group is also called
the omega end.

Figure 2.16 The highlighted
zone in the middle of the

fatty acid shows that it has

a single double bond in the
hydrocarbon chain. This
creates a bend or kink in the
shape of the molecule. Note:
Fatty acids typically have more
carbons than the one shown
for this illustration.
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Fatty acids

Although they have similarities in their molecular structure, not all fatty acids are
identical. All fatty acids have a carboxyl group (-COOH) at one end and a methyl
group (CH;-) at the other end. In between is a chain of hydrocarbons (hydrogen atoms
and carbon atoms) that is usually between 11 and 23 carbons long (12-24 carbons
when counting the carbon of the methyl group as well).

Saturated fatty acids

In Figure 2.15, the yellow zone on the left is the carboxyl group, the white zone in
the middle is the hydrocarbon chain (shown much shorter than any fatty acid in the
human body), and the green zone on the right is where the methyl group is located.

omega end

® ? 7?9997
00000000
o b0 b 00

Saturated fatty acids are called that because the carbons are carrying as many
hydrogen atoms as they can, in other words they are saturated with hydrogen atoms.
These molecules are typically found in animal products such as butter, bacon, and the
fat in red meat. These fats are generally solid at room temperature. Because the carbons
are carrying as many hydrogen atoms as possible, saturated fatty acids have no double
bonds between the carbon atoms. The shape of the molecule is straight: there are no
kinks or bends along the chain.

Monounsaturated fatty acids

If one double bond exists in the chain of hydrocarbons, the fatty acid
is not saturated any longer: it has two empty spaces where hydrogen
atoms could be. This type of unsaturated fatty acid is referred to as
monounsaturated.

In Figure 2.16, the double bond between two carbons in the hydrocarbon
chain is highlighted. Notice how the absence of two consecutive
hydrogen atoms on the same side of the carbon atom chain causes the
molecule to bend at the zone where the double bond is.

Polyunsaturated fatty acids

Polyunsaturated fatty acids have at least two double bonds in the carbon chain.

They typically come from plants (olive oil is an example). These fatty acids are called
polyunsaturated because two or more carbons are not carrying the maximum number
of hydrogen atoms (another way of saying this is that two or more carbons are double
bonded to each other). Lipids that contain polyunsaturated fatty acids tend to be
liquids at room temperature.

Imagine a hydrocarbon chain several times longer than any shown in the figures so far,
with several more double bonds. The molecule may have so many bends/kinks that

it starts to curve over onto itself or twist around itself. This frequently happens with
polyunsaturated fatty acids.



In many heavily processed foods, polyunsaturated fats are often hydrogenated or
partially hydrogenated as part of the processing. This means the double bonds (and
hence the kinks) are eliminated (or partly eliminated) by adding hydrogen atoms.
Hydrogenation straightens out the natural bent shape of unsaturated fatty acids.
Naturally curved fatty acids are called cis fatty acids, and the hydrogenated,
straightened ones are called trans fatty acids. The vast majority of trans fatty acids are
the result of chemical transformations in food-processing factories. They are usually
only partially hydrogenated and thus still contain one or more double bonds.

One category of cis fatty acids

is called omega-3. The name

comes from the fact that the

first carbon double bond to SN NUN
be found in this molecule

is at the third carbon atom
counting backwards from the
omega end (see Figure 12.17).
Fish are a good source of
omega-3 fats.
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monounsaturated
fatty
acids Straight/Straighter partially
saturated — animal fats trans hydrogenated

fully hydrogenated

Condensation reactions result in the formation of
triglyceride lipids

The component molecules of triglyceride lipids (fats in animal cells and oils in plant
cells) are glycerol and three fatty acids. The identity and thus characteristics of the
three fatty acids in each triglyceride will determine the overall characteristics of the fat
or oil. Triglycerides vary greatly from each other, including their relative healthiness in
our diet. Figure 2.19 is a representation of the condensation reaction that creates the
covalent bonds between the glycerol portion and the three fatty acids of a triglyceride
lipid. Notice that, as in all condensation reactions, a water molecule is created from
each of the three reactions.

The calorie count
based on lipid content

is important for many
people in order to
maintain a healthy
weight, but the type of
lipids found in foods
that gives those calories
should be important to
everyone.

Part of the ingredients list

of a bought cake. 'Partially
hydrogenated’ means that
this is a product that contains
trans fats.

Figure 2.17 This sketch shows
how the name omega-3 is
derived for some fatty acids.
Starting at the omega carbon,
count the carbons until you
reach the first double bond.

Figure 2.18 Summary of fatty
acid types.

Condensation and
hydrolysis reactions in
biochemistry are so
common that you will
encounter information
concerning those two
types of reactions
throughout your study of
biology. Take the time to
learn the basics of these
two reaction types.
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Figure 2.19 Condensation
reaction showing the four
reactants necessary to form a
triglyceride lipid. Notice that
there are four products: the
three water molecules as well
as the triglyceride.

Diets characteristic of
people in various areas of
the world appear to have
a huge influence on health
and longevity.

This drawing shows a fat cell
(adipocyte) becoming larger as
lipids are stored in it.
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Now that you are familiar with the terminology and basic chemical structure of lipids and fatty
acids, you are ready to read and evaluate some information concerning various types of lipids
in your foods. Try to evaluate the information given by researching the following.

Use a search engine to research consumer information reported by food companies
concerning lipids. Try:

one or more of your favourite fast food restaurants (or at least some you know) and couple
the restaurant name with ‘nutrition information’

the company and snack name of one or more of your favourite snacks plus ‘nutrition

information’

other searches that you can think of that may or may not give you reasonably reliable

information.

Energy storage solutions in humans

Humans and many

other organisms have developed chemical strategies to store

molecules in reserve to use for ATP production during the process of cell respiration.

These include:

* storing glucose as the polysaccharide glycogen in liver and
muscle tissues

* storing triglyceride lipids within adipose (fat) cells.

Triglyceride lipids, when needed, can be hydrolysed into
two carbon segments that can enter into cell respiration

at a chemical sequence point that is very efficient for the
production of ATP. Thus lipids have about twice the energy
content per gramme compared with other molecules, such
as carbohydrates and proteins, that are also used for cell
respiration.

Lipids have another advantage as a long-term energy storage
molecule: they are insoluble in water (such as in the aqueous
environments of cytoplasm, intercellular fluid, and blood
plasma), and so they do not upset the osmotic balance of
solutions. If humans were to store large concentrations of
glucose in certain cells of the body for long-term energy
storage, those cells would swell to ridiculous proportions
because the glucose would attract water into the cells due to the
surrounding hypotonic fluids.



Calculating the body mass
index

The use of an indexed value known as the
body mass index (BMI) as an indicator

of healthy weight has recently become
popular. The BMI is a number that reflects
both the weight and the height of a person.
The idea is that people who are taller
should weigh more. There are three ways
that you can determine your BMI:

Some, but not all,
countries make a
concerted effort to
inform their citizens

of the health risks and
benefits of certain foods/
diets. This is why good
scientific research on
the consequences and
benefits of certain food
types is essential.

using a formula, based on either metric
or imperial measurements of weight and
height

using a graph known as a nomogram

to read the BMI value from a central
intersection point between weight and
height measurements

using an online calculator that outputs
the BMI after the height and weight
measurements have been input.

Each of the methods used to determine the
BMI must be correlated with information
concerning the BMI that shows whether a
value reflects someone being underweight,
normal in weight, overweight, or obese. Colorized magnetic resonance image (MRI)
Such charts often come with a caution of a woman with a very high BMI. Among a
that states children and pregnant women myriad of other poss‘lble problenjs, the extra
hould h bl h h body mass present in obese patients puts a
should not use them. Table 2.6 shows the strain on their heart and lungs.
data provided by the Centers for Disease
Control and Prevention (CDC).

Table 2.6 Interpreting BMI values

Below 18.5 Underweight
18.5-24.9 Normal weight
25.0-29.9 | Overweight
30.0 and above | Obese

Here are the two formulas for calculating BMI:
formula 1, metric units, BMI = weight (kg)/[height (m) x height (m)]
formula 2, imperial units, BMI = weight (Ib)/[height (in) x height (in)] x 703

Example 1 (metric): for someone who is 1.70 m and weighs 58 kg, his or her BMI = 58/
(1.7 x 1.7) = 20.1. Therefore this person is categorized as having a normal weight.

Example 2 (imperial): for someone who is 5'10” (5'10” = 70”) and weighs 235 b, his or
her BMI = 235/(70 x 70) x 703 = 33.7 . This person is categorized as obese.
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To learn more about the
three-dimensional models
of cellulose, starch, and
glycogen, and calculating
BMI, go to the hotlinks
site, search for the title

or ISBN, and click on
Chapter 2: Section 2.3.

Looking for patterns,
trends, and discrepancies:
most but not all organisms
assemble proteins from
the same amino acids.
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CHALLENGE YOURSELF

3 Calculate the BMI of a person who is 1.64 m tall and weighs 79 kg. Using Table 2.6, which category
would be used to describe him or her?

4 Calculate your own BMI after measuring your height and current weight.

At the end of this section, use the hotlinks to go to a website that includes a nomogram and online
calculator for determining BMI.

5 Use the online calculator to confirm your own BMI calculation.
6 Use the nomogram to confirm your own BMI calculation.

Section summary
* Carbohydrates are found in nature in three forms: monosaccharides, disaccharides,
and polysaccharides.

* Two specific monosaccharides are covalently bonded together to form a specific
disaccharide.

* As many as thousands of glucose molecules are bonded together to form a variety of
polysaccharides.

* Triglycerides are formed from one glycerol and three fatty acids.

* Saturated fatty acids have no double bonds between carbons in a long chain, whereas
unsaturated fatty acids have one or more double bonds between carbons.

* Cellulose and starch are polysaccharides formed within plant cells; glycogen is a
polysaccharide formed in some animal cells.

* As a result of solubility properties and high energy content, lipids make good long-
term energy storage molecules in many animal cells.

Exercises

6 Write the word equation for the condensation reactions that would produce a triglyceride lipid from
its four molecular subcomponents.

7 Rank these fatty acids types from the least to the most healthy: saturated fatty acid; unsaturated fatty
acid; trans fatty acid.

8 Why is BMI a better reflection of a person’s health compared with body mass alone?

Proteins

Understandings:

© Amino acids are linked together by condensation to form polypeptides.

e There are 20 different amino acids in polypeptides synthesized on ribosomes.

® Amino acids can be linked together in any sequence, giving a huge range of possible polypeptides.
© The amino acid sequence of polypeptides is coded for by genes.

® A protein may consist of a single polypeptide or more than one polypeptide linked together.

® The amino acid sequence determines the three-dimensional conformation of a protein.

e Living organisms synthesize many different proteins with a wide range of functions.

e Every individual has a unique proteome.



Applications and skills:

e Application: Rubisco, insulin, immunoglobulins, rhodopsin, collagen, and spider silk as examples of
the range of protein functions.

e Application: Denaturation of proteins by heat or by deviation of pH from the optimum.

o Skill: Drawing molecular diagrams to show the formation of a peptide bond.

Guidance

® The detailed structure of the six proteins selected to illustrate the functions of proteins is not needed.

® Egg white or albumin solutions can be used in denaturation experiments.

o Students should know that most organisms use the same 20 amino acids in the same genetic code,
although there are some exceptions. Specific examples could be used for illustration.

Formation of polypeptides

Cells use the naturally occurring 20 amino acids to synthesize polypeptides. They do
this under the control of DNA, each polypeptide being created under the control of

a specific area of a specific DNA molecule called a gene. In a multicellular organism,
every cell of that organism has the same set of chromosomes and thus the same DNA.
Each cell that has differentiated to have a specific function in a specific tissue of the
body only uses the genes that are necessary for that cell type. Some of those genes are
almost universal, such as the genes that code for proteins involved in common cell
functions. A good example of this would be the protein components that make up
ribosomes, as all cells need ribosomes. In addition, each specific cell type then uses
the genes that help accomplish the specific activities necessary for that cell type. A cell
of the human pancreas would ‘turn on’ the gene for synthesis of the peptide hormone
insulin, whereas most cells would not activate that gene even though the gene is
present in all human cells. The total number of (possibly) active genes in any living
organism is difficult to determine with accuracy. A current estimate for human beings
is somewhere between 20000 and 25000 genes in each of our cells. This is nothing to
brag about though, as a high gene count falls somewhere between grape plants (which
have about 30000 genes) and chickens (which have about 17000 genes). This shows
why it would be a mistake to correlate the number of genes with organism complexity.
Table 2.7 shows a selection of organisms and their approximate gene count.

Table 2.7 Selected organisms and their approximate number of genes

Common name of the organism Approximate number of genes in
the organism’s genome
Yeast (single-celled fungi) | 6000 ‘
Drosophila (fruit fly) | 14000 ‘
' Rice plant 51000 _|
“ Laboratory mouse 30000 ‘
“ Domestic dog | 19000 ‘
 Humans | 20-25000 |

No matter how many genes an organism has within its genome, all genes are the
genetic code for the possible polypeptides found within that organism, and all
polypeptides are synthesized from the same monomers, specifically amino acids.
Although there are a few exceptions to this, virtually all organisms use the same
genetic code, and they use the same 20 amino acids to construct their polypeptides.
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Figure 2.20 A chart showing
the structures of the 20 amino
acids. The boxed areas shown
are the R-groups of the amino

acids. Note how each amino
acid is identical except for the

variable R-group.
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Figure 2.21 Condensation reaction
between the amino acids alanine and valine.
Note that for simplicity the amine and
carboxyl groups are being shown in a non-
ionized form. This reaction looks the same
for any two amino acids, as the only change
would be to the R (variable) groups.
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new covalent
alanine (peptide bond) valine



Each of the 20 amino acids differs from the others in one bonding location around the
central carbon atom; that difference in structure is called the R or variable group of the CHALLENGE
amino acid (Figure 2.20). You do not need to memorize the R-groups but you do need YOURSELF

to memorize the general structure that applies to all amino acids.
7 Use the amino acid structures

When amino acids are in an aqueous solution, such as cytoplasm or blood plasma, the in Figure 2.20 and draw
amine and carboxyl functional groups ionize, as shown in Figure 2.20. This ionization the following short peptide

. . . consisting of five amino acids.
does not alter the covalent bonding pattern but it does make the functional groups 2 .
The n-terminal end begins

look a little different as each carboxyl group has ‘lost’ a hydrogen ion and each amine with an amine group and the

group has gained a hydrogen ion. c-terminal end finishes with a
carboxyl group.

When polypeptides are synthesized at ribosomes under the control of genes, the n-terminal end [ Valine -

reaction that is occurring is a condensation reaction. The sequence of the amino acids is Glycine - Serine - Threonine

determined precisely by the DNA, but the condensation reactions are virtually identical. - Alanine] c-terminal end

Polypeptides are highly variable

The condensation reactions described above do not occur between any two
amino acids randomly. The order of the amino acids is always determined
by triplets of nucleotides along nucleic acid molecules (DNA and RNA), and
is directed by a ribosome. As there are 20 amino acids, there is a large choice
for the sequence of the amino acids as well as the total number of amino
acids to use within a polypeptide. Each polypeptide that has been selected
for a specific purpose has not only its own amino acid sequence, but also

its own three-dimensional shape; that shape has a dominant influence on
the function of the polypeptide. Even a change in a single amino acid in the
overall sequence of a polypeptide can have drastic effects on its function.

Computer graphic
representation of the structure
of bradykinin, a polypeptide that
is active in human metabolism.

Levels of polypeptide and protein structure

Proteins serve a tremendous variety of functions in cells and organisms; Table 2.8 Despite the apparent

shows you just a few examples. complexity, this is a relatively
short peptide consisting of only

. . . nine amino acids.
Table 2.8 Some examples of proteins and their functions

Rubisco The short-hand name for the enzyme that catalyses the first reaction of the carbon-
. fixing reactions of photosynthesis

A protein hormone produced by the pancreas that results in a decrease of blood sugar
levels and an increase of sugar inside body cells

Laglaallgterelfeleltifisis Another name for an antibody that recognizes an antigen(s) as part of the immune
response

Rhodopsin _' A pigment found in the retina of the eye that is particularly useful in low light conditions

Collagen The main protein component of connective tissue, which is abundant in skin, tendons,
and ligaments

Spider silk A fibrous protein spun by spiders for making webs, drop lines, nest building, and other
uses

Given the myriad of functions of proteins, they have to be capable of assuming
many forms and structures. The function of any particular protein is closely related
to its structure. There are four levels of organization to protein structure: primary,
secondary, tertiary, and quaternary.
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Figure 2.22 Simplistic
example of a polypeptide’s
primary structure.

Figure 2.23 The two
geometric patterns of protein
secondary structures. The
variable or R-groups are not
shown in secondary structures
as they are not involved in
creating the molecular shape.

When trying to identify
individual amino acids
within a large, complex
polypeptide, try to

identify the peptide bonds
between each of the
covalently bonded amino
acids. That bond will
always be a nitrogen atom
bonded to a carbon atom,
with that carbon atom also
doubled bonded to an
oxygen.

Figure 2.24 Molecular model
of the protein structure

of haemoglobin. Each
haemoglobin molecule is
considered to be a single
protein. Each contains four
polypeptide chains held
together in a quaternary
structure. Some of the same
types of bonds important for
creating the tertiary structure
also help to hold quaternary
structure proteins together.
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* Primary protein structure: the sequence of amino acids within the protein; this
sequence determines the three-dimensional shape, as shown below.

* Secondary protein structure: repetitive shapes of either a helix (a spiral staircase
shape) or a pleated sheet (a sheet with corrugated folds), e.g. spider silk.

» Tertiary structure: a shape often described as globular, e.g. enzymes.
* Quaternary: two or more polypeptides combined together to make a single
functional protein, e.g. haemoglobin.

H

\N
v

a-helix

hydrogen
bonds

bond angles produce
a pleated shape

alpha chain

alpha chain

| beta chain

haem group beta chain



Some proteins are more than one polypeptide

Frequently, the terms polypeptide and protein are used interchangeably. In fact, based
on the biochemistry of proteins, the two terms do have a slightly different meaning.
A protein is an organic substance consisting of covalently bonded amino acids, and

it is ready to carry out its function. If the protein is an enzyme, it is ready to catalyse
areaction. If the protein is an antibody (immunoglobulin), it is ready to bond to an
antigen as part of an immune response. The point is, a protein is able to carry out its
intended function. That may or may not be true for a polypeptide.

A polypeptide is a single amino acid chain with its own primary
structure. It has a single c-terminal end and a single n-terminal end.
If the single polypeptide is able to carry out its function as it is, then
that polypeptide is considered to be a protein.

Some polypeptides cannot serve a biochemical function until

they combine with one or more other polypeptide(s). If you recall,
this is what is called a quaternary structure. When two or more
polypeptides bond together and then are ready to accomplish their
function, together they are considered to be a single protein.

Your unique proteome

Over the last few decades we have come to know that each
individual organism of a species is genetically different from

all other organisms. This is especially true for organisms that
reproduce by sexual reproduction. The specific DNA sequence that
is unique to one individual is called a genome. As DNA is the genetic code for proteins,
this means that each individual has a unique set of proteins that he or she is capable

of synthesizing. Thus each individual is said to have a unique proteome as well as a
unique genome.

Proteins can be denatured by heat and alteration of the
pH environment

The intra-molecular bonds of proteins that hold together their secondary, tertiary, and
quaternary structures are susceptible to alterations in normal temperature and pH; the
intra-molecular bonds can be disrupted. When a protein takes on a three-dimensional
shape, it does this because of the interactions of the amino acids with each other.

When protein molecules are placed into a temperature environment that is higher
than their physiological optimum, the increased molecular motion puts a great deal
of stress on many of the relatively weak intra-molecular bonds. This can result in the
primary structure remaining intact (the sequence of amino acids connected by peptide
bonds) but the hydrogen bonds often cannot stay in place under the stress caused by
the increased molecular motion. The result is that the protein loses its normal three-
dimensional shape and function. A protein’s function is directly dependent on its
shape; in most instances, as long as the covalent bonds (like peptide bonds) remain
intact, the protein will return to its normal shape and function if it is returned to its
normal temperature.

This is a protein found in the
ribosomes of some bacteria.
The computer model of the
protein clearly shows that the
protein is composed of two
polypeptides. Each of the
polypeptides would require

a different gene within the
bacteria’s genome to code for
its synthesis.

For centuries people have
been selectively breeding
both crops and animals to
increase their food value.
Recently, some companies
have begun genetically
modifying foods using
biotechnology. The jury

is still out regarding
whether this approach
will ultimately be both
beneficial and safe.

is the collection of
proteins found within

a particular cell type

at a specified time
under a specific set

of environmental
circumstances. Cells in
multicellular organisms
differentiate and thus do
not produce the same
proteins even though
they contain the same
genome.

’
), Technically, a proteome
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Some living organisms have
evolved proteins and other
molecules that remain stable
and functional at very high
temperatures. This is a hot
spring called Morning Glory
in Yellowstone National Park,
USA. The brilliant colours you
see in the water are primarily
the result of the growth of
cyanobacteria that can live in
water temperatures as high as
165°C.
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A similar phenomenon occurs when a protein is placed in

a pH environment that is not close to its optimum pH. A
protein will lose its normal three-dimensional shape, and
thus lose its functionality, in these circumstances. When a
fluid environment such as cytoplasm, blood plasma, etc., is
flooded with either H* ions (an acid) or “OH ions (a base), the
extra charges can prevent normal hydrogen bonding. Thus
the protein will not take on its ‘normal’ shape and will not
function normally.

¥ NATURE OF SCIENCE |

Most, but not all, organisms assemble proteins from the same 20
amino acids. Virtually every reference concerning amino acids
will tell you that there are 20 amino acids in nature. It is true that
the universal genetic code (universal indicating that it is used

in the vast majority of organisms on Earth) only encodes 20.

But in nature there are frequently exceptions, and that includes
things that are called 'universal'. If you include all known living
organisms then there are 22 amino acids that are used to create
polypeptides. In addition to the 20 amino acids whose structures
are given in Figure 2.20, there are two additional amino acids
called selenocysteine and pyrrolysine.

Section summary

» Numerous amino acids are bonded together by condensation reactions to form
polypeptides.

* There are 20 different amino acids that differ from each other in only one of the
molecules, an area called the variable or R-group.

* Because polypeptides can differ in both the number and sequence of amino acids,
a huge number of polypeptides exist in nature.

* Amino acids do not bind to other amino acids in a random order: their number and
sequence is determined by a cell’s genetic code.

* A protein is a molecule that has a function. Some proteins are composed of a single
polypeptide and some are composed of two or more polypeptides.

* Amino acids within a protein interact with each other to form internal bonds that
shape the molecule.

* Each cell synthesizes a set of proteins. That set of proteins is known as the proteome
of that cell.

Exercises

9 Study the amino acid chart (Figure 2.20) and find the amino acids that meet the following criteria.

(a) The single amino acid whose non-R-group shape is slightly different compared with all the others.

(b) The two amino acids that contain sulfur atoms.

(c) The five amino acids that contain either a carboxyl or an amine group as part of their R-group.
10 How many peptide bonds would be found in a polypeptide that contains 76 amino acids?

11 Considering only the usual 20 naturally occurring amino acids, how many combinations of amino
acids would be possible if four amino acids were to bond together in a random order?




Understandings:

Enzymes have an active site to which specific substrates bind.

Enzyme catalysis involves molecular motion and the collision of substrates with the active site.
Temperature, pH, and substrate concentration affect the rate of activity of enzymes.

Enzymes can be denatured.

Immobilized enzymes are widely used in industry.

Applications and skills:

Application: Methods of production of lactose-free milk and its advantages.

Skill: Design of experiments to test the effect of temperature, pH, and substrate concentration on
the activity of enzymes.

Skill: Experimental investigation of a factor affecting enzyme activity.

Guidance
Lactase can be immobilized in alginate beads, and experiments can then be carried out in which the
lactose in milk is hydrolysed.
Students should be able to sketch graphs to show the expected effects of temperature, pH, and
substrate concentration on the activity of enzymes. They should be able to explain the patterns or
trends in these graphs.

Enzymes are organic molecules that act as catalysts

Enzymes are proteins. Thus enzymes are long chains of amino acids that have taken
on a very specific three-dimensional shape. Think of a flexible metal wire that can
be bent many times into what is called a globular shape. This shape is complex and
at first glance appears to be random, but in enzymes (and

other globular proteins) the complex shape is not random: it

is very specific. Somewhere in the three-dimensional shape

of the enzyme is an area that is designed to match a specific
molecule known as that enzyme’s substrate. This area of the
enzyme is called the active site. The active site of an enzyme
matches the substrate in a similar way to a glove fitting a hand.
In this analogy, the glove represents the active site and the hand
represents the substrate.

Another analogy that is very commonly used for enzyme-—
substrate activity is a lock and key. In this analogy, the lock
represents the enzyme’s active site and the key represents the
substrate. Because the three-dimensional shape of the internal
portion of the lock is complex and specific, only one key will
fit. The same principle is generally true for enzymes and their
substrates: they are specific for each other.

It is not enough for an enzyme’s substrate(s) to just enter an
active site. The substrate(s) must enter with a minimum rate of
motion that will provide the energy necessary for the reaction
to occur. Enzymes do not provide this energy, they simply
lower the energy minimum that is required. The energy being
referred to is called the activation energy of the reaction. Thus
enzymes lower the activation energy of reactions. Enzymes

y D Experimental design:

accurate, quantitative
measurements in enzyme
experiments require
replicates to ensure
reliability.

This computer graphic

shows an enzyme (the larger
molecule on the right) and its
substrate. Notice the active site

on the left-hand side of the
enzyme.




Figure 2.25 The effect of
increasing temperature on the
rate of an enzyme-catalysed
reaction.

Whether or not an enzyme
is permanently destroyed
by denaturation is largely
dependent on whether
covalent bonds (such

as peptide bonds) have
broken. DNA determines
the order of amino acids,
and they have no way of
reassembling properly if
they become detached
from each other.
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are not considered to be reactants and are not used up in the reaction. An enzyme
can function as a catalyst many, many times. In addition, an enzyme cannot force a
reaction to occur that would not otherwise happen without the enzyme; however,
the reaction may be much more likely to occur with an enzyme because the input of
energy (activation energy) required will be lower with the enzyme present.

Factors affecting enzyme-catalysed reactions

When you are considering the various environmental factors that affect enzyme-
catalysed reactions, you must first remember that all chemical reactions are
fundamentally molecules colliding. If the molecules that are colliding do so at a high
enough rate of speed and the molecules have the capability of reacting with each
other, then there is a chance that a reaction will occur. Enzymes cannot change those
fundamentals.

Effect of temperature

Imagine an enzyme and its substrate floating freely in a fluid environment. Both the
enzyme and substrate are in motion and the rate of that motion is dependent on the
temperature of the fluid. Fluids with higher temperatures will have faster moving
molecules (more kinetic energy). Reactions are dependent on molecular collisions
and, as a general rule, the faster molecules are moving, the more often they collide, and
with greater energy. Reactions with or without enzymes will increase their reaction
rate as the temperature (and thus molecular motion) increases. Reactions that use
enzymes do have an upper limit, however (see Figure 2.25). That limit is based on the
temperature at which the enzyme (as a protein) begins to lose its three-dimensional
shape because the intra-molecular bonds are being stressed and broken. When an
enzyme loses its shape, including the shape of the active site, it is said to be denatured.
Denaturation is frequently temporary, as in many instances the intra-molecular bonds
will re-establish when the temperature returns to a suitable level.

enzyme starts to lose its
shape, so reaction rate
begins to slow down

further increase in
temperature leads to a
rapid decline in reaction
rate as enzyme continues
to denature

increase in
molecular

coIIisV

increasing temperature

rate of enzyme-
catalysed reaction

-
=

The active site of an enzyme typically includes many amino acids of that protein. Some
amino acids have areas that are charged either positively or negatively. The negative
and positive areas of a substrate must match the opposite charge when the substrate is
in the active site of an enzyme, in order for the enzyme to have catalytic action. When
a solution has become too acidic, the relatively large number of hydrogen ions (H*) can
bond with the negative charges of the enzyme or substrate, and prevent proper charge




matching between the two. A similar scenario occurs when a solution has become too
basic: the relatively large number of hydroxide ions ("OH) can bond with the positive
charges of the substrate or enzyme, and once again prevent proper charge matching
between the two. Either of these scenarios will result in an enzyme becoming less
efficient, and in extreme situations becoming completely inactive. One further
possibility is that the numerous extra positive and negative charges of acidic and basic
solutions can result in the enzyme losing its shape and thus becoming denatured.

There is no one pH that is best for all enzymes (see Figure 2.26). Many of the enzymes
active in the human body are most active when in an environment that is near neutral.
There are exceptions to this, however; for example, pepsin is an enzyme that is active
in the stomach. The environment of the stomach is highly acidic and pepsin is most
active in an acidic pH.

some specialized
enzymes have

optimum pH
A that is acidic m(::]t e;zymes Figure 2.26 The effect
Ik? q eh uman of pH on the rate of
c Ot,y ave H an enzyme-catalysed
o 2 optimum p reaction. This illustrates
ETC near 7 . :
] that there is no single pH
So that is best for all enzymes.
% 2
>
25
Cw
v
acidic neutral basic
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Effect of substrate concentration

If there is a constant amount of enzyme, as the concentration of a substrate increases,
the rate of reaction will increase as well (see Figure 2.28). This is explained by the idea
of increased molecular collisions. If you have more reactant molecules, there are more
to collide. There is a limit to this, however, because enzymes have a maximum rate at
which they can work. If every enzyme molecule is working as fast as possible, adding

more substrate to the solution will not increase the reaction rate further (see Figure 2.28).

every enzyme molecule is
working as fast as possible

Figure 2.28 The effect of
increasing the substrate
concentration on the rate
of an enzyme-catalysed
reaction.

increasing number of substrate
molecules, therefore more collisions

rate of enzyme-
catalysed reaction

Y

increasing substrate concentration
(assumes enzyme concentration unchanged)

Use of immobilized enzymes in industry

Cells are not the only ‘factories’ that make good use of enzymes. In the last 50 years,
many industrial applications have been developed that make use of these catalytic
proteins. However, there are major problems that have to be overcome. For example,

pH

strongly acidic

weakly acidic

neutral 7

weakly alkaline

strongly alkaline

Figure 2.27 The pH scale.
Most fluids within the human
body are close to neutral. The
pH of blood plasma is typically
7.4, making it very slightly
alkaline.

The pH scaleis a
logarithmic scale. This
means that each whole
number on the pH
scale represents an
increase or decrease

by a power of 10. Thus
a solution with a pH of
4 has 10 times more
relative hydrogen

ions compared with a
solution with a pH of 5.
That same solution with
a pH of 4 has 100 times
more relative hydrogen
ions compared with a
solution with a pH of 6.
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if you want to catalyse one particular reaction, you need a pure enzyme, not a mixture
as found in cells. Extracting or producing pure enzymes in the large quantities needed
for industrial use is expensive. Because of their cost, enzymes in industry need to be
reused repeatedly. The problem is that it is difficult to remove enzymes from liquid
products in solutions so that the enzymes can be used further. One answer to this
problem is to invent ways to trap the enzymes in place and prevent them from getting
washed out with the products. Researchers found that an enzyme could be held in
place in tiny pores on beads of a substance called calcium alginate. Those enzymes
trapped in the pores are said to be immobilized. As long as the alginate beads are
recovered in the industrial process, the enzymes are also recovered and can be reused.

Use of immobilized lactase to produce lactose-free milk

The majority of humans are born with the ability to digest lactose, one of the most
common sugars found in milk. The reason for this is that we are born with the ability
to produce the enzyme lactase in our digestive tract. Lactase is the enzyme that
digests the disaccharide lactose into two monosaccharides (glucose and galactose);
the monosaccharides are much more readily absorbed into the bloodstream. Most
people lose the ability to produce lactase as they get older, and by adulthood no
longer produce any significant amount of lactase. These people are said to be lactose
intolerant. Normal milk and milk products enter their digestive tract and are not
digested; instead the normal bacterial colonies in their intestines feed directly on the
lactose. In effect, these bacterial colonies are being overfed. This leads to symptoms
such as cramping, excessive gas, and diarrhoea.

It has been found that
there is an extremely

high incidence of lactose
intolerance in some ethnic
groups and a relatively low
incidence in others. This is
a good example of natural
variation in a population.

There are more people
with lactose intolerance
than there are people who
do not have the condition.
In genetics, lactose
intolerance is called

the wild-type (the most
common phenotype in a
natural population).

In order to avoid these unpleasant symptoms, people who are lactose intolerant can
eat milk and milk products that have been treated with lactase before consumption.
With this treatment, the nutrients in the milk are not affected but the disaccharide
lactose has been pre-digested, so a lactose-intolerant person is able to absorb the
monosaccharide sugars.

One of the ways to pre-digest milk products on a large industrial scale is to use the
method described above. Specifically, lactase enzyme molecules are trapped in the
small pores of alginate beads and then milk and milk products are exposed to these
beads for enough time for pre-digestion to occur.

Investigation of factors affecting enzyme activity
*Safety alerts: Eye protection and lab aprons should be worn for all stages of these
experiments.*

Enzymes are protein catalysts. The catalytic ability of an enzyme can be optimized in certain pH
and temperature environments, as well as by increasing the substrate concentration available
to the enzyme. Because enzymes are proteins, they are subject to the same denaturing factors
that affect all other proteins, including pH environments that are far from their optimum, and
temperature environments that put stress on their internal bonds that help shape the molecule.

Note: This lab is designed for a class to be divided into three groups, each assigned one of the
following questions.

1 What is the effect of altering the pH environment on the activity of the enzyme lactase?
Hypothesis for question 1: the optimum pH environment for lactase will be slightly acidic
(pH 6.0-6.5).

2 What is the effect of altering the temperature environment on the activity of the enzyme

lactase? Hypothesis for question 2: the optimum temperature environment for lactase will
be 25°C.
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3 What is the effect of altering the concentration of substrate (lactose) on the activity of the
enzyme lactase? Hypothesis for question 3: the optimum substrate concentration for lactase
will be a ratio of 20 parts lactose by mass to 1 part lactase by mass.

* The following locally available reagents will need to be purchased: lactose powder (available
from food shops), lactase powder or tablets, and glucose test strips (available from
pharmacies). An alternative to using glucose test strips is to use Benedict’s reagent, following
standard protocols. An alternative for lactose powder is milk; use powdered milk if you want
to compare the ratio of lactose mass to lactase mass, as in question 3.

* Inaddition, pH strips or another means of measuring the pH of solutions will be needed for
the pH group, as well as buffered solutions for the desired pH. Bulb thermometers will be
needed for the temperature group, and a mass scale for the substrate concentration group.

* Standard glassware and supplies, such as stirring rods, spatulas, test tubes, beakers, etc., will
also be needed, based on your chosen techniques for carrying out the tests.

* To make the enzyme solution (lactase), crush and add one lactase tablet to 200 ml water. Stir
well until completely dissolved.

* To make the substrate solution (lactose), starting with powdered milk, follow the instructions
given with the powder, and then decant the volumes needed.

* To carry out a negative control test (one that is designed to purposely give negative results),
test the lactose solution using either a glucose test strip or Benedict's reagent (to show the
absence of glucose).

* To carry out a positive control test (one that is designed to purposely give positive results), in
a test tube add 2 ml of liquid milk and 1 ml of enzyme solution. Immediately mix well and
start a timer. Test the solution for the presence of glucose after each 1-minute time period
until the test is positive for glucose. Record the time necessary to achieve this positive result.

Each group will need to use the above standard procedures to design and carry out their

own investigation by altering the solution pH, solution temperature, or the ratio of the mass

of substrate to mass of enzyme (this mass ratio investigation should be based on the mass

of the substrate and enzyme when in powder/tablet form). The dependent variable in each

investigation will be the time necessary to achieve a positive glucose test.

Commercially available lactase has been formulated to still be active in the stomach and so is

not sensitive to alterations in various acidic pH environments. Thus this investigation should

attempt to start at a slightly acidic pH and have various increments to (safe) alkaline solutions.

Commercially available lactase is also quite temperature tolerant and will not completely

denature until boiled for about 30 minutes.

Section summary

* Reactions that are catalysed by enzymes involve molecular collisions between the
substrate(s) and the active site of the enzyme.

* Each enzyme has its own optimum pH and temperature environment in which it is
most efficient.

* Reactions catalysed by enzymes are sensitive to changes in pH, temperature, and
substrate concentration.

* Temperatures and pH environments that are far from optimum for an enzyme may
result in the enzyme losing its three-dimensional shape, thus losing its activity. This is
known as denaturing an enzyme.

* Modern industries sometimes make use of enzymes immobilized on alginate beads

in order to facilitate recovery of the enzymes for future use. & leam ronE Asou

enzymes, go to the
hotlinks site, search for the
title or ISBN, and click on
Chapter 2: Section 2.5

Exercises

12 Briefly explain why enzymes and substrates are specific for each other.

13 Why are enzymes considered to be catalysts of reactions?

14 How much more acidic is a solution of pH 3 compared with a solution of pH 6?
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Structure of DNA and RNA

Using models as
representations of the real
world: Crick and Watson
used model making to
discover the structure of
DNA.

Understandings:

® The nucleic acids DNA and RNA are polymers of nucleotides.

© DNA differs from RNA in the number of strands present, the base composition, and the type of
pentose.

® DNA is a double helix made of two antiparallel strands linked by hydrogen bonding between
complementary base pairs.

Applications and skills:

e Application: Crick and Watson's elucidation of the structure of DNA using model making.
o Skill: Drawing simple diagrams of the structure of single nucleotides of DNA and RNA, using

For many years most circles, pentagons, and rectangles to represent phosphates, pentoses, and bases.

scientists all over the
world believed it was
protein, not DNA, that
contained our genetic
information. Research
conducted in the first

few decades of the 20th
century demonstrated that
DNA contains our genetic
blueprint.

Guidance

e |n diagrams of DNA structure, the helical shape does not need to be shown, but the two strands
should be shown antiparallel. Adenine should be shown paired with thymine, and guanine with
cytosine, but the relative lengths of the purine and pryimidine bases do not need to be recalled, nor
the numbers of hydrogen bonds between the base pairs.

Nucleotides are the building blocks of nucleic acids

As you learned earlier in this chapter, nucleic acids are one of the major carbon-based
groups. There are three major examples of nucleic acids in nature. They are adenosine
triphosphate (ATP), deoxyribonucleic acid (DNA), and ribonucleic acid (RNA). ATP
functions as an energy storage compound. Other nucleic acids function as coenzymes.
In this section we will focus on DNA and RNA. DNA and RNA are involved with the
genetic aspects of the cell.

Both DNA and RNA are polymers of nucleotides. Individual nucleotides are referred
to as monomers and always consist of three major parts: one phosphate group, one
5-carbon monosaccharide, and a single nitrogenous base. Chemical bonds occur at
specific locations in order to produce a functional unit. Look at Figure 2.29.

Figure 2.29 The first diagram o OH
represents the structure of phosphate \ ribose sugar or
a nucleotide showing bond group HO_P\ deoxyribose sugar
locations. The second diagram ¢
represents the structure of a \ 10of4

general nucleotide using the l—l
symbols suggested by the IB. \ / \

— nitrogenous base

It is important to note that in the diagram circles are used to represent phosphates,
pentagons are used to represent 5-carbon sugars (also called pentoses), and rectangles
are used to represent nitrogenous bases. All IB drawings involving nucleotides should
use these symbols.
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All the bonds within the nucleotide involve the sharing of electrons, and are therefore
referred to as covalent bonds. The phosphate group is the same in DNA and RNA.
However, there are five possible nitrogenous bases, which are shown in Table 2.9.

5
Table 2.9 The five nitrogenous bases HOCH,

o. OH
|4,/ N\ |1,
C C

RNA nitrogenous bases

DNA nitrogenous bases

: : ; \H H |
. Adenine (A) . Adenine (A) | HS,' lz’/H
Uracil (U) Thymine (T) (|: ]

Cytosine (C) Cytosine (C)

Deoxyribose

Guanine (G) Guanine (G)

The base uracil only occurs in RNA, not DNA, and the base thymine only occurs
in DNA, not RNA. When drawing nucleotides, it is common practice to put the
capitalized first letter of the base inside the rectangle.

The sugar differs in the nucleotides of DNA and RNA. DNA nucleotides contain the
pentose known as deoxyribose and RNA nucleotides contain ribose. In Figure 2.30,
you can see that they are very similar molecules.

Monomers into polymers

Monomers (single nucleotides) in both DNA and RNA may
bond together to produce long chains or polymers. An
example of such a chain is shown in Figure 2.31.

In Figure 2.31, each adjoining nucleotide has been

drawn in a different colour to emphasize the nucleotide
structure. Notice that the chain has an alternating
pentose—phosphate backbone, with the nitrogenous
bases extending outward. The importance of the order

of these nitrogenous bases will be discussed later in
conjunction with the genetic code. The nucleotides attach
to one another to form a chain as a result of condensation
reactions forming connecting covalent bonds.

Single strand or double strand

RNA is composed of a single chain or strand of

nucleotides, while DNA consists of two separate chains

or strands of nucleotides connected to one another by weak hydrogen bonds. The
strands of both DNA and RNA may involve very large numbers of nucleotides. For

the two strands of DNA, imagine a double-stranded DNA molecule as a ladder (see
Figure 2.32). The two sides of the ladder are made up of the phosphate and deoxyribose
sugars. The rungs of the ladder (what you step on) are made up of the nitrogenous
bases. Because the ladder has two sides, there are two bases making up each rung.

The two bases making up one rung are said to be complementary to each other. The
complementary base pairs are adenine (A)—thymine (T) and cytosine (C)—guanine (G).

| Figure 2.30 Nucleotide sugars.

HOCH,
| /O\OlH
c¥ c
I\H H/I
Y| |/

3c_CZ
I
OH

Ribose

CHALLENGE
YOURSELF

8 Use the symbols mentioned
on page 88 to represent all
the possible nucleotides of
DNA. Once you have done
that for DNA, do the same
for RNA.

Figure 2.31 Five nucleotides

bonded to form a very small

section of a strand of DNA or
RNA.

CHALLENGE
YOURSELF

9 Examine the first diagram
in Figure 2.29 representing
the general structure of a
nucleotide. Notice that the
carbons of the pentose are
numbered. These numbers
are always placed in this
way for both ribose and
deoxyribose. Now look at
Figure 2.31, in which five
nucleotides are connected
together. Answer the
following.

(a) Inthe polymer, which
numbered carbons are
always attached to the
phosphate group?

(b) In a monomer, what
number carbon is
always attached to the
phosphate group?

(c) Which carbon is
always attached to the
nitrogenous base?
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Figure 2.32 A small section

of a double-stranded DNA
molecule showing hydrogen
bonds between complementary
nitrogenous bases. The two
single strands that make up the
double-stranded molecule run
in opposite directions to each
other. The term that describes
this is ‘antiparallel’. Thus we

say that the two strands of the
double helix are antiparallel and
complementary to each other.

Even though the first
accurate model of DNA
was produced by James
Watson (American) and
Francis Crick (British)

in 1953, many other
scientists from around the
world contributed pieces
of information that were
instrumental in developing
the final model. Erwin

3

We can now use all of this information to construct a simple, yet accurate, drawing of
DNA. In Figure 2.32, it is essential to note that one strand of DNA has the 5-carbon,
often referred to as the 5-prime (5) carbon, unattached and on top. At the bottom of

Chargaff (Austrian) had
determined that the
numbers of adenine and
thymine bases were equal,
as were the numbers of
cytosine and guanine
bases. Rosalind Franklin
(British) and Maurice
Wilkins (born in New
Zealand) had calculated
the distance between the
various molecules in DNA
by X-ray crystallography.

Even though some
information was
exchanged, the
development of the first
accurate model of DNA
was highly competitive.
Several groups in different
parts of the world were
trying to make sense of
shared knowledge to
produce an appropriate
model. Some scientists did
not share their research or
findings. How is this ‘anti-
scientific’? Discuss what
can be done to increase
the sharing of personal
knowledge in scientific
research.
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Figure

2.33 This
artwork shows
complementary
base pairs

and hydrogen
bonding in
DNA. Note that
thymine and
cytosine are
much smaller
molecular
structures than
adenine and
guanine.



that same strand notice that the 3- or 3-prime (3’) carbon is unattached. If you look at
the opposite strand of deoxyribose and phosphates, you will notice it is the opposite:
the 3’ carbon is at the top and the 5" carbon is at the bottom. These two strands

are therefore said to be antiparallel to one another. Electrical charges related to the
molecules of the two strands cause a characteristic twisting action of the DNA ladder
to produce the double helix shape that Watson and Crick described in the model they
proposed in the early 1950s.

CHALLENGE YOURSELF

10 In order to better understand the basic structures of RNA and DNA, it is useful to compare and
contrast their characteristics. They are actually quite similar. When comparing two compounds,
using a t-chart or a table is recommended. t-charts may take many forms, but all allow a direct
comparison between related items or materials. In this case, complete the table below, which
allows a comparison of the two compounds.

Feature RNA DNA Table 2.10

Number of strands

Bases present

Pentose present

Name of monomers

Francis Crick and James Watson used models to arrive at the structure of DNA. They used data
from many different sources to construct this model successfully. They did not have the ability
to observe the molecule directly, which made the model necessary. The model they produced
was an actual physical model, using wires and symbols representing atoms. Today, many
models are produced using computer-based mathematical models. Regardless of how a model
is produced, it is always subject to modification as more experiments are conducted and more
data are collected.

Section summary

* The subcomponents or ‘building block’ units of DNA are called DNA nucleotides.

* Each DNA nucleotide is composed of a phosphate group, deoxyribose sugar, and one
of four nitrogenous bases.

* The four nitrogenous bases within DNA nucleotides are adenine, thymine, cytosine,
and guanine.

* DNA is a double-stranded molecule, with each strand composed of nucleotides
where the sugar of one nucleotide is covalently bonded to the phosphate group of the
next nucleotide.

* The two strands of DNA are held together by hydrogen bonding between the
complementary base pairs cytosine—guanine and adenine—thymine.

* DNA is described as having two antiparallel strands because the two strands are
aligned in opposite directions.

* RNA is another nucleic acid. It is composed of only one strand. Its RNA nucleotides
differ from DNA nucleotides in that they contain a different pentose: ribose in place
of deoxyribose. RNA nucleotides also contain the nitrogenous base uracil, which
takes the place of thymine in DNA nucleotides.

91



To learn more about

DNA structure, go to the
hotlinks site, search for the
title or ISBN, and click on
Chapter 2: Section 2.6.

NATURE OF SCIENCE

Obtaining evidence
for scientific theories:
Meselson and Stahl
obtained evidence for
the semi-conservative
replication of DNA.
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Exercises

15 Why do researchers often give DNA information as the sequence of nitrogenous bases without
indicating the presence of the phosphate group and sugar component of each nucleotide?

16 Starting with a blank piece of paper, practise drawing a ladder diagram of DNA in which the
nitrogenous base sequence of one strand is C, T, G, G, A, T. Be sure to include a representation of the
phosphate groups and deoxyribose sugar in each nucleotide.

DNA replication, transcription,
and translation

Understandings:

e The replication of DNA is semi-conservative and depends on complementary base pairing.

® Helicase unwinds the double helix and separates the two strands by breaking hydrogen bonds.

© DNA polymerase links nucleotides together to form a new strand, using the pre-existing strand as
atemplate.

e Transcription is the synthesis of MRNA copied from the DNA base sequences by RNA polymerase.

e Translation is the synthesis of polypeptides on ribosomes.

® The amino acid sequence of polypeptides is determined by mRNA according to the genetic code.

® Codons of three bases on mRNA correspond to one amino acid in a polypeptide.

e Translation depends on complementary base pairing between codons on mRNA and anticodons
on tRNA.

Application and skills:

 Application: Use of Tag DNA polymerase to produce multiple copies of DNA rapidly by the
polymerase chain reaction (PCR).

e Application: Production of human insulin in bacteria as an example of the universality of the
genetic code allowing gene transfer between species.

@ Skill: Use a table of the genetic code to deduce which codon(s) corresponds to which amino acid.

o Skill: Analysis of Meselson and Stahl's results to obtain support for the theory of semi-conservative
replication of DNA.

@ Skill: Use a table of mMRNA codons and their corresponding amino acids to deduce the sequence
of amino acids coded by a short mRNA strand of known base sequence.

@ Skill: Deducing the DNA base sequence for the mRNA strand.

Guidance
® The different types of DNA polymerase do not need to be distinguished.

DNA replication involves ‘unzipping’

Cells must prepare for a cell division by doubling the DNA content of the cell in a
process called DNA replication. This process doubles the quantity of DNA and also
ensures that there is an exact copy of each DNA molecule. In the nucleus of cells
are two types of molecules that are particularly important for the process of DNA
replication; they are:

* enzymes needed for replication, which include helicase and a group of enzymes
collectively called DNA polymerase

« free nucleotides, which are nucleotides that are not yet bonded and are found floating
freely in the nucleoplasm, some contain adenine, some thymine, some cytosine, and
some guanine.

One of the early events of DNA replication is the separation of the double helix into
two single strands. You should remember that the double helix is held together by the



hydrogen bonds between complementary base pairs (adenine and thymine, cytosine

. . . .. . . Helicase can catalyse the
and guanine). The enzyme that initiates this separation into two single strands is called

unzipping of DNA at a rate
helicase. Helicase begins at a point in or at the end of a DNA molecule, and moves measured in hundreds of
one complementary base pair at a time, breaking the hydrogen bonds so the double- base pairs per second.

stranded DNA molecule becomes two separate strands.

The unpaired nucleotides on each of these
single strands can now be used as a template
to help create two double-stranded DNA
molecules identical to the original. Some
people use the analogy of a zipper for this
process. When you pull on a zipper, helicase
is like the slide mechanism. The separation of
the two sides of the DNA molecule is like the
two opened sides of a zipper. See Figure 2.34.

Helicase (currently at about
- the half-way pointin this
G image of a DNA double helix
el G being unzipped) would have
===y started on the left and be
moving towards the right.

CAGGT

G T C C A

unzipped section

Figure 2.34 The first step of
DNA replication is helicase
unzipping the double-
stranded DNA molecule,
forming a section with two

helicase moving S R single strands.

Formation of two complementary strands

As shown in Figure 2.34, once DNA has become unzipped, the nitrogenous bases on
each of the single strands are unpaired. In the environment of the nucleoplasm, there
are free-floating nucleotides. These nucleotides are available to form complementary
pairs with the single-stranded nucleotides of the unzipped molecule. This does not
happen in a random fashion. A free nucleotide locates on one opened strand at one
end, and then a second nucleotide can join the first. This requires these two nucleotides
to become covalently bonded together, because they are the beginning of a new strand.
The formation of a covalent bond between two adjoining nucleotides is catalysed by
one of the DNA polymerase enzymes that are important in this process.

A third nucleotide then joins the first two, and the process continues in a repetitive
way for many nucleotides. The other unzipped strand also acts as a template for
the formation of another new strand. This strand forms in a similar fashion, but
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Figure 2.35 DNA replication.

Figure 2.36 A small section of
DNA (shown in the centre of
this artwork) is seen in a DNA
polymerase enzyme.
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DNA polymerase

in the opposite direction to the first strand. In Figure 2.35, notice that one strand
is replicating in the same direction as helicase is moving and the other strand is
replicating in the opposite direction.

The significance of DNA replication is that it ensures that two identical copies of DNA
are produced from one original. The diagram illustrates a very small section of DNA
replicating.

Notice that in the area where replication has already taken place, the two strands
are absolutely identical to each other. This is because the original double-stranded
molecule had complementary pairs of nucleotides and it was the complementary
nucleotides that used the unzipped single-stranded areas as templates.

This also means that no DNA molecule is ever completely new. After replication, every
DNA molecule consists of a strand that is ‘old’ paired with a strand that is ‘new’. DNA
replication is described as a semi-conservative process because half of a pre-existing
DNA molecule is always conserved (saved).



CHALLENGE YOURSELF

11 The experimental work that determined that DNA replication was semi-conservative is often called
‘the most beautiful experiment in biology’. This experiment was carried out by Matthew Meselson
and Frank Stahl, with their results published in 1958. An overview of the experiment and the data
obtained follows.
® Two separate cultures of Escherichia coli bacteria were grown with the presence of either a ‘heavy’

isotope of nitrogen, °N, or an ordinary ‘light’ isotope of nitrogen, "N.

® After many generations, the DNA in each bacteria culture contained either the heavy form or the
light form of nitrogen. The nitrogen was part of the nucleotides’ nitrogenous bases.

® Bacteria of each culture were treated to release their DNA into a solution.
® The solution with DNA from both cultures was then centrifuged at high speed.

® The result was two bands of DNA, the band that was lower in solution contained the '°N, the
band that was higher contained the N.

top of red blue
solution band band

In Figure 2.37, you can see the two bands. The lower, blue, band had the heavier nitrogen, °N.

This first tube represented a ‘standard’ to which future results could be compared.

® A new culture of E. coli was grown in the >N medium for many generations, to ensure all the
DNA present was '°N. A DNA sample was obtained and centrifuged. This became generation 0.

® At the same time as generation O was obtained, some of the bacteria were placed in a "N

culture medium and allowed to grow for 20 minutes, which is the generation time for E. coli

grown in optimal conditions.

* Asample was then taken, processed, and centrifuged to produce generation 1. This same process
was continued so that four generations were obtained, each being processed and centrifuged.

Figure 2.38 represents the results obtained.

generation
0 100%

2 50% SO‘VD
3 75% 25‘7)
4 88% 12%)

Figure 2.37 Meselson and
Stahl's experiment.

Figure 2.38 Meselson and
Stahl's results.

Meselson and Stahl's
experiment was
performed half a century
ago, but it employed
techniques widely used
in today's biological
research. Meselson and
Stahl made predictions
based on a number of
possible models. They
then performed specially
designed experiments to
gather data to support one
of these models.
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Answer these questions from the results obtained.

(a) In semi-conservative replication, the new molecule of DNA has one strand from the original
molecule and one new strand produced from nucleotides in the surrounding environment.
How does generation 1 support this model?

(b) Why does generation 2 support the semi-conservative model?

The results of Meselson and Stahl’s experiment are summarized in Figure 2.38. Notice
the colours of the original strand of DNA and how one ‘parent strand’ becomes one of
each of the new strands produced by replication.

parent
DNA replication summary
/ \ Cells replicate their DNA in preparation for a cell division.

Helicase is an enzyme that separates the double-stranded DNA molecule
into two single strands.

products Free-floating (unattached) nucleotides provide the building block units for

of first synthesizing a new DNA strand.

replication Existing DNA strands are used as a template for new strands of DNA by

making use of complementary base pairing.
DNA replication is called semi-conservative because each resulting DNA
molecule is actually an ‘old’ strand now paired with a ‘new’ strand.

Figure 2.39 This figure . )
demonstrates the general Protein SyﬂtheSIS
process of semi-conservative

replication of DNA. The control that DNA has over a cell is determined by a process called protein

synthesis. In simple terms, DNA controls the proteins produced in a cell. Some of the
proteins produced are enzymes. The production (or lack of production) of a particular
enzyme can have a dramatic effect on the overall biochemistry of the cell. Thus DNA
indirectly controls the biochemistry of carbohydrates, lipids, and nucleic acids with the
production of enzymes.

This computer graphic
shows an insulin molecule.
Insulin is a protein hormone
and is produced by protein
synthesis.
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Protein synthesis involves two major sets of reactions, transcription and translation.
Both either produce or require a type of nucleic acid called RNA, which was discussed
in Section 2.6.

Transcription produces RNA molecules

The sections of DNA that code for polypeptides are called genes. Any one gene

is a specific sequence of nitrogenous bases found in a specific location in a DNA
molecule. Molecules of DNA are found within the confines of the nucleus, yet
proteins are synthesized outside the nucleus in the cytoplasm. This means that there
has to be an intermediary molecule that carries the message of the DNA (the code)
to the cytoplasm where the enzymes, ribosome, and amino acids are found. This
intermediary molecule is called messenger RNA (mRNA).

The nucleoplasm (fluid in the nucleus) contains free nucleotides, as mentioned earlier.
In addition to the free nucleotides used for DNA replication, the nucleoplasm also
contains free RNA nucleotides. Each of these is different from the DNA counterpart,
because RNA nucleotides contain the sugar ribose not deoxyribose. Another major
difference is that no RNA nucleotides contain thymine; instead there is a nitrogenous
base unique to RNA, called uracil.

The transcription process

The process of transcription begins when an area of DNA of one gene becomes
unzipped (see Figure 2.40). This is very similar to the unzipping process involved in
DNA replication, but in this case only the area of the DNA where the particular gene is
found is unzipped. The two complementary strands of DNA are now single-stranded
in the area of the gene. Recall that RNA (which includes mRNA) is a single-stranded

molecule. This means that only one of the two strands of DNA will be used as a Figure 2.40 Transcription

template to create the mRNA molecule. An enzyme called RNA polymerase is used as (synthesis of an RNA

the catalyst for this process. molecule). RNA polymerase
has helicase-like activity as

As RNA polymerase moves along the strand of DNA acting as the template, RNA it plays a role in opening the

nucleotides float into place by complementary base pairing. The complementary base DNA double helix. Italso

pairs are the same as in double-stranded DNA, with the exception that adenine on the catalyses the addition of free

. . . . . K RNA nucleotide to the growing
DNA is now paired with uracil on the newly forming mRNA molecule. Consider the MRNA strands.

following facts concerning transcription:

* only one of the two strands of DNA is

Ais the gene RNA polymerase
‘copied,’ the other strand is not used e
RGGCTTACG T,
* mRNA is always single- GUCCGAAUGCAy
stranded and shorter than the “bed

o =5
A

DNA that it is copied from,
as it is a complementary
copy of only one gene

* the presence of thymine in a
molecule identifies it as DNA
(the presence of deoxyribose is
another clue)

* the presence of uracil in a molecule %_ G %_A
identifies it as RNA (the presence of /
ribose is another clue). free RNA nucleotides

< G
<k
Gr 160 helicase-like
Cc CA .
Catiaa® activity
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In this model, you can see

mMRNA (upper right) and tRNA
(the clover shape). The amino
acid that would be bonded to
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the tRNA is not shown.

Molecular bj

The genetic code is written in triplets

DNA . mRNA
. —  (transcription) —
triplet (codon)

The mRNA molecule produced by transcription represents a complementary copy

of one gene of DNA. The sequence of mRNA nucleotides is the transcribed version

of the original DNA sequence. This sequence of nucleotides making up the length

of the mRNA is typically enough information to make one polypeptide. As you will
recall, polypeptides are composed of amino acids covalently bonded together in a
specific sequence. The message written into the mRNA molecule is the message that
determines the order of the amino acids. Researchers found experimentally that the
genetic code is written in a language of three bases. In other words, a set of three bases
contains enough information to code for one of the 20 amino acids. Any set of three
bases that determines the identity of one amino acid is called a triplet. When a triplet is
found in an mRNA molecule, it is called a codon or codon triplet. This is shown in the
model below.

Translation results in the production of a polypeptide

There are three different kinds of RNA molecule. They are all single-stranded and each
is transcribed from a gene (a section of DNA).

Here is a quick summary of each RNA type:

* mRNA, messenger RNA, as described above, each mRNA is a complementary copy
of a DNA gene and has enough genetic information to code for a single polypeptide

* rRNA, ribosomal RNA, each ribosome is composed of rRNA and ribosomal protein

* tRNA, transfer RNA, each type of tRNA transfers one of the 20 amino acids to the
ribosome for polypeptide formation.



Figure 2.41 shows a typical tRNA molecule. Notice that the three bases in the middle
loop are called the anticodon bases, and they determine which of the 20 amino acids is
attached to the tRNA.

3'—1 of 20 amino acids
5 bonded here (serine)

tRNA is a single strand of
RNA nucleotides but has
areas where the strand
has complementary base
pairing within itself.

u C

C I .
.\./. 3 anticodon bases

Once an mRNA molecule has been transcribed, the mRNA detaches from the single-
strand DNA template and floats free in the nucleoplasm. At some point, the mRNA
will float through one of the many holes in the nuclear membrane (nuclear pores) and
will then be in the cytoplasm.

The translation process
The mRNA will locate a ribosome and align with it, so that the first two codon triplets
are within the boundaries of the ribosome.

A specific tRNA molecule now floats in: its tRNA anticodon must be complementary
to the first codon triplet of the mRNA molecule. Thus the first amino acid is brought
into the translation process. It is not just any amino acid: its identity was originally
determined by the strand of DNA that transcribed the mRNA being translated. While
the first tRNA ‘sits’ in the ribosome holding the first amino acid, a second tRNA

floats in and brings a second (again specific) amino acid. The second tRNA matches

its three anticodon bases with the second codon triplet of the mRNA. As you can see
in Figure 2.42, two specific amino acids are now being held side by side. An enzyme
then catalyses a condensation reaction between the two amino acids, and the resulting
covalent bond between them is called a peptide bond.

The next step in the translation process involves breaking the bond between the

first tRNA molecule and the amino acid that it transferred in. This bond is no longer
needed, as the second tRNA is currently bonded to its own amino acid, and that
amino acid is covalently bonded to the first amino acid. The first tRNA floats away
into the cytoplasm and invariably reloads with another amino acid of the same type.
The ribosome that has only one tRNA in it now moves one codon triplet down the
mRNA molecule. This, in effect, puts the second tRNA in the ribosome position that
the first originally occupied, and creates room for a third tRNA to float in, bringing
with it a third specific amino acid. The process now becomes repetitive: as another

Figure 2.41 Structure of a
tRNA 3" molecule.

The process of
producing proteins
utilizes a DNA code
that is universal in all
organisms. Because of
this, researchers have
successfully inserted
the human gene that
codes for the production
of human insulin into
bacteria. The result

of this is bacteria that
produce human insulin
that can be used to treat
humans with diabetes.
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Who should decide
how fast and how far
humans should go with

our study of DNA and the
technology that is rapidly
emerging?

Figure 2.42 Events of

translation (synthesis of a

CHALLENGE

polypeptide).

YOURSELF

12 Imagine that an mRNA
leaves the nucleus of a
eukaryotic cell with the
following base sequence:
AUGCCCCGCACGUUUCC
AAGCCCCGGG.

Find an mRNA codon chart
and answer the following.

(a)

(b

~

(c)

100

Determine in sequence
the amino acids that are
coded for by the above
mRNA molecule.
Determine the DNA
code sequence that
gave rise to the above
mRNA codons.

What would the amino
acid sequence be if

the first cytosine of

the mRNA molecule
was replaced with a
uracil? (This would

be the result of a
change occurring in

the DNA molecule that
transcribed this mRNA.)

Molecular b'olo

peptide bond forms, the ribosome moves on by another triplet, and so on. The process
continues until the ribosome gets to the last codon triplet. The final codon triplet will
be a triplet that does not act as a code for an amino acid, instead it signals ‘stop’ to

the process of translation. The entire polypeptide breaks away from the final tRNA
molecule, and becomes a free-floating polypeptide in the cytoplasm of the cell.

previous peptide

bonds created
peptide bond created

methionine

lysine arginine-----.....______ phenylalanine

two tRNA:s fit
within ribosome

each tRNA carries a
specific amino acid

. triplet anticodons

ribosome

triplet codons

Polymerase chain reaction and Tag DNA polymerase

Polymerase chain reaction, also known as PCR, was developed in the 1970s. It is

a means by which DNA replication can be carried out artificially in a laboratory
setting. However, it can only replicate rather short segments of DNA. By replicating
DNA segments, scientists can produce huge numbers of these segments to study
and analyse. It is often used in forensic situations when only a limited amount of the
original DNA has been recovered at a crime scene.

An enzyme is used in PCR that is stable at relatively high temperatures. This

enzyme was discovered in 1985 from a bacterium called Thermus aquaticus (Taq). This
bacterium occurs naturally in hot springs, and its enzymes are not denatured at high
temperatures, including the specific DNA polymerase that it possesses. This DNA
polymerase has been named Taq polymerase and its use has greatly increased the
number of discoveries in the field of gene technology.

Protein synthesis summary

* The genetic information of living organisms (the genetic code) is stored within the
nitrogenous base sequences of DNA.

* RNA molecules of three different types are involved in the use of the DNA genetic
code for the purpose of synthesizing proteins.

* DNA and RNA are both composed of nucleotides, but have many differences in both
structure and function.

* Transcription is the process whereby a gene of DNA is used to create a sequence of
single-stranded RNA nucleotides (most often this is mRNA).

* Each three-base sequence of nucleotides along an mRNA molecule is called a triplet
codon.



* The genetic code is written in a pattern whereby each three-base set (known as a
triplet) codes for one of the 20 amino acids within a protein.

To learn more about

DNA replication and
transcription, and to find
a codon chart, go to the
hotlinks site, search for the
title or ISBN, and click on
Chapter 2: Section 2.7.

* Translation is the process whereby the triplet codons of an mRNA molecule are used
to synthesize a specific protein (polypeptide).

* Translation requires an mRNA, a ribosome, tRNA, amino acids, and enzymes.

* With some exceptions, one gene of DNA provides enough genetic information to
synthesize one polypeptide.

Exercises

17 What type of bonds does helicase act upon?

18 What is the difference between a codon and a triplet?

19 What are the two major sets of reactions in protein synthesis?

20 What are the three major parts of all nucleotides?

NATURE OF SCIENCE

Cell respiration

Assessing the ethics of
scientific research: the
use of invertebrates in

. . respirometer experiments
UnderStandmgS- has ethical implications.
e Cell respiration is the controlled release of energy from organic compounds to produce ATP.
® ATP from cell respiration is immediately available as a source of energy in the cell.

® Anaerobic cell respiration gives a small yield of ATP from glucose.

e Aerobic cell respiration requires oxygen and gives a large yield of ATP from glucose.

Applications and skills:

e Application: Use of anaerobic cell respiration in yeasts to produce ethanol and carbon dioxide in
baking.

e Application: Lactate production in humans when anaerobic respiration is used to maximize the
power of muscle contractions.

o Skill: Analysis of results from experiments involving measurement of respiration rates in
germinating seeds or invertebrates using a respirometer.

Guidance

@ Details of the metabolic pathways of cell respiration are not needed but the substrates and final waste
products should be known.

® There are many simple respirometers that could be used. Students are expected to know that an alkali
is used to absorb carbon dioxide, so reductions in volume are due to oxygen use. Temperature should
be kept constant to avoid volume changes due to temperature fluctuations.

Cell respiration is used by all cells to produce ATP

Organic molecules contain energy in their molecular structures. Each covalent bond in
a glucose, amino acid, or fatty acid represents stored chemical energy. When we burn
wood in a fire, we are releasing the stored chemical energy in the form of heat and
light. Burning is the release of chemical energy called rapid oxidation.

Cells break down (or metabolize) their organic nutrients by slow oxidation. A
molecule, such as glucose, is acted on by a series of enzymes. The function of these
enzymes is to catalyse a sequential series of reactions in which the covalent bonds

are broken (oxidized) one at a time. Each time a covalent bond is broken, a small
amount of energy is released. The ultimate goal of releasing energy in a controlled
way is to trap the released energy in the form of ATP molecules. If a cell does not have
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This is a computer graphic of
glucose. The backbone of the
molecule is shown in stick
form. The spheres represent
the relative sizes of the
individual atoms (CgH1,0).

Figure 2.43 A simplified
version of the events of

glycolysis.

energy to

get reactions

started

glucose
6C
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glucose available, other organic molecules may be substituted, such as fatty acids or
amino acids.

Glycolysis is the first step in the cell respiration process

Assuming that glucose is the organic nutrient being metabolized, all cells begin the
process of cell respiration in the same way. Glucose enters a cell through the plasma
membrane and floats in the cytoplasm. An enzyme modifies the glucose slightly, then
a second enzyme modifies this molecule every more. This is followed by an entire
series of reactions that ultimately cleaves the 6-carbon glucose into two 3-carbon
molecules. Each of these 3-carbon molecules is called pyruvate. Some, but certainly
not all, of the covalent bonds in the glucose are broken during this series of reactions.
Some of the energy that is released from the breaking of these bonds is used to form

a small number of ATP molecules. Notice in Figure 2.43 that two ATP molecules are
needed to begin the process of glycolysis and a total of four ATP molecules are formed.
This is referred to as a net gain of two ATP (a gain of four ATP minus the two ATP
needed at the start).

Some cells use anaerobic respiration for ATP
production

)/

The term ‘cell respiration’ refers to a variety of biochemical
pathways that can be used to metabolize glucose. All of the
pathways start with glycolysis. In other words, glycolysis

2ADP is the metabolic pathway that is common to all organisms
pyr;(\:/ate on Earth. Some organisms derive their ATP completely
4 ATP produced without the use of oxygen and are referred to as anaerobic.
(net gain of 2 ATP) pyruvate The breakdown of organic molecules for ATP production
3C in an anaerobic way is also called fermentation. There are
2 ADP two main anaerobic pathways, which will be discussed

here separately: alcoholic fermentation and lactic acid
fermentation.



Alcoholic fermentation

Yeast is a common single-cell fungus that uses alcoholic fermentation for ATP
generation when oxygen is not present (see Figure 2.44). You will recall that all
organisms use glycolysis to begin the cell respiration sequence. Thus yeast cells take
in glucose from their environment and generate a net gain of two ATP by glycolysis.
The organic products of glycolysis are always two pyruvate molecules. Yeast then
converts both of the 3-carbon pyruvate molecules to molecules of ethanol. Ethanol
is a 2-carbon molecule, so a carbon atom is ‘lost’ in this conversion. The ‘lost’ carbon
atom is given off in a carbon dioxide molecule. Both the ethanol and carbon dioxide
that are produced are waste products from the yeast and are simply released into

the environment. Bakers’ yeast is added to bread products for baking because the
generation of carbon dioxide helps the dough to rise. It is also common to use yeast in
the production of ethanol as alcohol to be drunk.

co,
pyruvate ___~ 5 €ethanol
3C 2C
glucose
6C
co,
pyruvate _L, ethanol
) 3C 2C
—— glycolysis ——

net gain of 2 ATP

Organisms that normally use a cell respiration pathway that involves oxygen
sometimes find themselves in a metabolic situation where they cannot supply
enough oxygen to their cells. A good example of this is a person exercising beyond
his or her normal pattern or routine. In this situation, the person’s pulmonary and
cardiovascular systems (lungs and heart) supply as much oxygen to the body’s cells
as is physically possible. If the person’s exercise rate then exceeds his or her body’s
capacity to supply oxygen, at least some of the glucose entering into cell respiration
will follow the anaerobic pathway called lactic acid fermentation. See Figure 2.45.

Once again, recall that glycolysis is used by all cells to begin the cell respiration
sequence. Also remember that glycolysis:

« takes place in the cytoplasm
« results in the net gain of two ATP molecules per glucose molecule
« results in the production of two pyruvate molecules.

Cells that are aerobic normally take the two pyruvate molecules and metabolize them
further in an aerobic series of reactions. But if a cell is not getting a sufficient amount
of oxygen for the aerobic pathway, i.. is in a low-oxygen situation, excess pyruvate

molecules are converted into lactic acid molecules. Like pyruvate, lactic acid molecules

are 3-carbon molecules, so there is no production of carbon dioxide. What benefit

does this serve? Lactic acid fermentation allows glycolysis to continue with a small gain

of ATP in addition to the ATP that is generated through the aerobic pathway.

Most types of yeast are
facultatively anaerobic,
which means they only
carry out alcoholic
fermentation when oxygen
is not available. If oxygen
is present they actually
carry out a different

type of respiration,

in which ethanol and
carbon dioxide are not
produced. Yeast cells are
eukaryotic and do possess
mitochondria.

Figure 2.44 A simplified
version of the events of
alcoholic fermentation.

All alcohol that is sold to
be drunk is ethanol. Beer,
wine, and spirits contain
different proportions

of ethanol, plus other
ingredients for flavouring.
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Aerobic cell respiration is the most efficient pathway

Cells that have mitochondria usually use an aerobic pathway for cell respiration.
This pathway also begins with glycolysis, and thus has a net gain of two ATP as well
as generating two pyruvate molecules. The two pyruvate molecules then enter a
mitochondrion and are metabolized further.

This high-resolution, false-
colour SEM shows a single
mitochondrion. Any cell
containing mitochondria
uses aerobic cell respiration
as its primary cell respiration
pathway.

Each pyruvate first loses a carbon dioxide molecule and becomes a molecule known
as acetyl-CoA. Each acetyl-CoA molecule enters into a series of reactions called the
Krebs cycle. During this series of reactions, two more carbon dioxide molecules are
produced from each original pyruvate molecule that entered it. The Krebs cycle is
said to be a cycle because it is a series of chemical reactions that begin and end with
the same molecules. This reacquisition of the beginning molecule allows this series of
chemical reactions to be repeated over and over again (see Figure 2.46).

Some ATP is generated directly during the Krebs cycle and some is generated indirectly
through a later series of reactions directly involving oxygen. Aerobic cell respiration
breaks down (or completely oxidizes) a glucose molecule and the end-products

are carbon dioxide and water plus a much higher number of ATP molecules than
anaerobic respiration yields.
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glucose
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pyruvate
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Worked example

Fluid inside mitochondrion

acetyl-CoA also enters

2 - Krebscycle Figure 2.46 Aerobic cell

respiration. Notice that the
4C molecule of the Krebs
cycle combines with the 2C
molecule called acetyl-CoA.
The resulting 6C molecule
then goes through a series

of reactions in which two
carbons are lost in the form of
carbon dioxide. This restores
the 4C molecule that can
begin the cycle all over again.

CO, diffuses

out
O, diffuses in

Respirometers are devices used to measure an organism’s rate of respiration by
measuring the oxygen rate of exchange. They are sealed units in which any carbon
dioxide produced is absorbed by an alkali such as soda lime or potassium hydroxide.
Absorbing the carbon dioxide allows an accurate measurement of oxygen exchange.
These devices may work at a cellular level or at a whole-organism level. Look at

the graph and answer the questions. The y-axis of the graph represents the relative

amount of oxygen used.
5

germinating (22°c)

N
|

i

oxygen consumption (ml)

germinating (12°c)

Figure 2.47 Oxygen
consumption by germinating
and non-germinating pea
seeds at 12°C and 22°C.

non-germinating (22°c)

time (min)

T T T T T
40 45 50 55 60
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To learn more about

aerobic cell respiration,

go to the hotlinks site,
search for the title or
ISBN, and click on
Chapter 2: Section 2.8.
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1 Inthe germinating pea seeds, what type of respiration is occurring? What is the
evidence for this answer?

Why is the oxygen consumption of non-germinating pea seeds very low?

3 Why would the germinating seeds show a greater oxygen consumption at 22°C
than at 12°C?

4 Predict how the graph would look for non-germinating seeds at 12°C.

Solutions

1 Aerobic. There is a significant amount of oxygen consumption occurring.
They are not carrying out respiration and have a low metabolic rate.

3 At 22°C the rate of respiration is faster than at 12°C. Therefore, there is a greater
oxygen consumption at the higher temperature.

4 The line of the graph would be almost right on the non-germinating (22°C) line
that exists now. A prediction that it would be just slightly lower is best.

Fn] NATURE OF SCIENCE _

It is tempting to places invertebrates in respirometers to determine oxygen consumption.
However, the use of invertebrates in such experiments has ethical implications. It is essential
to refer to the IB animal experimental policy before carrying out any procedures on animals. A
discussion of the ethics of animal use in respirometer experiments would be wise at this point.

Section summary

* Cells obtain energy by the slow oxidation of organic molecules such as glucose in a
series of reactions referred to as cell respiration.

* The first stage of cell respiration is called glycolysis and occurs in the cytoplasm of all
cells.

* During glycolysis, glucose is broken down (oxidized) into two 3-carbon molecules
called pyruvate.

* Glycolysis yields a net gain of two ATP molecules per molecule of glucose oxidized.

* Organisms that use an anaerobic form of cell respiration called alcoholic
fermentation convert pyruvate into ethanol.

* Aerobic organisms under anaerobic conditions use a form of cell respiration known
as lactic acid fermentation. Each pyruvate molecule is temporarily converted into a
molecule of lactic acid.

* Aerobic cell respiration completely oxidizes glucose into carbon dioxide and water,
and is by far the most efficient cell respiration pathway (it produces the most ATP per
glucose oxidized).

* Organisms that have mitochondria within their cells are capable of aerobic cell
respiration.

Exercises

21 Which stage of cell respiration is common to all types of cell respiration?

22 Where does this stage of cell respiration occur in a cell?
23 Why does that make sense?
24 Why do we inhale oxygen and exhale carbon dioxide?




PhOtosyntheSiS ' Experimental design:

controlling relevant
variables in photosynthesis
experiments is essential.

Understandings:

® Photosynthesis is the production of carbon compounds in cells using light energy.

e Visible light has a range of wavelengths, with violet the shortest wavelength and red the longest.

e Chlorophyll absorbs red and blue light most effectively, and reflects green light more than other
colours.

® Oxygen is produced in photosynthesis from the photolysis of water.

e Energy is needed to produce carbohydrates and other carbon compounds from carbon dioxide.

® Temperature, light intensity, and carbon dioxide concentration are possible limiting factors on the
rate of photosynthesis.

Applications and skKills:

e Application: Changes to the Earth's atmosphere, oceans, and rock deposition due to
photosynthesis.

o Skill: Drawing an absorption spectrum for chlorophyll, and an action spectrum for photosynthesis.

o Skill: Design of experiments to investigate the effect of limiting factors on photosynthesis.

e Skill: Separation of photosynthetic pigments by chromatograph.

Guidance

o Students should know that visible light has wavelengths between 400 and 700 nm, but they are not
expected to recall the wavelengths of specific colours of light.

® Water free of dissolved carbon dioxide for photosynthesis experiments can be produced by boiling and
cooling water.

® Paper chromatography can be used to separate photosynthetic pigments but thin layer
chromatography gives better results.

Photosynthesis converts light energy into chemical
energy

Plants and other photosynthetic organisms produce foods that start food chains. We
count on the Sun as a constant energy source for both warmth and food production
for all of our planet. However, the sunlight that strikes Earth must be converted into
a form of chemical energy in order to be useful to all non-photosynthetic organisms.
The most common chemical energy produced from photosynthesis is the molecule
glucose. If you recall, glucose is also the most common molecule that organisms use
for fuel in the process of cell respiration.

Plants use the pigment chlorophyll to absorb light
energy

The vast majority of plant leaves appear green to our eyes. If you were able to zoom
into leaf cells and look around, you would see that the only structures in a leaf

that are actually green are the chloroplasts. Plants contain a variety of pigments in
chloroplasts. The photosynthetic pigment that dominates in most plant species is the
molecule chlorophyll.
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@ Separation of photosynthetic pigments by chromatograph
*Safety alerts: Fumes from the chemicals used in this procedure are dangerous. Use the
chemicals in a well-ventilated area or under an exhaust or fume hood. Wear goggles and a lab
apron throughout the procedure. Follow all your teacher’s specific instructions.*

As stated above, many plants contain a variety of pigments. A procedure known as paper
chromatography can separate the pigments present in most modern plants. The pigment
called chlorophyll a is the principal pigment. Chlorophyll b, carotenes, and xanthophylls act as
accessory pigments by absorbing light at different wavelengths, and passing this energy on to
chlorophyll a to be used in photosynthesis.

* Spinach, Spinacia oleracea, or kale, Brassica oleracea, leaves are recommended for this
procedure. A chromatography solvent that consists of an organic solvent, such as a type of
alcohol, acetone, or petroleum ether, will be used. Be very careful with the solvent, it is highly
flammable and should be worked with under some type of a fume or exhaust hood. A strip
of chromatography paper must be used for this lab as well.

* Place a line of pigment from the leaf on a strip of chromatography paper using a ‘ribbed’
coin. This line should be dark in colour and as thin as possible. Several repeated applications
with the coin at the same place on the paper should result in a dark-coloured line.

* The paper, with a pencil mark where the pigment was placed, is then positioned inside a
closed chromatography chamber filled with a shallow layer of chromatography solvent. This
solvent layer should reach between the tip of the paper and the pencil line for the pigment.
The paper is then placed in the closed chromatography chamber until the solvent comes to
within 1-2 cm of the top of the paper.

* When the solvent has reached this position on the paper, remove the paper from the
chamber, keeping all parts under the exhaust or fume hood, and immediately mark the
position of the solvent line. Mark the positions of the different coloured pigments on the

paper.
* Now calculate the R value for each of the separated pigments.

R¢ refers to retention factor or relative mobility factor. Ry = distance moved by pigment/distance
moved by solvent. Record your results below.

Table 2.11 Lab results Pigment colour Distance Distance R¢value
solvent moved pigment moved

Carotene (orange)

Xanthophylls (yellow)

Light green (chlorophyll
a)

Green (chlorophyll b)

1 Explain why the four pigments moved at different rates through the chromatography paper.

2 Would any leaf from any plant have each of the pigments that are present in spinach or
kale? How would this affect the chromatograph of these different leaves?

3 A procedure known as thin layer chromatography would give even better results
than chromatography paper. Research and explain the difference between thin layer
chromatography and paper chromatography.
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Plants make use of the same part of the electromagnetic spectrum that our eyes are
able to see. We call this the visible portion of the spectrum. Sunlight is actually a
mixture of different colours of light. You can see these colours when you let sunlight
pass through a prism.

| ; i " |
e increasing energy <

TViViVavavaVvavat

I » increasing wavelength > .
0.00Tnm Tnm 10nm 1000nm 0.0Tcm 1cm Tm 100m Figure 2.48 The
l I | 1 electromagnetic spectrum.
uv || . ) Notice that the visible light
gamma rays X-rays light infrared radio waves portion of this spectrum has

visible light colours with wavelengths of
between 400 nm and 740 nm.

400nm 430nm 500nm 560nm 600nm 650nm 740nm

Inside each of these plant
leaf cells are many green
chloroplasts. Each chloroplast
is loaded with chlorophyll.

The visible light spectrum includes many colours, but, for the purpose of considering
how chlorophyll absorbs light energy, we are going to consider three regions of the
spectrum:

* the red end of the spectrum
* the green middle of the spectrum
* the blue end of the spectrum.

Substances can do one of only two things when they are struck by a particular
wavelength (colour) of light. They can:

* absorb that wavelength (if so, energy is being absorbed and may be used)

« reflect that wavelength (if so, the energy is not being absorbed and you will see that
colour).
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Figure 2.49 This action

spectrum of photosynthesis

indicates that most

photosynthesis occurs in the
blue and the red wavelength
areas. Note the lower rate of
photosynthesis with the green
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Worked example

You are walking outside with a friend who is wearing a red and white shirt. Explain
why the shirt appears to be red and white.

Solution

Sunlight is a mixture of all of the wavelengths (colours) of visible light. When
sunlight strikes the red pigments in the shirt, the blue and the green wavelengths
of light are absorbed, but the red wavelengths are reflected. Thus, our eyes see red.
When sunlight strikes the white areas of the shirt, all the wavelengths of light are
reflected and our eyes and brain interpret the mixture as white.

Let’s apply this information to how chlorophyll absorbs light for photosynthesis.
Chlorophyll is a green pigment. This means that chlorophyll reflects green light and
therefore must absorb the other wavelengths of the visible light spectrum. When

a plant leaf is hit by sunlight, the red and blue wavelengths of light are absorbed

by chlorophyll and used for photosynthesis. Almost all the energy of the green
wavelengths is reflected, not absorbed.
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Photosynthesis occurs in two stages

Photosynthesis produces sugar molecules as a food source for the plant. Sugars, such
as glucose, are held together by covalent bonds. It requires energy to create those
covalent bonds, and the source of that energy can ultimately be traced back to the Sun.

The first stage of photosynthesis is a set of reactions that ‘trap’ light energy and
convert it to the chemical energy of ATP. The second stage of photosynthesis is a set
of reactions in which ATP is used to help bond carbon dioxide and water molecules
together to create a sugar, such as glucose.

The first stage of photosynthesis

The first stage of photosynthesis is a set of reactions typically referred to as the light-
dependent reactions (see Figure 2.50). In this set of reactions, chlorophyll (and other
photosynthetic pigments) absorb light energy and convert that energy to a form of
chemical energy, specifically ATP. In addition, light energy is used to accomplish a
reaction that is called photolysis of water. In this reaction, a water molecule is split into
its component elements: hydrogen and oxygen.
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The oxygen that is split away due to the photolysis of water is
typically released from the plant leaf as a waste product. From the
plant’s perspective, the useful products formed during this stage of
photosynthesis are ATP and hydrogen.

The second stage of photosynthesis

The second stage of photosynthesis is a series of reactions collectively
referred to as the light-independent reactions. ATP and hydrogen are
used as forms of chemical energy to convert carbon dioxide and water
into useful organic molecules for the plant. Glucose, a typical product
of photosynthesis, is an organic molecule. It requires six inorganic
carbon dioxide molecules to form one glucose molecule.

6CO, + 6H,0 — C,H,,0, + 60,

This conversion of an inorganic form of an element to an organic
form is known as fixation. Therefore, photosynthesis can be described
as a series of reactions in which carbon dioxide and water are fixed
into glucose, and oxygen is produced as a by-product.

The fixation reaction described above requires energy. The energy to create the glucose
comes directly from the ATP and hydrogen created in the first stage of photosynthesis.
Ultimately, this energy can be traced back to sunlight. It is also important to note that
glucose is only one of the many possible organic molecules that can be formed from
photosynthesis.

Measuring the rate of photosynthesis

Look again at the summary reaction for photosynthesis:
6CO,+ 6H,0 — CH,,0, + 60,

This balanced equation shows us that carbon dioxide molecules are reactants

and oxygen molecules are products of photosynthesis. If you recall some of the
information you learned earlier about cell respiration, you will see that the reverse
is true for that process. In other words, for cell respiration oxygen is a reactant and
carbon dioxide is a product.

At any given time of year, any one plant has a fairly consistent rate of cell respiration.
Not only is this rate consistent throughout the day and night, it is also at a relatively
low level. Plants need ATP for various biochemical processes, but the level is typically
far lower than any animal needs.

Figure 2.50 Functions of light
during photosynthesis.

This is an SEM (with false
colour added) of an upper leaf
section. These cells are very
active in photosynthesis, as is
shown by the large number of
chloroplasts.

This student is measuring
oxygen produced by an
aquatic plant. The rate of
oxygen produced is a direct
reflection of the rate of

photosynthesis.
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The same consistency is not true regarding the rate of photosynthesis. The
photosynthetic rate is highly dependent on many environmental factors, including
the intensity of light and air temperature. During the daytime, especially on a warm
sunny day, the rate of photosynthesis may be very high for a particular plant. If so, the
rate of carbon dioxide taken in by the plant and the rate of oxygen released will also be
very high. Because the plant is also carrying out cell respiration, a correction needs to
be made for the carbon dioxide and oxygen levels. At night, the rate of photosynthesis
may drop to zero. At that time, a particular plant may be giving off carbon dioxide and
taking in oxygen to maintain its relatively low and consistent rate of cell respiration
(see Figure 2.51).

A
Figure 2.51 A graph showing £5
the oxygen given off aﬂd Sc (+)
taken in by a hypothetical = 2 photosynthesis
plant over a 48-hour period. S s
When the line intersect is at Sl
0, the oxygen generated by R J 1) SUESEREEE- ., (EEEn [ RS, (S ———
photosynthesis is equal to IE -) cell respiration
the oxygen needed for cell v
respiration. ' ' ! >

day 1 night 1 day 2 : night 2

Measuring the rate of oxygen production or carbon dioxide intake is considered

to be a direct measurement of photosynthetic rate as long as a correction is made
for cell respiration. Another common method for measuring photosynthesis is to
keep track of the change in biomass of experimental plants. However, the mass of
plants is considered to be an indirect reflection of photosynthetic rate, as an increase
or decrease in biomass may be caused by a whole variety of factors as well as the
photosynthetic rate.

The effects of changing environmental factors on the
rate of photosynthesis
Look now at the patterns that can be seen when three common environmental factors

are varied, and how these factors are predicted to change the rate of photosynthesis in
a generalized plant (Figures 2.52-54).

A enzymes, etF. already working A enzymes and
at their maximum rate other proteins
increased become denatured
molecular

collisions

positive correlation between
light intensity and photosynthesis
rate in this area of graph

rate of
photosynthesis

rate of
photosynthesis

Y
Y

increasing light intensity increasing temperature
(all other variables constant) (all other variables constant)
Figure 2.52 The effect of Figure 2.53 The effect of
increasing light intensity on the increasing temperature on the
rate of photosynthesis. rate of photosynthesis.
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rate of reaction reaches

a plateau unless light or
temperature is also increased

/

Figure 2.54 The effect of
increasing carbon dioxide
concentration on the rate of
photosynthesis.

rate of
photosynthesis

positive
correlation

Y

increasing CO, concentration
(all other variables constant)

CHALLENGE YOURSELF

13 Many scientists have been involved in the development of the concept of limiting factors. They
include Justus von Leibig, F. F. Blackmann, and Walter Taylor. A limiting factor is described as a
factor that would most directly affect the rate of a physiological process. In photosynthesis, the
limiting factor is the one that affects the rate of the photosynthetic process regardless of the effects
of other factors. In many cases, it is the one factor that is in ‘shortest’ supply. Use Figures 2.52-2.54
to answer the following questions about photosynthesis and limiting factors.

(a) When examining the effect of light intensity on the rate of photosynthesis in Figure 2.52, why is
the early part of the graph labelled as a positive correlation?

(b) In Figure 2.53, why does the denaturing of enzymes and other proteins at high temperatures
dramatically lower the rate of photosynthesis?

(c) In Figure 2.54, what could possibly cause a change from the plateau shown to an increasing
rate?

(d) Design a procedure to investigate the effect of one of the limiting factors mentioned above on
the rate of photosynthesis. Some useful information to use in your planning is that water for
photosynthesis experiments can be made to be free of dissolved carbon dioxide by boiling and
then cooling it.

Section summary

* Photosynthetic organisms produce organic molecules such as glucose to begin food
chains.

* Photosynthetic pigments, including chlorophyll, are used to absorb light energy to
begin the process.

* Most plants are green because chlorophyll reflects the green wavelengths of light and
absorbs the red and blue wavelengths.

* Photosynthesis occurs in two stages: the light-dependent reactions and the light-
independent reactions.

* The light-dependent reactions produce chemical energy in the form of ATP and
hydrogen, and also the ‘waste product’ oxygen.

* The light-independent reactions ‘fix’ carbon dioxide and water into organic molecules
(such as glucose) using the ATP and hydrogen molecules produced during the light-
dependent reactions.

* The rate of photosynthesis can be measured directly by measuring either the rate of
production of oxygen or the rate of uptake of carbon dioxide.

* The rate of photosynthesis can be measured indirectly by measuring the biomass
increase of a plant.

* Varying the temperature, light intensity, and carbon dioxide concentration all affects
the rate of photosynthesis in plants.
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To learn more about @j Exercises

photosynthesis, go to the
hotlinks site, search for the
title or ISBN, and click on
Chapter 2: Section 2.9.

25 Explain why a blue object appears to be blue to the human eye.

26 Explain why black surfaces (like tarmacadam and asphalt) get much hotter in sunlight than lighter
surfaces (like stone and concrete).

27 Plants produce sugars by photosynthesis. What do plants do with the sugars after that?

28 Why do most plants produce an excess of sugars in some months of the year?

Practice questions
1 What causes water to have a relatively high boiling point?

A Hydrogen bonds between water molecules.

Hydrogen bonds between hydrogen and oxygen within water molecules.

C Cohesion between water molecules and the container in which the water is boiled.

o

Covalent bonds between hydrogen and oxygen within water molecules.
(Total 1 mark)

2 Outline the significance to organisms of the different properties of water.

(Total 5 marks)
3 CH,OH
H OH

Which of the following terms correctly describe(s) the molecule above?

I.  Monosaccharide.

Il. Glucose.

1. Component of triglyceride.
A lonly. B Iand Il only. C ll'and il only. D I, 1l,and Il

(Total 1 mark)

4 Draw the basic structure of an amino acid, and label the groups that are used in peptide bond
formation.
(Total 4 marks)
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5 The reaction below shows the energy changes in a chemical reaction.

energy

1
1
N h¥ -

reaction pathway
What would happen to the changes in energy if this reaction was controlled by an enzyme?
| would increase.

B Il would decrease.
C land IV would decrease.
D Il and lll would decrease.

(Total 1 mark)
6 The percentage of thymine in the DNA of an organism is approximately 30%. What is the
percentage of guanine?
A 70% B 30% C 40% D 20%
(Total 1 mark)
7 The effect of temperature on photosynthesis was studied in sweet orange, Citrus sinensis, using
leaf discs. The production of oxygen was used to measure the rate of photosynthesis.

Gross photosynthesis refers to the sum of net photosynthesis and respiration. Net photosynthesis
was calculated by subtracting the rate of respiration in the dark from gross photosynthesis.

45 5
© 40 ; gross photosynthesis
£ 1
5 351
£ 4
- 4
= 301
[ ]
>
< 253
g ] net photosynthesis
o 2
g 209
=3 i
© =
e) ]
o 15 ]
101 . . . T . . .

20 25 30 35 40 45 50 55
leaf temperature / °C

Ribeiro et al. 2006

115



_—
P

Yelcelclg b"’_olo '/m

(a) Identify the optimum temperature for photosynthesis in this plant. (1

(b) Determine the difference between gross photosynthesis and net photosynthesis at
40°C and 50°C. )

(c) Deduce what happens to the rate of respiration as the temperature increases between
40°C and 50°C. (M

(d) (i) Describe the general pattern of change in photosynthesis in sweet orange as the
temperature increases. (1)

(ii) Compare the effect of temperature on photosynthesis with the effect of temperature
on respiration in sweet orange. (2)

(Total 7 marks)

8 What sequence of processes is carried out by the structure labelled X during translation?

Combining with an amino acid and then binding to an anticodon.
Binding to an anticodon and then combining with an amino acid.

Binding to a codon and then combining with an amino acid.

O N W >

Combining with an amino acid and then binding to a codon.
(Total 1 mark)

9 Which of the following is the best definition of cell respiration?
A A process needed to use energy, in the form of ATP, to produce organic compounds.
B A process used to provide oxygen to the atmosphere.
C A controlled release of energy, in the form of ATP, from organic compounds in cells.
D A controlled release of energy in the production of food from organic compounds.
(Total 1 mark)
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10 The diagram below shows part of the respiratory pathway. The number of carbon atoms in each
molecule is indicated.

-0

link reaction

-

@)
~

(@) (i) Label pyruvate and acetyl coenzyme A on the diagram above.

(ii) Indicate two places where decarboxylation occurs on the diagram.

(iii) List one product other than carbon dioxide formed in this stage of respiration.

(b) State precisely where in a cell this stage of respiration is occurring.

(1)

(Total 4 marks)
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ESSGﬂtia| ideaS One of the most famous
experiments in biology was
Gregor Mendel's pea-breeding
investigations, which revealed
important insights into the
secrets of genetics.

Every living organism inherits a blueprint for life from its parents.

Chromosomes carry genes in a linear sequence that is shared by
members of a species.

Alleles segregate during meiosis allowing new combinations to be
formed by the fusion of gametes.

The inheritance of genes follows patterns.

Biologists have developed techniques for artificial manipulation of
DNA, cells, and organisms.

* What will my first baby look like?

* Will my children be able to see the difference between red and green, even though I
cannot?

* How can we find out who was at a crime scene by analysing their DNA?

* How can crops be genetically changed to improve their quality and quantity?

*Is it possible to clone humans?

* How many genes do I have?

*If I find a gene that has medical value, can [ patent it and make money from my
discovery?

In order to answer these questions, the mechanisms of genetics must be understood.
Genetics is the science of how inherited information is passed on from one generation
to the next using the genetic material of genes and deoxyribonucleic acid (DNA).

NATURE OF SCIENCE

Genes

Developments in
scientific research

follow improvements

in technology: gene
sequencers are used for
the sequencing of genes.

Understandings:

® A gene is a heritable factor that consists of a length of DNA and influences a specific characteristic.
® A gene occupies a specific position on a chromosome.

@ The various specific forms of a gene are alleles.

o Alleles differ from each other by one or only a few bases.

® New alleles are formed by mutation.

® The genome is the whole of the genetic information of an organism.

@ The entire base sequence of human genes was sequenced in the Human Genome Project.

Applications and skills:

@ Application: The causes of sickle cell anaemia, including a base substitution mutation, a change to
the base sequence of mRNA transcribed from it, and a change to the sequence of a polypeptide in
haemoglobin.

® Application: Comparison of the number of genes in humans with other species.

o Skill: Use of a database to determine differences in the base sequence of a gene in two species.
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Figure 3.1 Zooming into a cell
reveals where DNA is found.

Whenever a definition is
given for a major concept
in biology, in this instance
the term ‘gene’, be sure to
memorize its definition
word for word. Such
definitions have been
phrased carefully so that
all the important details
are included.

120

Guidance

e Students should be able to recall one specific base substitution that causes glutamic acid to be
substituted by valine as the sixth amino acid in the haemoglobin polypeptide.

® The number of genes in a species should not be referred to as genome size as this term is used for the
total amount of DNA. At least one plant and one bacterium should be included in the comparison,
and at least one species with more genes and one with fewer genes than a human.

® The GenBank® database can be used to search for DNA base sequences. The cytochrome ¢ gene
sequence is available for many different organisms and is of particular interest because of its use in
reclassifying organisms into three domains.

e Deletions, insertions, and frame shift mutations do not need to be included.

What is a gene?

Have you ever heard people say ‘she looks just like her mum’ or ‘that kind of thing
skips a generation’? Although those people might not have known it, they were talking
about genetics.

CHALLENGE YOURSELF

1 Look at the list of characteristics below and think about which ones are determined by DNA
and which are not. Are there some that can be influenced by both DNA and a person’s
environment? For example, most people who have inherited a light skin colour can darken
their skin by tanning in the sun.

e Skin colour ® Sex (male/female) * Ability to speak
® Freckles ® Ability to digest lactose ® Ability to speak Spanish
® Number of fingers on ® Reflexes ® Height
each hand * Type of ear wax (wet ® Personality
* Blood type or dry) * Intelligence
® Colour blindness ® Ascar from an accident

What about this: if a man had to have his left foot removed because of a war injury, would his
future children be born with only one foot? Before scientists understood the mechanisms of
genetics, it was believed that acquired characteristics could be passed on from one generation
to the next. This idea has been refuted. The classic debate of nature versus nurture is a good
topic for a Theory of knowledge discussion.

nucleus

Bl / T = Chromosomes are made of
S \ / = | very long DNA molecules.
= S — Each chromosome contains
— =N\ ¢ ;
> S— \ — many smaller sections

called genes. Genes are
made of DNA.

Chromosomes are found in
the nuclei of cells. Humans
have 46 chromosomes, in
23 pairs. For simplicity, the
diagram above only shows
12 pairs.

Genes

A gene is a heritable factor that consists of a length of DNA and influences a

specific characteristic. ‘Heritable’ means passed on from parent to offspring, and
‘characteristic’ refers to genetic traits such as your hair colour or your blood type. The
estimated 21 000 genes that you possess are organized into chromosomes.



A gene is found at a particular locus on a chromosome

A gene for a specific trait occupies a corresponding place, called a locus (plural loci), on
a chromosome (see Figure 3.2; there will be more about chromosomes in Section 3.2).

When geneticists map out the sequences of DNA, they carefully map the locus of each
sequence. When further research reveals that a particular sequence controls a certain
heritable factor, the locus of the gene is noted for further reference. For example,
scientists now know that the locus of the gene controlling a protein called transducin
that enables colour vision is found on chromosome 1. A mutation of this gene stops

a person from being able to make the protein transducin properly, which is necessary
to transmit information about colour from the eye to the brain; as a result, the person
will not see in colour. This is an extremely rare genetic condition called complete
achromatopsia. When we say ‘the ability to see in colour is a genetic trait’ we mean one
of two things is happening with someone’s DNA: either that person has the DNA code
for making colour vision possible or that person does not have it. This is illustrated in
Figure 3.3.

Sequence of

Where the gene is

Protein and trait:

bases (starting at
position 229):

found:

... CACCAGCAACCC. .. Transducin protein
—»| synthesized, colour vision
"5l possible
Locus for
transducin gene on
chromosome 1
\ ... CACCAGTAACCC . .. Protein not formed

—»| correctly, colour vision
not possible

You will recall that you possess two copies of each gene in your body: one copy from
your mother and one from your father. As a result, if you could look at the locus of the
transducin gene on one of the two copies of your first chromosome, for example, you
would find the same gene at the same locus on the other copy of chromosome 1. One
copy would be the one your mother gave you and the other would be the copy your
father gave you. Would those genes be identical? Not necessarily, because genes can
come in different forms.

Alleles: versions of genes

Variations or versions of a gene are called alleles. An allele is one specific form of a
gene, differing from other alleles by one or a few bases. In the example of transducin
and colour vision above, a single base pair difference between the most common allele
(with a C at position 235) and the rare mutated allele (with a T at position 235) is all
that is takes to determine whether you can distinguish colours or not. These different
forms allow for a single trait, such as the trait for the ability to see in colour, to have
variants, in this example either colour or grey-scale vision.

locus

Figure 3.2 The locus is the
specific position of a gene on
a chromosome.

Figure 3.3 The presence of a
CoraT makes a big difference
in colour vision.
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CHALLENGE YOURSELF

Table 3.1 Comparison of the number of genes in humans and other species

Organism Scientific name Number of bases Number of genes
Virus phiX174 * 5400 11
(bacteriophage)

Bacterium Escherichia coli (type 4639000 4377
K-12)

Nematode Caenorhabditis 100292 000 20000

(roundworm) elegans

Human Homo sapiens 3000000000 21000

Asian rice Oryza sativa 430000000 up to 56000

Baker’s yeast Saccharomyces 12495000 5770
cerevisiae

Mouse-ear cress Arabidopsis thaliana 135000000 25000

Fruit fly Drosophila 122654000 27407
melanogaster

Japanese canopy | Paris japonica** 150000000000 Unknown

plant

*First genome ever sequenced (in 1977).
**Largest plant genome sequenced so far.
2
(a) Which species has the largest number of genes?
(b) Which species has the smallest number of genes?
(c) Which species has the most similar number of genes to humans?
(d) Some people are tempted to say that the more genes an organism has, the more advanced it
is. Discuss this idea: what kinds of arguments support it and what arguments refute it?

Table 3.2 Examples of possible alleles

Gene or trait Examples of possible alleles

Colour vision Allele to produce transducin (the protein necessary for colour
vision); allele that does not code correctly for transducin

Skin pigmentation Allele to make pigments; allele that cannot make pigments
(in other words an allele for albinism, see Section 3.4)

Blood type Allele for type A; allele for type B; allele for type O

Another example of the difference between two alleles of the same trait is the
difference that causes the genetic condition cystic fibrosis.

Cystic fibrosis

Maintaining a proper balance of fluids in the body is essential for good health. One
such fluid is mucus, a thick, slippery, substance used in many parts of the body,
including the lungs and intestines. A gene called CFTR, found on chromosome 7,
plays a key role in the production of mucus. The standard version of this gene (the
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standard allele) allows a person’s mucus-producing cells to function properly, whereas
an allele generated by a mutation of the CFTR gene causes cystic fibrosis. People with
this genetic condition produce abnormally excessive quantities of mucus in various
organs and have difficulties with their respiratory and digestive systems, among other
complications. In this example, the trait is for mucus production; one allele is for a
balanced mucus production, the other for excessive mucus production that leads to
cystic fibrosis. We will see later how to calculate the chances of a child inheriting this
condition from his or her parents.

One base can make a big difference

From the sections on transcription and translation of DNA, you will remember

how important it is for each letter in the genetic code to be in a specific place. If, for
whatever reason, one or more of the bases (A, C, G, or T) is misplaced or substituted for
a different base, the results can be dramatic. As we have seen with cystic fibrosis, the
difference between one version of a gene and another (the mutated and non-mutated
alleles of the CFTR gene) can mean the difference between healthy organs and organs
hampered by an overproduction of mucus.

Another example of a change of bases can be seen in the gene ABCC11, which
determines several things, one of them being whether or not the cerumen (ear wax)
that you produce is wet or dry. Some people produce dry cerumen, which is flaky and
crumbly with a grey colour, while others produce earwax that is more fluid and has

an amber colour. The gene that determines this is on chromosome 16 and has two
alleles: the G variant codes for dry cerumen, the A variant codes for wet cerumen. The
allele containing G for wet earwax is much more common in European and African
populations, while the allele containing A is much more common among Asians. Why
is this of interest to geneticists? For one thing, it can reveal a lot about how populations
have migrated and interbred in the past, but it can also reveal other things about

our health. As curious as it may seem, the ABCC11 gene is also partly responsible

for the smell of underarm sweat, as well as the production of breast milk, and could
potentially have a link to breast cancer. Most women probably would not care whether
or not they have the gene for dry or fluid earwax, but if they could find out whether
they had an allele that could reduce their chances of having breast cancer, they might
be much more interested.

How are such differences in genes generated in populations? We will now look at how
mutations work.

How new alleles are produced

Worked example

Look at the two sequences of DNA below, which are from the coding strand of a
section of genetic information that helps in the formation of haemoglobin, found in
red blood cells. Look carefully at the two sequences. Identify the difference between
the two and complete the following phrase.

DNA ssequence 1: GTG CAC CTG ACT CCT GAG GAG
DNAssequence 2: GTG CAC CTG ACT CCT GIG GAG

‘Codon number __ along the first sequence has the letter __in position number __,
whereas the codon in the same position in sequence 2 has the letter __instead.’
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Solution

Codon number 6 along the first sequence has the letter A in position number 2,
whereas the codon in the same position in sequence 2 has the letter T instead.

Now look at the effect this has on the mRNA sequences produced from the template
strand that is found opposite the coding strand when the DNA is unzipped for
transcription:

mRNA sequence 1: GUG CAC CUG ACU CCU GAG GAG
mRNA sequence 22 GUG CAC CUG ACU CCU GUG GAG

Using Figure 3.4 and the mRNA sequences above, showing which codons are
associated with which amino acids, fill in the names of the missing amino acids (a) to
(h) in Figure 3.5.

Second base

U C A G
UUUT_Phenyl-  |UCU" UAU ; UGU ; U
. ) UUC] alanine UCC | serine UAC}TerS'ne UGe Cysteine c
Figure 3.4 Codons and their u UUAT | euci UCA UAA- Stop codon|UGA  Stop codon I
associated amino acids. UUG} eucine |UCG. UAG_|~Stop codon |[UGG  Tryptophan [
For example, Rl\llAlcod.mg for cuuUT couT CAU}Histidine cau 1
ysine is AAA. o K 882 —Leucine 882 —Proline gﬁi ng Arginine g °
§ CUG. ccal CAG:|~Glutamine CG G §
- ©
2 AUUT ACUT AAU o |AGU ; U =
L AUC [~Isoleucine |ACC | 1 00nine AAC}Asparagme AGC}Se”ne c 5
. o Iy AUA ~ |ACA AAA AGA A
Figure 3.5 Using Figure 3.4 Methionine | ACG | :|»Lysine Arginine €}
AUG start codon AAG AG
and the mRNA sequences
above, can you find the GUUT GCU] GAU Qgi%artic GG U
missing amino acids for boxes G 882 —Valine 882 —Alanine gﬁi Glutamic ggg Glycine %
(a) to (h)? GUGl clelch GAG acid GG G
. . lutamic
Sequence 1: valine histidine |- (a) -1 (b) - (0 —| (d) 9 acid
. - lutamic
Sequence 2: valine histidine |- (e) -1 -1 (9) —| (h) i 9 acid
Solution
. o . . . lutamic lutamic
Sequence 1: valine histidine |—| leucine |—| threonine |—| proline |- gluta _| gt
acid acid
. o . . . . lutamic
Sequence 2: valine histidine |- | leucine |—| threonine [—| proline |- valine |9 3cid

Figure 3.6 s this what you
found? We will need these
sequences later when we
explore sickle cell disease.
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Notice how the error of only one letter in the original DNA code changed the
composition of amino acids in sequence 2. This would change the composition and
the structure of the resulting protein, in the same way that changing the shapes and
compositions of some of the bricks used to build a house would change the shape
(and therefore the structural integrity) of the house. This kind of change in the DNA
code is produced by a mutation.




-
¥

Mutations

A mutation is a random, rare change in genetic material. One type involves a change
of the sequence of bases in DNA. If DNA replication works correctly, this should not
happen (see Section 2.7). But nature sometimes makes mistakes. For example, the base
thymine (T) might be put in the place of adenine (A) along the DNA sequence. When
this happens, the corresponding bases along the messenger RNA (mRNA) are altered
during transcription.

As we have seen with the example of cystic fibrosis, mutated genes can have a negative
effect on a person’s health. Sometimes, however, mutations can have a positive effect
that is beneficial to an organism’s survival.

On the left, a white-eyed
mutant fruit fly, and on the
right the kind of fruit fly
typically found in nature,
called the wild-type.

Are mutations good or bad for us?

LRP5 is a gene that helps immune system cells make a certain type of protein that
acts as a receptor on their surfaces. Research indicates that this receptor is used by
the human immunodeficiency virus (HIV) to infect the cells (see Section 6.3 for

a description of HIV). People with a mutation of LRP5 cannot make this receptor
protein on their immune system’s cells and, as a result, HIV cannot infect them. This
means that people with a mutated allele of LRP5 are naturally immune to HIV. Such a
mutation is very rare in the human population.

A mutation that provides an individual or a species with a better chance for survival

is considered to be a beneficial mutation, and there is a good chance that it will be
passed on to the next generation. In contrast, mutations that cause disease or death are
detrimental mutations, and they are less likely to be passed on to future generations,
because they decrease the chances of an individual’s survival. In addition to beneficial
and harmful mutations, there are neutral mutations that do not have an effect on a
species’ survival.

When a mutation is successfully passed on from one generation to the next, it
becomes a new allele: it is a new version of the original gene. This is how new alleles
are produced. You and everyone you know possess many mutations. Whether they are
harmful, beneficial or neutral depends on what they are and what kind of environment
you need to survive in.
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Table 3.3 A summary of different types of mutations: not all mutations are negative

Type of mutation

Example in plants

Example in animals

Detrimental A mutation that does not allow a plant to A mutation that makes it impossible to
produce a chemical that it secretes against produce a certain digestive enzyme, thereby
insect attacks, thereby making it vulnerable making digestion difficult and therefore

compromising the ability of the organism to
survive

Neutral A single base substitution in a gene for A single base substitution in a gene for
chlorophyll that does not change the amino haemoglobin that does not change the amino
acid coded for, and therefore does not modify | acid coded for, and therefore does not modify
the chlorophyll (e.g. GUA and GUG both code | the haemoglobin (e.g. GAG and GAA both
for valine) code for glutamic acid)

Beneficial A mutation giving a plant the ability to make A mutation changing the shape or size of the

a protein that increases its frost resistance,
which would be beneficial in colder climates

lens of the eye, giving the animal more acute
vision for finding prey
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A gene to help digestion

For most of our existence, humans have been hunter-gatherers and our genes are
generally well adapted for this lifestyle. Originally, as for all mammals, the only age at
which we drank milk was when we were infants. By the time our ancestors reached
adulthood, their bodies had stopped being able to digest milk; more precisely, humans
could not break down the disaccharide in milk called lactose. This continues to be the
case for most of the human population today: more than half of the human population
has lactose intolerance and those people can only digest lactose in their infancy. In the
past 10 000 years, however, many human populations have adopted an agricultural-
based lifestyle, raising animals for milk and consuming dairy products on a daily

basis. In their genetic makeup, many agricultural societies show a higher frequency

of the genetic code that allows humans to digest lactose throughout adulthood. From
an evolutionary point of view, this advantage has increased humans’ ability to survive
harsh climatic conditions. As European human populations spread out and established
populations outside Europe, notably in North America, they brought their lactose
tolerance (and their livestock) with them.

@ Gene therapy is the process of taking a beneficial gene from a person who possesses it

and putting it into a person who does not have it, but who needs it to stay healthy. The
challenge is that it is very difficult to get the DNA into the sick person’s cells. One way
is to force the gene into the patient’s cells using a virus to deliver it. Partly because of

a lack of understanding of how to use viruses safely to deliver genes, the decision was
made to stop all testing of gene therapy on human patients in the USA in 1999, when
an 18-year-old patient died after a virus had been injected into his body. However,
gene therapy trials are coming back, little by little, notably in helping blind children to
regain their eyesight.

Who decides whether an experiment is safe? Is the loss of life for some patients
participating in trials necessary in order to find a cure? If years of research had not been
delayed because human trials had been stopped, wouldn't we have made much more
progress by now in curing genetic diseases?

Base substitution mutation

The type of mutation that results in a single letter being changed is called a base
substitution mutation. The consequence of changing one base could mean that a



different amino acid is placed in the growing polypeptide chain. This may
have little or no effect on the organism, or it may have a major influence on
the organism’s physical characteristics.

Sickle cell disease

In humans, a mutation is sometimes found in the gene that codes for
haemoglobin in red blood cells. This mutation gives a different shape to the
haemoglobin molecule. The difference leads to red blood cells that look very
different from the usual flattened disc with a hollow in the middle.

The mutated red blood cell, with a characteristic curved shape, made its
discoverers think of a sickle (a curved knife used to cut tall plants). The
condition that results from this mutation is therefore called sickle cell
disease, also known as sickle cell anaemia.

The kind of mutation that causes sickle cells is a base substitution mutation. If you
look back at the two sequences given previously in the worked example on page 123,
the first is for the section of the haemoglobin gene’s DNA that codes for standard-
shaped red blood cells, whereas the second sequence shows the mutation that leads to
the sickle shape. In this case, one base is substituted for another so that the sixth codon
in this sequence of haemoglobin, GAG, becomes GTG. As a result, during translation, g
instead of adding glutamic acid, which is the intended amino acid in the sixth position H

of the sequence, valine is added there instead. Again, refer back to the worked example }g,-, G G
to see this mutation.

Three standard, disc-shaped
red blood cells, and one
sickle-shaped cell.

Because valine has a different shape and different properties compared with glutamic
acid, the shape of the resulting polypeptide chain is modified. As a result of this, the ~—G G
haemoglobin molecule has different properties that cause the complications associated : :

with sickle cell disease.

Figure 3.7 A mutation where
The symptoms of sickle cell disease are weakness, fatigue, and shortness of breath. bfse Als replicated by base T

Oxygen cannot be carried as efficiently by the irregularly shaped red blood cells. In GAG codes for glutamic acid
addition, the haemoglobin tends to crystallize within the red blood cells, causing them and GTG codes for valine.
to be less flexible. The affected red blood cells can get stuck in capillaries, so blood flow

can be slowed or blocked, a condition that is painful for the sufferer.

People affected by sickle cell anaemia are at risk of passing the mutated gene on to their
offspring. From a demographic point of view, the mutated gene is mostly found in
populations originating from West Africa or from the Mediterranean.

The advantages of sickle cell disease

Although sickle cell disease is a debilitating condition, those who have it are very
resistant to malaria infection. Malaria is an infectious disease that occurs in tropical
regions. A parasite called Plasmodium is transmitted to human blood by an infected
female Anopheles mosquito feeding on the blood. The parasite attacks the person’s red
blood cells and produces symptoms of high fever and chills, and can result in death.

In terms of the shapes of human red blood cells, we all carry two copies of the gene for
the shape of our red blood cells, one copy that we inherited from our mother and the
other that we inherited from our father. People born with two copies for standard disc-
shaped cell have only disc-shaped cells and are highly susceptible to malaria infection.
People who have one gene that is for disc-shaped cells and one for sickle-shaped cells
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Malaria can be transmitted

by the female Anopheles

mosquito, which is therefore
one of the deadliest animals
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on Earth.

have what is called sickle cell trait. They have some sickle-shaped cells
and some disc-shaped cells in their bloodstream but in most cases they
do not suffer from anaemia. Anaemia is the result of low red blood cell
levels and is characterized by a paleness of skin and low energy levels.
People with sickle cell trait have a better resistance to malaria because
of chemical imbalances that make the survival of Plasmodium in their
blood more difficult. The insufficient quantities of potassium in sickle-
shaped cells cause Plasmodium to die. Lastly, people who inherit a sickle
cell gene from both their mother and their father can produce only
sickle-shaped cells and suffer from severe anaemia that can sometimes
be fatal. On the other hand, they have the highest resistance to malaria.

When we look at where sickle cell disease is most common in the world,
there appears to be a significant overlap with the places where malaria
occurs. Is this just a coincidence? Or is there a reason for this? Scientists
and statistics experts often say that ‘correlation does not mean causality’,
meaning that just because two things occur in the same place at the same
time does not necessarily mean that one causes the other. How can we tell
the difference between causality and correlation? The answer is that there
must be some kind of mechanism that could explain how one could cause
the other. From what you have read about sickle cell disease and malaria in
this chapter, what do you think? Are they merely correlated or is there also
causality?

Table 3.4 Different types of genetic conditions

Condition E[E

1 Chromosomal Caused by an extra chromosome, such as Down syndrome
anomaly (chromosome 21) (see page 147)

2 Autosomal Caused by a gene found on one of the 22 non-sex chromosomes,
genetic disease such as cystic fibrosis (chromosome 1) (see page 140)

3 Sex-linked Caused by a gene found on the X or Y chromosome, such as
genetic disease colour blindness found on the X chromosome (see page 159)

The first type is generally considered to be a one-time error in the distribution of
chromosomes, whereas the second and third types are passed on generation after
generation.

A genome

How do we know all that we do about genes? How do we know where they are and
what they do? Before answering these questions, it is important to appreciate the
point that, although we have made considerable progress in the past few decades,

our maps of human chromosomes are still far from complete, and there are many
DNA sequences for which we do not know the function. As an analogy, think of the
maps produced by cartographers and explorers in the Middle Ages; many parts of the
globe remained uncharted and had the words terra incognita (Latin for ‘unknown land’)
inscribed on them.

Sequencing DNA

In order to find out which gene does what, a list must be made showing the order of
all the nucleotides in the DNA code. Researchers use highly specialized laboratory



equipment including sequencers to locate and identify
sequences of bases. The complete set of an organism’s
base sequences is called its genome.

A short fragment of a sequence looks like this:
GTGGACCTGACTCCTGAGGAG. Each letter
represents one of the four bases in the DNA code.
This short fragment contains seven codons with a
total of 21 bases represented by letters. Now imagine
3 billion of those letters: what would that look like? If
you printed out 3000 base letters per page, it would
need 1 million pages, which would stack about 100
m high. That’s an impressive quantity of information,
especially considering that you can keep it all in the
nucleus of a typical cell in your body.

The complete genomes of some organisms have been
worked out. Among those organisms are the fruit fly,
Drosophila melanogaster, and the bacterium, Escherichia
coli, because these two organisms have been used
extensively in genetics experiments for decades.

How do geneticists work out the complete genome?

Many steps are necessary. Here is a summary of one way of doing it: the Sanger
technique (see Figure 3.8).

* Once a DNA sample has been taken, it is chopped up into fragments and copies are
made of the fragments. A primer sequence is added to help start the process.

* To determine the sequence, a DNA polymerase enzyme attaches to one copy of
the first fragment (let’s call it fragment 1). Then it will start to add free nucleotides
following the principle of complementary base pairing. Two kinds of nucleotides will
be added.

* Some free nucleotides are standard ones and others are special dideoxynucleotide
triphosphates (ddNTPs; labelled ddA, ddT, ddC, and ddG in Figure 3.8) added as DNA
chain terminators, meaning that when one is reached, the elongation of the strand
is stopped. These have been previously marked with fluorescent markers to identify
them. Sometimes the chain termination happens all the way at the end of fragment 1,
but most of the time the process stops before it reaches the end. This process happens
on each of the many copies of fragment 1.

* The result is a series of new strands, some dozens of bases long, others only a handful
of bases long, and some that have all the bases of fragment 1.

* Now everything is ready for the sequencing: the multiple chains of varying lengths
(each with a fluorescently marked end) are placed in order from longest to shortest.
This is done using a technique called gel electrophoresis, which will be explained in
Section 3.5.

* To recognize each letter, a laser activates the fluorescent markers on the nucleotides
as they go through the process. A sensor hooked up to a computer analyses the
wavelength of the light and determines whether it represents an A, T, C, or G.

* The process must be repeated many times: for A, T, C, and G. Repetitions make sure
there are no errors. Fortunately, many copies of fragment 1 were made, so this is easy
to check.

Computers are used to speed
up the sequencing process.

Thanks to modern
communication
technologies, it is possible
for scientists working

all over the world to
collaborate and contribute
to a scientific endeavour
such as sequencing the
genome of plants that help
feed the world. Rice is one
example: biologists from
10 countries contributed
to sequencing the first rice
genome.
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Fragment 1 with a primer and 12 unknown bases
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Figure 3.8 One method. of
DNA sequencing is called the
Sanger technique.

In the 1997 science
fiction film GATTACA, one
of the main characters
brings a sample of cells

to a walk-up window at
an establishment that
provides anonymous
genome services. Within
seconds, she gets a full
printout and analysis of
the genome of the man
she wants to know about.
He is not aware that she is
doing this. One objective
of science fiction as an art
form is to warn society

of what might happen in
the future if we are not
careful. This film raises
serious questions about
how far technology will
lead us and whether or
not we want to go in that
direction. Our society

will need to make some
difficult decisions in the
coming years concerning
our genomes and who has
access to the information
contained within them.
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* Once fragment 1 is done, the lab technicians must process fragment 2, fragment 3,
and so on, until all the fragments of the original sequence have been processed.

* At this stage, the challenge is to put all the sequenced fragments of code together.
When the original sequence was chopped up to make all these fragments, they
became mixed up and out of order. Now that we know what their sequences are,
we need to know the order in which to put them. This daunting task has been made
easier by computers, but it consists of lining up any overlapping segments until they
all match.

Since the Sanger technique was invented, many techniques have been developed to
analyse each fragment only once, making it unnecessary to make multiple copies
of each. This reduces the time and the cost of sequencing a genome. The objective
of developing new sequencing techniques is to have a fast, inexpensive way to map
anyone’s genome.

The Human Genome Project

In 1990, an international cooperative venture called the Human Genome Project set
out to sequence the complete human genome. Because the genome of an organism is a
catalogue of all the bases it possesses, the Human Genome Project hoped to determine
the order of all the bases A, T, C, and G in human DNA. In 2003, the Project announced
that it had succeeded in achieving its goal. Now, scientists are working on deciphering
which sequences represent genes and which genes do what. The human genome can
be thought of as a map that can be used to show the locus of any gene on any one of
the 23 pairs of chromosomes.



this project is a good example of scientists from all over the world working together. Dozens of
nationalities participated in the project, and the results are available for free access worldwide
thanks to online databases open to the public.

There is another international connection with the Human Genome Project in the sense that @

Delving into human genetics confirms two major themes:
° we are all the same
 we are all different.

On the one hand, the Human Genome Project has shown that there are only a very small
number of DNA bases that make one person different from any other person in the world. This
creates a feeling of unity, of oneness with all people. From peanut farmers in West Africa, to
computer technicians in California, to fishermen in Norway, to businesswomen in Hong Kong,
all humans carry inside them a common genetic heritage.

On the other hand, the Human Genome Project has shown that the small differences that do
exist are important ones that give each person his or her uniqueness in terms of skin colour,
facial features and resistance to disease, for example. These differences should be appreciated
and celebrated as strengths. Unfortunately, they are often the basis of discrimination and Dr Francis Collins, one of the
misunderstanding. leaders of the Human Genome

Can one genetic group be considered genetically superior to another? History has shown that Project team.
many people think so, yet genetics shows that this is not the case. All human populations,
whatever slight differences their genomes may have, deserve equal esteem as human beings.

Before the Human Genome was mapped, fewer than 100 loci were known for genetic
diseases. After the mapping was completed, more than 1400 were known, and today
the number is in the thousands and increasing.

In addition, by comparing the genetic makeup of populations around the world,
countless details can be revealed about our ancestries and how human populations
have migrated and mixed their genes with other populations over time. Without
knowing it, you are carrying around in each one of your cells a library of information
about your past.

Many companies offer genome sequencing for private citizens willing to pay the price. Some
of the products offered are revelations about ancient family origins and risk factors for some

health problems, such as the chances of developing certain types of cancer or heart disease.

Would you want to know if there was a chance that your life could be suddenly shortened by

the presence or absence of a certain gene? Would you tell your family and friends? Would you Dr Craig Venter, one of the
want your parents to do such a test? Should people tell their employer or each other about leaders of the Human Genome
any health-related issues revealed by a genomic analysis? Or, on the contrary, is this a private, Project team.

personal thing that no one else needs to know about? How accurate and reliable are these
analyses? Should we believe everything they say?

Using DNA to make medicines

Another advantageous use of the human genome is the production of new
medications. This process involves several steps:

* find beneficial molecules that are produced naturally in healthy people

* find out which gene controls the synthesis of a desirable molecule

* copy that gene and use it as instructions to synthesize the molecule in a laboratory
¢ distribute the beneficial therapeutic protein as a new medical treatment.

This is not science fiction: genetic engineering firms are finding such genes regularly.
One current line of research is dealing with genes that control ageing. How much
money do you think people would be willing to pay for a molecule that could reverse
the effects of ageing and prolong life by several decades?
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Figure 3.9 The process of
protein therapy, a promising
use of genetically modified
organisms.
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What if a biotech company finds a useful human gene in your body? For example, a
gene that produces a protein to help balance cholesterol levels in the body and prevent
heart problems. Can the company patent that gene in order to protect its discovery
and in order to earn money from it? With a patent, the company could charge
pharmaceutical manufacturers that wanted to use the gene to make new medicines. In
many countries there are few if any laws about such things because the techniques are

SO new.
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CHALLENGE YOURSELF

3 Cytochrome c is a protein found in mitochondria and it plays a key role in cell respiration
by shuttling electrons from one place to another. If an organism did not have the genetic
code to make cytochrome ¢, it could not survive. By comparing the genetic sequence
used to produce this protein in various species, scientists were able to see how mutations
accumulate over time. The differences between a horse's base sequence for this protein and
a zebra’s is much smaller than the differences between a horse's and a lizard’s. Humans and
chimpanzees have identical cytochrome ¢ amino acid sequences, whereas the yeast Candida
krusei has 51 amino acid differences compared with humans.

For this exercise, find the relevant PDF file in the hotlinks at the end of this section. Follow
the instructions to compare the genetic sequences for various organisms for the gene that
makes cytochrome c.

Use the hotlinks to find ancient sequences of base pairs to compare between species
of prokaryotes. Can you find a correlation between the numbers of mutations and the
evolutionary distance between species?

' NATURE OF SCIENCE |

Why are scientists interested in comparing the genetic codes of various species? For one thing,
when looking at a gene that every living thing should have, such as a gene for how to make
ribosomes, the number of mutations a species has in that gene compared with another species
gives insight into how closely they are related to each other.

Because of a certain number of differences in metabolism and genetic makeup in types of
single-celled organisms that looked similar to bacteria, the biologist Carl Woese proposed the
domain Archaea to distinguish them from bacteria (prokaryotes) and eukaryotes. Although
Archaea do not have a nucleus, they have enough differences compared with prokaryotes

to set them apart from other bacteria. Among the species in this group are single-celled
organisms that thrive in very salty conditions, some that live in hot springs at extreme
temperatures, and many others that live in the soil or in the ocean: some might be living in you
or on you right now.

It took decades for Woese's proposal to be accepted, but the overwhelming evidence in
Archaea’s favour made it very difficult for opponents of the idea to argue against it.

Can human genes be patented?

In the spring of 2013, the United States Supreme Court heard a landmark case
between a biotech company, Myriad Genetics (the defendant), and the Association for
Molecular Pathology, AMP (the plaintiff), a group of genetics experts who specialize
in many things, including the diagnosis of genetic diseases and disorders. Myriad
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had a patent on naturally occurring human genes called BRCA, which can be used to
tell whether a woman has a genetically increased chance of breast cancer or ovarian
cancer, two of the most common and deadly cancers in Western society today. AMP
was taking Myriad to court because they thought the BRCA gene sequences should

be available freely for diagnosing cancer. AMP thought that it was unfair that clinical
teams could not access the BRCA genes to do their own testing and diagnosis. They
argued that a company such as Myriad should not be able to put an industrial patent
on genes, because DNA sequences occur naturally and are not invented by a company:
therefore, they are not patentable objects.

Myriad’s argument was that, although DNA is found in nature, genes are all connected
to each other, whereas the isolated sequences for which they had patents could only
be the product of a biotech laboratory using sophisticated equipment to do the
separation and identification: therefore, the DNA sequences in question were not in
their natural form. The researchers at Myriad were the first to patent these fragments
of DNA and recognize their usefulness. They patented their BRCA genes just as any
pharmaceutical company would patent a new molecule that they thought would make
a useful medicine. These patents, and the diagnostic tests associated with them, have
made Myriad a very successful and profitable company. Because it is their intellectual
property, anyone who wants a genetic test for breast cancer or ovarian cancer must go
to them. Myriad argued that taking away their patents would take away their livelihood
because it would allow any company to develop and perform their own diagnostic
tests.

A patent is an
authorization for a person
or a company to make,
use, or sell an invention,
and it makes it illegal for
anyone else to make, use,
or sell it. For example,
Thomas Edison had

more than 1000 patents
for the many things he
invented, such as his
improved electric light
bulb and his phonograph.
In the medical field, it is
common to patent new
pharmaceutical molecules
developed in laboratories
so that only the initial
company that invented the
drug can manufacture and
sell it. Typically, a patent
filed today is limited to 20
years.

Biotechnology is posing a
rising number of challenges
to the legal institutions of the
world.

Another argument from the plaintiff was that, because Myriad was the sole company
to administer BRCA diagnostics, it was impossible for a patient to get a second opinion,
a key step in the diagnosis and treatment of a medical condition as serious as cancer.
Also, Myriad could charge high fees because they had no competition in the market.
Myriad’s justification for the cost of the tests was that biotech research requires very
expensive laboratory equipment and highly trained professionals, so the money
earned from the diagnostic tests helps the company invest in new developments to
advance scientific knowledge and continue putting new diagnostic tools in place.

In the end, the US Supreme Court found it unconstitutional to patent a DNA sequence
found in nature. Justice Clarence Thomas wrote ‘A naturally occurring DNA segment
is a product of nature and not patent eligible merely because it has been isolated.’
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To learn more about
genes, go to the hotlinks
site, search for the title
or ISBN, and click on
Chapter 3: Section 3.1.

NATURE OF SCIENCE

Developments in research
follow improvements

in techniques:
autoradiography was used
to establish the length

of DNA molecules in
chromosomes.
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Genetics

Section summary

* Living organisms get their DNA from their parents.

* The locus of a chromosome is a specific position where a gene (a heritable unit of
DNA that codes for a specific trait) is found.

* One allele (a version of a gene) can differ from another allele by one or more DNA
bases.

* The Human Genome Project has allowed scientists to map the positions of genes and
their mutations.

Exercises

1 What is the difference between an allele and a gene?

2 Give an example of a mutation in an eagle’s offspring that could be considered a beneficial mutation.

3 Explain why eukaryotic chromosomes always come in pairs.

Chromosomes

Understandings:

@ Prokaryotes have one chromosome consisting of a circular DNA molecule.

® Some prokaryotes also have plasmids but eukaryotes do not.

e Eukaryote chromosomes are linear DNA molecules associated with histone proteins.

® |n a eukaryote species there are different chromosomes that carry different genes.

® Homologous chromosomes carry the same sequence of genes but not necessarily the same alleles
of those genes.

e Diploid nuclei have pairs of homologous chromosomes.

® Haploid nuclei have one chromosome of each pair.

® The number of chromosomes is a characteristic feature of members of a species.

e A karyogram shows the chromosomes of an organism in homologous pairs of decreasing length.

e Sex is determined by sex chromosomes and autosomes are chromosomes that do not determine
sex.

Applications and skills:

@ Application: Cairns’ technique for measuring the length of DNA molecules by autoradiography.

e Application: Comparison of genome size in T2 phage, Escherichia coli, Drosophila melanogaster,
Homo sapiens, and Paris japonica.

® Application: Comparison of diploid chromosome numbers of Homo sapiens, Pan troglodytes, Canis
familiaris, Oryza sativa, and Parascaris equorum.

e Application: Use of karyograms to deduce sex and diagnose Down syndrome in humans.

o Skill: Use of databases to identify the locus of a human gene and its polypeptide product.

Guidance

e The terms karyotype and karyogram have different meanings. Karyotype is a property of a cell: the
number and type of chromosomes present in the nucleus, not a photograph or diagram of them.

® Genome size is the total length of DNA in an organism. The examples of genome and chromosome
number have been selected to allow points of interest to be raised.

® The two DNA molecules formed by DNA replication prior to cell division are considered to be sister
chromatids until the splitting of the centromere at the start of anaphase. After this, they are individual
chromosomes.



The chromosome in prokaryotes

You will recall from Chapter 1 that the nucleoid region of a bacterial cell contains a
single, long, continuous, circular thread of DNA. Therefore, this region is involved
with cell control and reproduction.

Notice how the presence of a single circular chromosome is a very different situation
from all the cells we looked at in Section 3.1, which always had chromosomes in pairs.
Why is this? Prokaryotes can reproduce using binary fission (dividing), whereas

organisms such as plants and animals more freque

(involving a male and a female). Any time two parents are involved, the offspring will
have pairs of chromosomes rather than single chromosomes. Because prokaryotes

have only one parent, they have only one chromos

Plasmids

Escherichia coli, like many prokaryotes
(bacteria), have small loops of DNA that are
extra copies of some of the genetic material of
the organism. These loops are called plasmids.
These small, circular, DNA molecules are not
connected to the main bacterial chromosome.
The plasmids replicate independently of the
chromosomal DNA. Plasmid DNA is not
required by the cell under normal conditions,
but it may help the cell adapt to unusual
circumstances. Plasmids can be found in
Archaea as well as in bacteria.

Figure 3.10 The DNA in
prokaryotes can be found in
the circular chromosome or in
plasmids.

ntly use sexual reproduction

ome.

circular chromosome
made of DNA

cell membrane controls
what goes into and out
of the cell

soft cell wall holds
the cell together
and protects it
plasmids - small circles
of DNA that also contain
genes to make proteins

cytoplasm - where the cell's
reactions occur

As we will see later in Section 3.5, these loops can be used in genetic engineering.
Genetic manipulation using plasmids is not possible in eukaryotes such as plants
and animals, because they do not have plasmids. Other techniques must be used for
genetically modified (GM) crops and animals, which we will discuss later (also in

Section 3.5).

Eukaryote chromosomes

The DNA of eukaryotic cells most often occurs in the form of chromosomes.
Chromosomes carry information necessary for the cell to exist. This allows the
organism, whether unicellular or multicellular, to survive. DNA is the genetic material

of the cell. It enables certain traits to be passed on to the next generation. When the cell
is not dividing, the chromosomes are not visible structures. During this phase, the

cell's DNA is in the form of chromatin. Chromatin
proteins called histones.

Figure 3.11 This drawing
shows how DNA is packaged
into chromosomes.

is formed of strands of DNA and




Figure 3.12 Homologous
chromosomes. Although these
are the same size and shape,
and carry the same genes,

the different coloured bands
on the short arms of each
chromosome reveal that they
do not carry the same allele of
the gene at the locus shown.
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When looking at unfolded DNA with an electron microscope, you can see what looks
like beads on a string. Each of the beads is a nucleosome. A nucleosome consists of two
molecules of each of four different histones. The DNA wraps twice around these eight
protein molecules. The DNA is attracted to the histones because DNA is negatively
charged and the histones are positively charged. Between the nucleosomes is a single
string of DNA. There is often a fifth type of histone attached to the linking string of
DNA near each nucleosome. This fifth histone leads to further wrapping (packaging)
of the DNA molecule and eventually to the highly condensed or supercoiled
chromosomes.

When DNA is wrapped around the histones and then further wrapped in even

more elaborate structures, it is inaccessible to transcription enzymes. Therefore, the
wrapping or packaging of DNA regulates the transcription process. This allows only
certain areas of the DNA molecule to be involved in protein synthesis.

Multiple chromosomes

As shown in Table 3.5, eukaryotes have more than one chromosome. Most eukaryotes
have multiple pairs of chromosomes, and each chromosome will carry a different set
of instructions for the cell.

Table 3.5 A comparison of eukaryote chromosomes and prokaryote
chromosomes

Prokaryote Eukaryote

Number of chromosomes 1 2 or more*
Shape Circular Linear
Histones Not present** Present
Presence of plasmids Sometimes Never
Organized into pairs No Yes

*Itis rare for eukaryotes to have one chromosome, but some can, such as male bees, wasps, and
ants.

* Among prokaryotes, archaeans have the same properties as bacteria (prokaryotes) in this table, with
the exception that histones are present in archaean DNA but not in bacterial DNA.

Homologous chromosomes: same genes but not
always the same alleles

In a typical human cell, the 46 chromosomes can

be grouped into 23 pairs of chromosomes called
homologous chromosomes. Homologous means
similar in shape and size, and it means that the two
chromosomes carry the same genes. The example in
Figure 3.12 shows one of the 23 pairs of homologous
chromosomes found in humans.

Remember that the reason there are two of each
chromosome is that one came from the father and the
other from the mother. Although a pair of homologous
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chromosomes carries the same genes, they are not identical because the alleles for the
genes from each parent could be different. In Figure 3.12, we can see that the locus
shown contains different coloured bands, revealing that this individual got a different
allele from his or her mother than from his or her father for this particular gene.

It is important to note that the shapes you see in Figure 3.12 represent two
chromosomes together as a single pair, but that each chromosome has been doubled
as a result of DNA replication. Chromosomes only look like this when the cell they
are in is getting ready to divide. At this stage, the two blue-banded zones are part

of two connected sister chromatids forming a single chromosome attached at the
centromere. Likewise, the two red-banded zones belong to two sister chromatids. Each
chromatid includes the long arm as well as the short arm (the one that contains the
coloured bands in this example). This will be important to remember later, when we
watch the sister chromatids split during cell division. When the chromatids separate,
they become two identical chromosomes. But as long as they are attached at the
centromere, they are considered to be part of a single chromosome.

Examining chromosomes in root tips
*Safety alerts: The chemicals in this lab, as well as the risk of breaking glass during the

squashing process, require vigilance and caution. Ask your teacher what precautions to

consider.*

There are two options for doing this lab, depending on time and materials available. You can
either prepare your own root tip squashes from plant material grown in the laboratory, or you
can examine pre-made root tip preparations from a laboratory supply company.

For the first option, carry out the following.

* Over a beaker full of water, suspend a plant that will produce roots in the water, for example
garlic, onion, or potato. Use toothpicks to support it.

* Leave it for 2-5 days until little white roots have pushed their way down into the water. Top
up the water periodically if it gets low.

* Cut off the roots and place them first into ethanoic acid for 10 min, then into 1 M HCl for 10
min, then rinse them with water.

* Cut off 2mm of the tips, and place these segments on a microscope slide.
* Stain them with orcein, allowing it to soak in for a few minutes.
* To spread the cells out on the slide, use a mounted needle.

* Place a cover slip over the root tips, and place several layers of paper towel over the slide
and cover slip. Push down firmly to squash the tissue.

* If you have the time and materials, you can compare the chromosomes in your root tips with
professionally prepared slides.

Diploid and haploid cells

The term diploid is used to describe a nucleus that has chromosomes organized into
pairs of homologous chromosomes. Most cells in the human body are diploid cells,
and in such cells the nucleus contains a set of 23 chromosomes from the mother and
23 from the father. There is a category of cells that only contain 23 chromosomes in
total: the sex cells, also called gametes. Because the chromosomes in sperm and egg
cells do not come in pairs, but rather only have a single chromosome from each pair,
they are said to be haploid.

The adult form of animal cells is rarely haploid, but there are exceptions, for example
male bee, wasp, and ant cells are haploid. Generally speaking, the vast majority of cells
in sexually reproducing organisms are diploid, and only the gametes are haploid.
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CHALLENGE

YOURSELF

4 Use the karyogram in the
photo below to determine
whether the child is a boy
or a girl. How do you know?
Does the child's karyotype
include any anomalies? If
so, describe what you see.

This is a karyogram showing
all 23 pairs of chromosomes.
What can we learn about the

individual’s karyotype from
this figure? This karyogram
was prepared using false
colour imagery.

The variable n represents the haploid number, and it refers to the number of sets of
chromosomes that a nucleus can have. For a human egg cell, n = 23. When an egg

cell is fertilized by a sperm cell (a sperm is also haploid and therefore contains 23
chromosomes), a zygote is formed and the two haploid nuclei fuse together, matching
up their chromosomes into pairs. Hence humans generally have a total of 23 + 23 = 46
chromosomes. This means that in humans, 2n = 46, so diploid cells in humans have 23
pairs of chromosomes making a total of 46 chromosomes. Compare this number with
some of the other species in Table 3.6.

Table 3.6 A comparison of types of cells and chromosome numbers

Types of cells and chromosome numbers

Species Haploid = n Diploid = 2n
Human, Homo sapiens 23 46
Chimpanzee, Pan troglodytes 24 48
Domestic dog, Canis familiaris 39 78
Rice, Oryza sativa 12 24
Roundworm, Parascaris equorum 1 2

Chromosome number: a defining feature

As you can see, the number 46 for humans is very different compared with the number
for a worm. One of the best-studied worms in genetics laboratories is Caenorhabditis
elegans, whose genome was first sequenced in 1998. It has six chromosomes, meaning
its diploid number, 2n, is 6, and therefore its haploid number, n, is 3. It would be
expected that all the cells in C. elegans would have six chromosomes, and, likewise,
that all cells in humans would have 46. Although this is
true for most cells, we have already seen the exception of
haploid cells (), and we will see later that some people
can be born with chromosomes missing (45 or fewer)

or with extra chromosomes (47 or greater), but these
remain exceptions. In addition, some cells do not contain
a nucleus and have no chromosomes to show, such as red
blood cells. Generally speaking, however, the number of
chromosomes is a characteristic feature of the cells of a
species.

Karyograms and karyotypes

A karyogram is a representation of the chromosomes
found in a cell arranged according to a standard format, as
in the example in the photo to the left. The chromosomes
are placed in order according to their size and shape. The
shape depends mainly on the position of the centromere.
A karyogram is used to show a person’s karyotype,

which is the specific number and appearance of the
chromosomes in his or her cells.



How is such an image obtained? Once the cells
of an organism have been collected and grown in
culture, a karyogram is made following the steps
below. For an explanation of how the cells are
collected, see Section 3.3.

1 The cells are stained and prepared on a glass
slide, to see their chromosomes under a light
microscope.

2 Photomicrograph images are obtained of the
chromosomes during a specific phase of cell
division called the mitotic metaphase (see
Section 1.6).

3 The images are cut out and separated, a process
that can be done using scissors or using a
computer.

4 The images of each pair of chromosomes
are placed in order by size and the position
of their centromeres. Generally speaking,
the chromosomes are arranged in order
by decreasing length. The exception is in
the 23rd pair of chromosomes, which can
contain one or two X chromosomes, which

are considerably larger than the chromosomes | A

in the 22nd pair (see the chromosome pair Images of chromosomes are

marked X in the photo on page 138). cut outand pasted to make a
karyogram.

Sex determination

The 23rd pair of chromosomes are called the sex chromosomes because they
determine whether a person is a male or a female. The X chromosome is longer than
the Y chromosome, and contains many more genes. Unlike the other 22 pairs of
chromosomes, this is the only pair in which it is possible to find two chromosomes
that are very different in size and shape.

In human females there are two X chromosomes. When women produce
gametes, each egg will contain one X chromosome. Human males have
one X chromosome and one Y chromosome. When males produce sperm
cells, half of them contain one X chromosome and half contain one Y
chromosome. As a result, when an egg cell meets a sperm cell during
fertilization, there is always a 50% chance that the child will be a boy and a
50% chance that the child will be a girl (see Figure 3.13):

Parents:

Gametes:

* XX = female

Offspring:
* XY =male. pring

The chances remain the same no matter how many boys or girls the family A

already has_ Figure 3.13 How sex is
determined: will the baby be a
Any chromosome that is not a sex chromosome is called an autosome, or autosomal boy or a girl?

chromosome. Humans have 22 pairs of autosomes and one pair of sex chromosomes
(see Figure 3.14).
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Figure 3.14 Human
chromosomes: grey =
autosomes, purple = sex
chromosomes.

If a trait or gene is described as autosomal, its locus is on one of the 22 pairs of
autosomes, not on the sex chromosomes. Where a gene is located determines whether
or not the trait it controls is more common in males or females. When a trait is more
common in one sex than the other, there is a good chance that the trait is sex-linked,
and that the locus of the gene is on either the X chromosome or the Y chromosome
(see sex linkage in Section 3.4). If there is no pattern to the frequency of a trait between
females and males, it is most likely to be an autosomal trait.

Autoradiography

Autoradiography is a technique in which radiation from a substance is captured on
photographic film or by a camera sensor. Unlike an X-ray, during which the film or
sensor is exposed to an external source of radioactivity, autoradiograms (the images
formed by autoradiography) are exposed to radioactive particles being given off by the
substance itself. This technique has been described as structures such as DNA being
able to ‘take their own pictures’. It is used in genetics work to obtain images of DNA
strands so that their lengths can be measured.

Cairns’ technique involves injecting radioactive materials into the DNA samples that
will expose the film faster. Such materials are called radio markers. In the case of
measuring the lengths of DNA strands, the DNA forming during replication is given
aradioactive form of a molecule called thymidine. Thymidine is a component of a
DNA nucleotide made up of a pentose sugar bonded to thymine; it is represented by
the letter T in the genetic code. The radioactive form added in the experiment is called
*H-thymidine, in which the *H is the radioactive isotope of hydrogen. An isotope is a
version of an atom with a different atomic mass compared with other versions of the
same atom, usually because it has more neutrons. The radioactive *H molecule is used
as a radio marker to keep track of where those thymidine molecules are, because it
leaves traces of its presence on photographic film.

This technique was used by John Cairns in 1962 to demonstrate that a bacterium’s
chromosome is made up of a single circle of DNA and that it is replicated by being
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unzipped. The photos he took using autoradiography looked like the image below, and
Cairns called them theta structures because they were reminiscent of the Greek letter

theta ().
DNA being
unzipped
Figure 3.15 A diagram of
what Cairns saw when the
circular DNA chromosome of
E. coli was being unzipped for
one strand of replication.
DNA being
pulled away
from the other
two strands of
the DNA that
have not been
unzipped yet
CHALLENGE YOURSELF

5 Scientists have long dreamed of the moment when they can see the mysterious secret code of life.
For example, discovering the code behind something as wonderfully useful as insulin, the protein in
your blood that helps regulate blood sugar, was the dream for many decades. Wouldn't it be nice to
be able to read the code, copy it, and use the copy to make insulin in a laboratory? In the early 1980s,
a small company called Genentech was the first to make laboratory-synthesized insulin available to
patients who needed it to treat their diabetes. The company went on to many other projects in the
field of biotechnology and, three decades later, the company was worth tens of billions of dollars.

Today, a lot of the discoveries that took months or years to make are just a few clicks away, because
they are available for everyone to consult. The online genetic database at the National Center for
Biotechnology Information (NCBI), for example, has many genes that you yourself can look up.
Interested in insulin or haemoglobin? Search for those words or their genes (INS for insulin or HBB
for one of the subunits of haemoglobin). At the end of this section, use the hotlinks to see if you
can find out at what position and on what chromosome you can find the secret code for these
valuable molecules of life. If you ask for the FASTA data (pronounced ‘Fast A), you can see every

A, T, C, and G that makes up a gene coding for a protein. Also, check out the NCBI 1000 Genome
Browser, an online map of human genes chromosome by chromosome. If you get lost, they have
video tutorials to help.

Section summary

* Chromosomes are made of DNA, which contains a linear sequence of bases that code
for each organism’s traits.

* The chromosome number is characteristic of a certain species.

* Thanks to binary fission, a prokaryote has one parent cell and possesses a single
circular DNA molecule as its chromosome.

* Organisms that reproduce sexually have two parents and as a result tend to have
pairs of chromosomes in the nuclei of their cells. The pairs consist of homologous
chromosomes that carry the same genes but not necessarily the same versions of
those genes (alleles).

* Plasmids are circles of extra copies of DNA and can be found in some prokaryotes
but not in eukaryotes.

* Eukaryotes and archaeans have histones associated with their DNA, whereas bacteria
do not. Haploid = n, diploid = 2n.
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To learn more about
chromosomes, go to the
hotlinks site, search for the
title or ISBN, and click on
Chapter 3: Section 3.2.

NATURE OF SCIENCE

Making careful
observations: meiosis was
discovered by microscope
examination of dividing
germ-line cells.
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* Photos of homologous chromosomes can be lined up into pairs by size and shape
to construct a karyogram. One use of a karyogram is to see if a future baby will
be a girl (XX) or a boy (XY). Chromosomes that are not sex chromosomes are
called autosomes.

Exercises

4 Draw and label a chromosome. Include the following labels: chromatid, centromere. Indicate an
example of a locus.

5 Explain why prokaryotes are never diploid.

Meiosis

Understandings:

® One diploid nucleus divides by meiosis to produce four haploid nuclei.

@ The halving of the chromosome number allows a sexual life cycle with fusion of gametes.

® DNA is replicated before meiosis so that all chromosomes consist of two sister chromatids.

e The early stages of meiosis involve pairing of homologous chromosomes and crossing over
followed by condensation.

 Orientation of pairs of homologous chromosomes prior to separation is random.

@ Separation of pairs of homologous chromosomes in the first division of meiosis halves the
chromosome number.

@ Crossing over and random orientation promotes genetic variation.

e Fusion of gametes from different parents promotes genetic variation.

Applications and skills:

® Application: Non-disjunction can cause Down syndrome and other chromosome abnormalities.

® Application: Studies showing age of parents influences chances of non-disjunction.

e Application: Description of methods used to obtain cells for karyotype analysis, e.g. chorionic villus
sampling and amniocentesis, and the associated risks.

o Skill: Drawing diagrams to show the stages of meiosis resulting in the formation of four haploid
cells.

Guidance

e Preparation of microscope slides showing meiosis is challenging and permanent slides should be
available in case no cells in meiosis are visible in temporary mounts.

® Drawings of the stages of meiosis do not need to include chiasmata.

e