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Copyright in this work is owned by Cengage
Learning Australia (“the work”). A condition of
purchase of this electronic version of the work is
that you agree to respect the copyright in the
work, abide by the Copyright Act 1968 and
specifically agree not to transfer, sell, assign,
misuse, copy or transmit an electronic or other
version of the work to any third party.

Please note: This product is accompanied by a
licence (single user, network or adoption)
governing the terms and conditions of its use.



This is a legal agreement between the you,
(the “Customer”) and Cengage Learning
Australia Pty Limited (ABN 14 058 280 149)
(the “Licensor”) which provides the terms
and conditions of this non-exclusive licence
and the limited warranty for the Product.
Use of the Product indicates an
acknowledgement that the Customer has
read and agreed to be bound by the terms
and conditions of this Agreement. If you do
not agree to these terms and conditions,
return the Product to the place of purchase
within 15 days of the date of purchase (with
proof of purchase) for a full refund

1. Licence Grant
You do not receive title to the Product.
Copyright in the Product (which includes
all images, photographs, video,
animations, audio, music and text
incorporated in the Product, including all
of the accompanying printed material) is
owned by the Licensor and/or its
suppliers and is protected by Australian
copyright laws. The Licensor grants you
a non-exclusive licence to use the
Product subject to the restrictions and
terms set out in this Agreement.

2. AlLicence allows you to:
Use the Product on your computer. The
Customer represents that they shall in
no way place the Product in the public
domain or in any way compromise our
copyright in the Material. You agree to
take reasonable steps to protect our
copyright.

3. You may not:
Alter, modify, translate, reverse
engineer, decompile, or adapt the
software or create derivative works
based on the Product. Make further
copies by any means technological,
electronic, digital whatsoever without
the written permission of the Licensor.
Rent or transfer all or any part of your
rights under this Agreement. Remove or
alter any copyright or other proprietary
notice or label attached to the software.

4. Termination
Any failure to comply with the terms and
conditions of this agreement will result
in the automatic termination of this
licence. Upon termination of this licence
for any reason, the Customer must
destroy or return to the Licensor all
copies of the software and
accompanying documentation.

5. Warranties
To the extent permitted by law, the
Licensor’s liability for any breach of the
warranty or any term implied by law into
this licence is limited to the lowest cost
of replacing the goods, acquiring
equivalent goods or having the goods
repaired.
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Foreword

Biology is fantastic because
it's both complicated and,
when you finally get to some
understanding, beautiful!

Newspix/Richard Cisar-Wright

Starting out as a veterinary scientist trying to understand how viruses kill, and how we might prevent that,

I made a chance discovery with my Swiss colleague, Rolf Zinkernagel, that led to us sharing the 1996 Nobel
Prize for Physiology or Medicine. Rolf trained as a medical doctor but, so far, I'm the only vet to win a Nobel.
We found that the so-called transplant or surveillance molecules focus the assassins of immunity, the killer T
cells, on cells that are damaged by infection or oncogenic (cancerous) changes. The following year | had the
honour of being named the Australian of the Year. When asked to write this foreword my response was: are
they thinking of Pete Doherty the musician? In a world where science communication has rapidly declined and
fake news (or gossip over the back fence) is too often the norm, | felt it was important to add my opinion to the
study of Science, specifically Biology, and say a little bit about how it can change thinking and lives.

| am passionate about promoting an evidence-based view of reality: my most recent book, The Knowledge
Wars, describe the ‘warts and all' view of science for non-scientists, even for people who don't like science.
That's the great thing about biological science. It may be a surprise to some arty types, but science does teach
you how to write clearly and concisely, though we're no good at fiction! So far I've published a diverse range of
general books about science and the scientific life: A Light History of Hot Air, The Beginners Guide to Winning
the Nobel Prize : a Life in Science, Sentinel Chickens: What Birds Tell Us About our Health and our World and
Pandemics: What Everyone Needs to Know, and The Incidental Tourist.

Biology is fantastic because it's both complicated and, when you finally get some understanding, beautiful!
Of course, it is important to pass exams if you want to get into medical or vet school, or become a researcher
like me. Studying biology teaches all of us about ourselves, while strengthening important life skills such as
critical thinking, problem solving, collaboration, scientific literacy and the importance of working together. And
if you have a good basic grasp of biology, you'll understand why this discovery or that is important. It will also
help you to tell the difference between reality, hype and downright lies. The VICscience Biology series tackles
some of the big ethical issues and teaches students how to think scientifically and question ideas.

Now, having been involved in infectious disease research (especially immunity) for more than 55 years, I've
handed over my research lab (plus whatever grant money | bring in) to my younger colleagues. I've still got
stuff to say, and my focus now is on writing more books. Part of the delight of being a senior researcher is to
see those who've worked with you mature and become great scientists. And it starts for them, as it did for me,
at one place: with learning the basics and being excited by biology. Apart from allowing me to live and work in
different countries, and opening doors, in terms of social and economic mobility, being part of the unravelling
of the story of life has been immensely gratifying. There is still an enormous amount to be discovered and even
if you are not intending to be part of that, understanding the basics of biology can only serve to position you
better for any future you might be contemplating.

Dr Peter Charles Doherty AC FRS FMedSci
Laureate Professor, The University of Melbourne.
5 December 2019

VICscience Biology VCE Units 3 & 4 9780170452533
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n TO THE STUDENT
To the student

The VCE Biology course comprises both key knowledge and key science skills components, which will be
assessed throughout your studies. We understand that undertaking VCE Units 3 & 4 can be an exciting but
sometimes overwhelming time. You will learn a lot of content and develop scientific skills throughout a very
busy year that will culminate in an external assessment. We have taken these stressors into account when
designing the VICscience Biology suite of products. You will not need to go beyond these learning materials
to study VCE Biology; they have been designed to work in unison so you can achieve at your best.

10 steps to study success

Ensure you take time to read the 10 ways we have organised your VCE biology study journey. You will see
that at various stages in your studies, different aspects of this textbook will be more useful. Whether you

are learning new concepts for the first time, reviewing what you have learnt or preparing for tests and exams,
spending a little time now getting to know your textbook will help you reach your learning potential for

VCE Biology.

@ Focus on the Study Design

Each chapter starts with a chapter opening page
that will guide you through the key knowledge
and key science skills that are covered in the
chapter with page reference numbers to help
find all the content that you need quickly.

e,

"By the end of this chapte.l-,

Key knowledge The relationship between nucleic

acids and proteins

The relationship between nucleic acids and’

»  nucleic acids as information molecules th;.
DNA, the three main forms of RNA (mRI
pp. 39-47 o

»  the genetic code as a universal triplet cof.
transcription, RNA processing in eukary.n'

By the end of this chapter yo

Key knowledge

DNA.
pp.39-47

»  the structure of genes: exons, introns.."

Pp.47-53
xons, nrons and promoter and operator regons, pp. 48-45 54-57

»  the basic elements of gene regulatj,-'
. pp.55-57 o

. »
.'-\n;lino acids as the momzml"
“tesbuvtioaves®

....t!fdu’g'ﬂau,

.
,»2%ell via the protein secrefory

Key science skills

e
‘Comply with safety and ethical gidelines

Plan and conduct investigations L1

» determine appropriate investigation met
experiment; correlational study; fieldwork}

Pp. 4344

340

. 4340
Analyse, evluate and communicate scientifc ideas

development; simulation, pp. 47-53 H them, pp. 4344

»  work independently and collaboratively ag ©(2021). The Victoian Curiculum and Assessment Authorty (VCAA). Used with permission.

. . .
extending processes as required and recow

sramoissn ViCscience Bicogy VCE Units 3 &4

Comply with safety and ethical guidelines ..'

» demonstrate safe laboratory practices.u'
that are informed by safety data sheg*
.

Enzymes and
the biochemical
pathways involved

2, apply relevant occupational heallﬂ"
“*dgmonstrate ethical condug#®”
e e

@ Look for connections

Each chapter begins with a chapter map

that:

e are easy-to-use

¢ use shorthand familiarisation

¢ is a navigational tool to guide you
through each chapter

o offers a gentle entry into the

more complex information. .
* provides quick links P47 o2
J G K
to chapter content = expression %

The mRNA code is read at
the ribosome. Transfer RNA
checks the cytosol to locate a
specific amino acid to bring
back to the ribosome to
A build the correct

protein.

The relationship between nucleic acids
and proteins

that recurs again an

ViCacince Boogy VCE Unis3 6.8 ViCasence iolgy VCE Uni3 &4

We have made further connections

in photosynthesis
and cellular
respiration are
discussed in detail
in Chapters 4 and 5.

LT, )

Note:

Transcription factors
control the rate of
gene expression in
eukaryotes as well
as prokaryotes.

In another position on the|
a transcription factor. A trans
region involved in the regulati
Transcription factors can servs
transcription factor for the #rp!
enters the E. coli cell, it functic
repressor protein, altering its
(Figure 2.21a). Binding of the
region. The five genes of the #

throughout each chapter using margin
Notes, which offer further explanation
and Connect boxes, which link content
to other relevant chapters where more
information is provided.

VICscience Biology VCE Units 3 & 4
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We have listed all the key terms at the
beginning of each chapter.

You can use the flashcards study tool
to learn and review key terms with their
definitions, and assist with pronunciation and
spelling of key vocabulary.

£ . [——]

Key science skills are examinable in the
external assessment and therefore are

a significant and important part of the
course. To further develop and refine all
the key science skills set out in the course,

complete the activities in the —

accompanying VICscience Biology

Skills Workbook. Signposts to WB

workbook activities are found REMEMBER
PAGE 22

throughout the textbook. Look for
the Workbook icon.

At the beginning of each chapter, use the
Remember statements under the key terms
list to bring previously learnt concepts to the
front of your mind. Stronger foundations
of knowledge make learning more difficult
concepts easier.

The VICscience Biology Skills Workbook
provides you with stepped o

questions to help you to
engage your past learnings. @

Pictures tell a thousand words and are key
in strengthening understanding, so ensure
you look carefully at each figure and read
the labels and captions so that you can
understand what it is telling you.

w
o
o

The antiparallel nature of
DNA: the two strands of DNA run in
opposite directions.

Sometimes words and pictures

are not enough. Some of the key
knowledge has been explained in
videos. Look for the video icons
throughout the chapters as these
animated videos will help you to
understand and make connections
between content.

9780170452533
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n TO THE STUDENT

4 Important ideas, concepts and theories are

summarised in Key concept boxes.

O=vr KEY CONCEPTS

Nucleotides are monomers that are made up of a
five-carbon pentose sugar, a phosphate group and a
nitrogenous base

Nucleotide monomers make up the nucleic acids DNA
and RNA.

There are four different types of nitrogenous bases

in DNA: adenine (A), cytosine (C), guanine (G) and
thymine (T).

Concept questions 2.1a

1 List the three key features of a nucleotide and describe
how they are arranged.

Describe how nucleotides are linked together.
Describe how the two strands of DNA are held
together.

Explain the antiparallel structure of DNA.

State the complementary base pairing rule.

w N

w s

6

»  Nucleotides make up the strands of DNA, which

HOT challenge —=#

are held together by hydrogen bonds between
complementary bases.

Bases pair according to the complementary base
pairing rules: A always bonds to T: C always
bonds to G

The two strands of DNA are antiparallel.

In cells, DNA s organised into chromosomes.

Draw a flow chart to show your understanding of DNA
structure. Use the following terms in your flow chart:
adenine, base, cytosine, guanine, hydrogen bonds,
monomer, nucleic acid, nucleotide, phosphate, sugar,
thymine. You may add more terms.

You will collaborate, explore and discover the
living world through practical activities and
investigations and also come to appreciate the
collegial nature of Biology.

Complete short, hands-on tasks designed

to clarify or reinforce a concept through the
Activity boxes.

Lesetrrea,
o .

Concept questions follow each key
concept box. These questions will help you to
determine whether you have fully understood
the content before you progress further in the
chapter.

If you are feeling confident with the
concepts you can give the HOT Challenge
a go! This question is more difficult and may
need further research. It will extend your
understanding to a higher level.

ACTIVITY 2.1

Transmitting the code

The nucleus of eukaryotic cells contains DNA, the molecule that encodes for all the proj
sites of synthesis of proteins, the ribosomes, are found in the cytosol, outside the boun
leave the nucleus, so to produce a protein, a message must be sent from the nuclear D
two processes take place:
»  transcription of the message from the DNA into a »
messenger RNA (mRNA) molecule
But how is the message communicated between the nuclear DNA and the ribosomg

translation of the m
sequence at the ribg

Explore key knowledge and develop, use
and demonstrate the key science skills through
the Investigations. Investigations provide:

e guided instruction on the materials
e method
e collection
e analysis of results
e discussion.
Investigations are not without risks and

. .
. .
ITHERN Developed éw,
B .
S’ | INVESTIGATION 2.1 %,
: P
. e W .
+ | Extracting DNA from strs 4
- - . - *, SoUTHEN Developed exclusively by Southern Biological
. Strawberries have eight sets of chror Lot '
. . . .
3 Strawberries are a very effective mgr ESTIGATION 2.1
*, | tobe clearly observed. 4 5
. Y K g DNA from b
%! Aim o Strawberries have eight sets of chromosomes, making them octoploid along with pansies, dahlias and sugar cane.
0 ¥ Strawberies are a very effective model for DNA extraction because their pink juice allows the white strands of DNA
s extract DNA from strawbe® to be clearly observed.
. .
ey’ Aim
To extract DNA from strawberries.
e Time requirement
anne
aett R 30 minutes
.
. Materials
) » 3 strawberries »  Stiring rod
o e
- What are the risks in 4°"'€.. »  Deionised water (10) » Resealable plastic bag
D Ethanol is highly flammable. s » Clear dish detergent (50mL) » Testtube
N .
5 A »  Protease enzyme (5mL) »  Filter paper
H % »  Cold ethanol/70-90% isopropanol (5mL) »  Glass funnel
. » Salt(1tsp) » Labcoat
H Pratease enzyme can iitate the » Testtube »  Safety glasses
. - i A 250mL beaker »  Gloves
. . R
. . .
. . s,
" CSAbIE Ploves e
. Disposable gloves can "‘”".i‘ ( What are the risks in doing this investigation? How can you manage these risks to stay safe?
03 people. K BTl Ethanol s highly flammable. Store and use ethanol away from ignition sources. Do not
. Strawberries can cause §° heat in a container over an open flame; use a water bath that
. . is spark proof.
e o Protease enzyme can iritate the skin and eyes on contact. Wear appropriate personal protective equipment at all times,
fraaaanrt including eye protection and gloves. Wash skin immediately if
contact does occur.
Disposable gloves can cause allegic reactions in sensitive | Use a type of glove that has no allergy risk and s suitable to
Leseres N_ people. use with the chemicals in this investigation.
A «aty does DN s A Strawberries can cause allergic reactions in sensitive people. | Never eat food in a science laboratory. Let your teacher know
.-' ‘e i if you have a strawberry allergy.
. Conclusion Y
K i o . Method
A3 Summarise your findings any, 1 To make the extraction buffer, mix 1L of deionised water, 50mL of detergent and 1 tsp of salt in a small beaker. Use a
A strawberry cells. & stirring rod to mix.
N . 2 Place a strawberry within a resealable plastic bag and re-seal the bag.
. . ;
L 3 Squeeze the strawberry with your fingers until it is lightly crushed.
. .
. Taking it further . 4 Add 10mL of the pre-mixed DNA extraction buffer to the bag.
v ; 5 Re-seal the bag and crush the contents again for approximately a minute, using your hands to mix the ingredients
. 1 Perforr»n another DNA extrg within the bag. Continue until a thick juice is produced.
. 2 Following the same proce(f 6 Add 5mL of protease enzyme to the bag and mix through for a minute.
% e, 7 Filter the strawberry juice into a test tube. To do this, place flter paper in a glass funnel over the test tube. Pour the
'. o. *s
. K . Conclusion
.. - e, Summarise your findings and include a flow chart detailing the steps taken to release the DNA from the
o o’ » strawberry cells
Ceanaanst .
et T it turther
1 Perform another DNA extraction on different plant samples, such as bananas, kiwi fruit or wheatgerm.
2 Following the same procedure, compare the results of the DNA extraction among the different plant samples.

part of learning to work like a scientist is
learning to work safely. Risk assessment
tables highlight the risks of the investigation
and provides suggestions on how you can
minimise risks.

Taking it further questions found at the
end of some investigations provide you with
ideas on how you could extend or adapt the
investigation for further study.

VICscience Biology VCE Units 3 & 4

Remember that investigations work hand-in-
hand with your logbook, which is where you
record all your:

investigation observations

ideas

data

analysis

discussion and conclusions.

Your logbook is an important
assessment and authentication tool.
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The best way to prepare for exams is to
use past exam questions. Area of Study
reviews at the end of each Area of Study

allow you to check your knowledge

EXAM TIP
Ensure you know
the differences

by completing difficulty-graded

and similarities
(compare)
between DNA
and RNA, their
structure and
functions.

exam questions.

At the end of every chapter you can
consolidate your knowledge. Here you
will find:

e summary of key concepts that

you have met throughout the chapter.

You can download a copy of the key
concepts by accessing the worksheet
icon on NelsonNet. Use this to assist
you in revising and studying for
internal and external assessments

¢ achapter glossary of all the key
terms for the chapter plus their
definitions

¢ chapter review questions that will
help you to recall, revise, understand
and apply the concepts from the
chapter. The questions are grouped
under headings (Remembering,
Understanding, Applying,
Analysing, Evaluating and
Creating) and reflect the level of
thinking required to answer each
question. These questions provide you
with the practice needed to analyse
and answer exam questions.

9780170452533

exam-style questions. The answers to
these are at the back of the book. Look
for tips in the margin that point out
things to be aware of when answering

what you have just learnt.

At the end of each chapter you will find a
Branching out activity. This material is
extension and non-examinable. It examines
possible careers and future applications of

BRANCHING OUT

Testing drugs on cells

from $350 million to $5 billion.

the human body.

We are made up of a community of cells that work together to maintain life. At times cells may be damaged or start
misbehaving. This causes disease, as body function is impaired. To treat diseases, we need drugs that target damaged
cells and fix the problem. Medical research helps us to understand cell systems better and to discover new drugs to
treat disease. Drug discoveries improve the health of our community. They increase our lifespan and that is good for the
economy as we can work longer. They also reduce the cost burdens of healthcare.

Discovering medical drugs is costly. Drug development takes a long time and often ends in failure. Matthew Herper
is an investigative science journalist with Forbes. His research reveals that approximately 95% of drugs trialled are found
to be ineffective or not safe when tested in humans (2013). He calculates that the cost of getting a drug to market ranges

Current methods for drug development involve testing them on cells grown in culture and on cells in animal models.
While these methods provide us with valuable information, they do not always reveal how the drug will work on cells in

ﬂ 1 Summary of key concepts

A0S 3: How is sientific inquiry used to investigate cellular processes and/or biologi

m Investigation design

O-v KEY CONCEPTS

»  Observation s the start of a scientific investigation.

» An observation can be tured into 2 research question. A
research question is specific and can be answered by performing
an investigation.

» A tesearch question identifies the dependent and independent
variables

» You will need to undertake some background research into your
research question.

> Make sure you critcally evaluate the secondary resources that
you use for your background research

»  The independent variable is the factor that you change or
manipulate in your investigation.

»  The dependent variable s the factor that you measure during
your investigation -l

» A research question can be turned into a hypothesis

» A good hypothesis predicts what the resuits will be, states
the relationship between the independent and dependent Figure 1.4 There are many different sclentific
variables, states how the dependent variable will be measured,  investigation methodologies in biology
and can be supported or refuted through investigation.

»  Methodology refers to the broader framework of approach taken to investigate your research question

O-vv KEY CONCEPTS

> You need to have a clear plan for your investigation

»  Primary data can be quantitative, qualitative or both,
depending on your hypothesis

»  Measurements must be accurate, precise, reproducible,
repeatable and valid.

p.13

> Take every precaution to minimise error in your data
l extrancous variables must be controlled

o M
LUised to investigate cellular processes and/or bide
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Online Resources

o
FOR THE STUDENT

The NelsonNet website provides you with material that will help you understand, explore, engage and
organise the key knowledge and key science skills you have learnt about in your textbook. You will find
it at www.nelsonnet.com.au and once your registration is complete, you can access digital resources for
each chapter to further reinforce your learning. Look on the back cover of this book to find out how to
complete your registration.

You will find:

¢ NelsonNet ebook with annotation capability

e Weblinks to more information,
online interactives and videos

e Worksheets for some online videos

¢ Downloadable versions of each chapter map
and summary of key concepts

¢ Videos explaining significant concepts

¢ Play and say to help you to pronounce and spell words in the key terms list

e Flash cards to assist with remembering and revising key terms and their definitions.

FOR THE TEACHER

Please note that complimentary access to NelsonNet and the NelsonNet ebook is only available to teachers
who use the accompanying student textbook as a core educational resource in their classroom.
Contact your sales representative for information about access codes and conditions.

m ALL THE EXAM PRACTICE YOV NEED,
(N THE ONE PLACE

Research showed that VCE Biology teachers are spending
significant time sourcing quality practice exam questions.

filterable and difficulty-graded practice exam questions and
answers mapped to the VCE Biology study design for Years 11 & 12.

Choose from thousands of quality exam style-questions from past
VCAA VCE Biology exams and written by trusted and experienced
Nelson authors.

examplus alleviates this stress with its an extensive bank of

a examplus helps students prepare for and succeed at their VCE
d D
e Biology exam by providing them with exams/tests/worksheets
customised to their individual needs.

Contact your local sales representative for a demo or to register for a trial.




To the teacher

TO THE TEACHER n

The VCE Biology course comprises both key knowledge and key science skills. The VICscience Biology suite
of products provides you with the perfect resource to teach all the key knowledge and key science skills in an
integrated way and to prepare your students thoroughly for the school-based and external assessments.

This textbook has been written so all content
closely aligns with the VCAA VCE Biology
Study Design (2022-2026). It has been
authored and reviewed by experienced biology
teachers, academics and researchers to ensure
up-to-date scientific and accurate content for
students.

(@)

@ Prepare for the exam

Students of VCE Biology are working toward
external assessment at the end of Units 3 & 4.
To fully prepare for this exam, students require
access to a large number of quality exam-style
questions with answers. VICscience Biology
gives you the full complement including the
following.
¢ Area of study reviews at the end of
each Area of Study provide students with
difficulty-graded multiple-choice and
short-answer questions that have been
adapted from VCAA exam questions with
answers provided at the back of the book.
¢ You will also find a full practice end-of-
year exam with answers.
e VICscience Biology VCE Units 3 & 4
Skills Workbook provides students with
difficulty-graded multiple-choice and
short-answer exam questions that have
been adapted from VCAA exam questions.

9780170452533

@ Stick to the Study Design @ Access differentiated material

Differentiation is built into each chapter to
assist you in helping those students that may
struggle with content or skill development and
extending those students who want to achieve
at a higher level.

¢ Chapter maps provide students with
a gentle and visual introduction to each
chapter enabling students to engage with
the chapter content prior to entering the
chapter.

¢ Key terms at the beginning of each
chapter present all the bolded key terms
throughout the chapter in one place.
Students can use the flashcards study tool
to learn and review key terms with their
definitions, and assist with pronunciation
and spelling of key vocabulary.

e Remember provides students the
opportunity to recall concepts previously
learnt that will be revisited during the
chapter.

¢ Concept questions are pitched to
be lower-order questions to assist with
learning consolidation but end with HOT
Challenge questions for those students
who would benefit from answering higher-
order questions.

¢ Investigations end with a Taking it
further section, which provides ideas on
how the investigation can be extended.

o Weblinks to external, vetted websites
provide extra information; worksheets are
provided for some weblinks.

e Each chapter finishes with a Branching
out activity. This activity provides an
extension activity for students who
are looking for more information on a
particular topic.

VICscience Biology VCE Units 3 & 4




ﬂ EXAMPLUS
e examplus simulates real exam- @ Support for the teacher
m practice and comprises thousands of

unseen exam-style and past VCAA

exam questions with answers to use

in your teaching. Simply select your

questions for a quiz, topic test, or

. B practice exam and examplus generates

EEUOWL%Y a practice test or exam.

r e Consider bundling A+ Study

Notes and Practice Exams with your

VICscience Biology booklist for the most
economical solution for students’ exam

EXARS preparation and readiness.

There is a wealth of teacher support

materials on the teacher NelsonNet site that

accompanies this product. These include:

e Cognero Assess comprising auto-
correcting multiple-choice questions and
short-answer questions with answers to be
shared with your students for every chapter

¢ answers to all textbook questions,
investigations and Branching out activities

e sample SACs with suggested marking
schemes

e practice end-of-year exam with
answers

¢ teaching plans for every chapter showing
how all the components of the ViCscience
Biology suite are integrated to provide your
students with a thorough and complete

DEVELOPED EXCLUSIVELY BY SOUTHERN BIOLOGICAL learning experience designed to prepare
them for internal and external assessment

e support for the investigations provided
through Southern Biological.

SOUTHERN

Biological

ACCESS TO QUALITY INVESTIGATIONS

Practical work is a central component of the VCE Biology course and crucial in developing key science skills. The study
design specifies the number of hours that students need to spend undertaking practical work. Southern Biological
and Cengage have partnered to ensure that you and your students are provided with exciting and current practical
investigations to introduce, reinforce and practise the key science skills listed in the VCAA VCE Biology Study Design
2022-2026, pages 7-8. Some of the investigations written by Southern Biological are exclusive to Cengage, and all
investigations have been rigorously stress-tested by Southern Biological to ensure that they will work in your classroom.
Each investigation is accompanied by a risk assessment table that highlights risks to students or others posed by
the materials or method. Teachers are expected to amend each table in the case of substitutions or in the case of any
additional risks. This may mean obtaining and following Safety Data Sheets (SDS) for certain chemicals. All teachers
are required to follow the safety guidelines of their specific school and associated government legislation when
students are in their care.
Investigation support provided by Southern Biological include:
e suggested answers to investigation questions
e videos to assist teachers and laboratory technicians to prepare and deliver the investigations to students providing
them with optimal hands-on experience
e videos aimed at students to assist with undertaking the investigations including suggested answers and hints
e risk assessments for investigations where applicable
e resourcing, safety and investigation preparation sheets.

VICscience Biology VCE Units 3 & 4 9780170452533



Study design

How do cells maintain life?
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Area of study

1: What is the role of nucleic acids and proteins in
maintaining life?

Students explore the expression of the information encoded in

a sequence of DNA to form a protein and outline the nature of
the genetic code and the proteome. They apply their knowledge
to the structure and function of the DNA molecule to examine
how molecular tools and techniques can be used to manipulate
the molecule for a particular purpose. Students compare gene
technologies used to address human and agricultural issues and
consider the ethical implications of their use. (p. 28 Study Design)

2: How are biochemical pathways regulated?

Students focus on the structure and regulation of biochemical
pathways. They examine how biochemical pathways, specifically
photosynthesis and cellular respiration, involve many steps that

are controlled by enzymes and assisted by coenzymes. Students
investigate factors that affect the rate of cellular reactions and
explore applications of biotechnology that focus on the regulation of
biochemical pathways. (p. 30 Study Design)

1: How do organisms respond to pathogens?

Students focus on the immune response of organisms to specific
pathogens. Students examine unique molecules called antigens and
how they elicit an immune response, the nature of immunity and
the role of vaccinations in providing immunity. They explain how
technological advances assist in managing immune system disorders
and how immunotherapies can be applied to the treatment of other
diseases. (p. 33 Study Design)

2: How are species related over time?

Students focus on changes to genetic material over time and the
evidence for biological evolution. They consider how the field of
evolutionary biology is based upon the accumulation of evidence
over time and develop an understanding of how interpretations

of evidence can change in the light of new evidence as a result of
technological advances, particularly in molecular biology. Students
consider the biological consequences of changes in allele frequencies
and how isolation and divergence are required elements for
speciation. They consider the evidence for determining the relatedness
between species and examine the evidence for major trends in
hominin evolution, including the migration of modern human
populations around the world. (p. 35 Study Design)

3: How is scientific inquiry used to investigate cellular
processes and/or biological change?

Students undertake a student-designed scientific investigation in
either Unit 3 or Unit 4, or across both Units 3 and 4. The investigation
involves the generation of primary data relating to cellular processes
and/or how life changes and responds to challenges. The investigation
draws on knowledge and related key science skills developed across
Units 3 and 4 and is undertaken by students in the laboratory and/or
in the field. (p. 36 Study Design)

9780170452533

Chapters
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Designing and conducting a
scientific investigation

Key knowledge

Investigation design

»

biological concepts specific to the selected scientific investigation and their significance, including definitions of
key terms, pp. 4, 32-33

characteristics of the selected scientific methodology and method, and appropriateness of the use of
independent, dependent and controlled variables in the selected scientific investigation, pp. 8-11; 14-15; 23-24

techniques of primary quantitative data generation relevant to the selected scientific investigation, pp. 12-13;
23-24

the accuracy, precision, reproducibility, repeatability and validity of measurements, pp. 12-14

the health, safety and ethical guidelines relevant to the selected scientific investigation, pp. 16-18; 23-24

Scientific evidence

the nature of evidence that supports or refutes a hypothesis, model or theory, pp. 22; 23-24

ways of organising, analysing and evaluating primary data to identify patterns and relationships including
sources of error and uncertainty, pp. 19-21; 23-24

authentication of generated primary data through the use of a logbook, pp. 18-19; 23-24

assumptions and limitations of investigation methodology and/or data generation and/or analysis methods,
pp. 9-14; 18-21

Science communication

»

conventions of science communication: scientific terminology and representations, symbols, formulas, standard
abbreviations and units of measurement, pp. 18-20; 23-24

conventions of scientific poster presentation, including succinct communication of the selected scientific
investigation and acknowledgements and references, pp. 25-29

the key findings and implications of the selected scientific investigation, p. 28



- A0S 3: How is scientific inquiry used to investigate cellular processes and/or biological change?

m Designing and conducting
a scientific investigation

Chapter 1 map

Scientists look curiously at the world around them and ask ‘why?’. The answer to
this question leads to other questions such as ‘how?’, ‘what?’ and ‘when?’. Science

involves investigation, asking questions and designing ways to find answers. For Unit
4 Outcome 3, you will be working in this way to find answers.

p.5

All scientific investigations
begin with observations and
questions, ‘what if...?", ‘why did that
happen?' or ‘how did it do that?'. The
scientific method provides scientists
with a well-tested process to follow.
It ensures that the investigation
is designed to answer the
specific question asked.

p. 18

In order to answer the
7\ question that you have asked,
/// 2’\ ‘ you need to collect data and, more
w i importantly, find out what this
‘ ] data is telling you. This enables

you to draw an evidence-
=% | ! based conclusion.

=)




CHAPTER 1 MAP 3

p. 25

1.3
Science
communication
Part of the scientific method
X is sharing your discoveries
with others. There are a variety
of different ways to do this, but
. for Unit 4 Outcome 3 you will
L oo present your findings as

o0 D00
o a scientific poster.

Using the scientific method is integral not only in science but also in other aspects of your
life. It provides you with a well-tested process to design investigations, collect data and

draw evidence-based conclusions.

9780170452533 VICscience Biology VCE Units 3 & 4



Online Chapter Map:
Chapter 1 map (p. 2)

Online Key Terms:
Chapter 1 flashcards (p. 4)

Weblinks:
Howard Florey (p. 5)
APA style guide (p. 7)

A0S 3: How is scientific inquiry used to investigate cellular processes and/or biological change?

To access resources below, visit www.nelsonnet.com.au

Harvard system (p. 7)

CSIRO (p. 7)

Australian Academy of Science (p. 7)
CRAAP test (p. 7)

Sterile technique (p. 17)

Online Key Concepts:
Chapter 1: Summary of key concepts (p. 30)

Online Key Terms
Chapter 1 flashcards

O

rm—

WB

REMEMBER
PAGE 2

Know your key terms

accurate
authentication
beneficence

bias

control group
controlled variable
dependent variable
ethics

extraneous variable
gradient
hypothesis

independent variable
integrity

justice

logbook

method
methodology

model
non-maleficence
observation

outlier

personal error

precise

primary data
primary source
qualitative data
quantitative data
random error
references
reliable
repeatable
replicates

reproducible

research question
respect

risk assessment
secondary data
secondary source
systematic error
theory

true value
uncertainty

valid

variable

Remember

This chapter will build on the following concepts that you will have already met. Take the time to refresh
these concepts before you start this chapter.
1 The scientific method is a procedure by which scientists can examine a theory and test a hypothesis.
2 Scientists perform investigations, take careful observations or use models and simulations to gain

evidence to either support or refute their hypothesis.
3 When designing a scientific investigation, you should always consider safety and the ethical

implications of your work.
4 A well-designed scientific investigation includes relevant controls and clearly defined variables.
5 Scientists keep carefully detailed records of their observations, their ideas and their data in

a logbook.

VICscience Biology VCE Units 3 & 4
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Designing and conducting a scientific investigation n

VCE Biology Unit 4 Area of study 8 Outcome 3 requires students to use the key science skills to

plan, design, undertake and communicate an investigation that investigates cellular processes and/or
biological change. This investigation can be undertaken during studies of Unit 8 or Unit 4 or could be
completed across both Units 8 and 4. To complete this outcome, you need to have a good understanding
of the key science skills. You will find these listed in the V'CE Biology Study Design (pp. 7-8).

This chapter will explain and illustrate these key science skills, and you will be able to use this
knowledge to help you plan, design, undertake and communicate your investigation. You should always
refer to the VCE Biology Study Design Unit 4 Area of study 3 (pp. 36—37) when planning your investigation
to make sure you cover all the requirements set out in the Study Design.

Investigation design n.

The most important question you should ask when you begin this outcome is “What am I going to

Weblink

investigate?” Remember that you can draw the idea for the investigation from Unit 8 or Unit 4 so be Howard Florey

aware of this as you work through these units in class or at home. If you find something particularly
interesting, then you might be able to develop it into an investigation that satisfies all the VCAA criteria.
As part of your assessment, you will need to maintain a logbook. (See p. 10 of the VCE Biology Study

Design.) The logbook will be discussed in more detail on pages 18—19, but at this point it would be a good

idea to set aside some pages in your logbook to devote to your investigation. Start with writing down ideas WB

that could form part or all of your investigation. 114
OBSERVATION
PAGE 3

Observation

Observation plays a critical part in any scientific investigation (Figure 1.1). It is usually the start of
most investigations (Figure 1.2). You can observe through any of your senses — sight, smell, touch,
hearing or taste.

If you observe something unusual or unexpected, you might wonder why and want to investigate it. This
is exactly what Scottish scientist Alexander Fleming did in 1928. He was working at St Mary’s Hospital in
London, where he set up culture plates of Staphylococcus bacteria, which cause serious infections, particularly
in people with weakened immune systems (such as hospital patients). He then went on a two-week holiday
and, on his return, noticed that a mould had grown on the plates. Fleming observed that this mould was

r Observations j

Determine whether data
supports or refutes hypotheses. Propose questions.

Determine how conclusions Perform background research.
fit in with other information.

T T

Conclusions Hypotheses

T T

Check experimental results

for reproducibility. Select or develop models.
Analyse data Design experiments to test
and compare its behaviour hypotheses.

with predictions.

/L Controlled experiments J
Figure 1.1 Observation plays a critical part in any scientific
investigation. Figure 1.2 Steps in a scientific investigation

Shutterstock.com/Likoper
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A0S 3: How is scientific inquiry used to investigate cellular processes and/or biological change?

inhibiting the growth of the Staphylococcus
bacteria (Figure 1.8). This observation led to
Penicillium colony the development of the world’s first antibiotic —

penicillin. Imagine if he had just consigned those
Area of inhibition

of bacterial growth culture plates to the bin without observing them

first. Millions of lives have been saved as a result
of that one observation.
Normal bacterial Another way to decide upon a topic is to
colony pinpoint something that you find interesting
in your course content. You could design a

practical investigation to undertake further

Alamy Stock Photo/Interfoto

research on that topic.

Figure 1.3 Alexander Fleming observed that bacterial Reseal‘Ch q uestion

colonies did not grow near the Penicillium colony. He
investigated further to find out why, which led to the

discovery of the first antibiotic - penicillin. investigation, or a list of topics that you can
narrow down, you will need to come up with a

Once you have decided on a topic for your

research question.

An effective research question is specific and can be answered by performing your investigation and
taking measurements with the resources and equipment that are available to you. A research question
could be in the form “What effect does a new fertiliser have on root growth?”. The aim of your research is
to answer the question. It is important that you develop and frame the research question carefully.

Your research question needs to be specific enough that it guides the design of the investigation.
Asking ‘Does a new fertiliser increase root growth more than a standard fertiliser?” tells you what you
will be varying (fertiliser) and what you will be measuring (root growth). It also gives a criterion for
judging whether your results have answered the research question. If there is more root growth with the
new fertiliser than with the standard fertiliser, then the results answer your research question positively.
If there is not more root growth with the new fertiliser than with the standard fertiliser, then your results
answer your research question negatively. This does not mean that your results are wrong. It just means
the results showed that there was nof more root growth with the new fertiliser.

Asking ‘How can we optimise root growth?” is not a good question. This question does not say what
will be varied, nor does it tell you when you have answered the question. The term ‘optimise’ is too vague
and subjective.

Finally, a good research question should be feasible: you should be able to answer it with the time and
equipment available.

A good research question identifies the independent and dependent variables that will be investigated.
It asks what effect your proposed independent variable will have on your proposed dependent variable.
Variables are factors or features that you vary on purpose or measure as part of your investigation and are

discussed in more detail later in this chapter (p. 8).

Background research

Before you can turn your research question into a hypothesis, you need to undertake some background
research on your topic and research question. This background research will inform you about what is
already known about this topic and will probably lead you to change or refine your research question.

Primary sources

Primary sources of information contain original research; for example, findings within articles in
scientific journals. The advantages of these sources are that they contain data from investigations for

a specific purpose. They provide the background, method, results and discussion of the investigations.
The disadvantage of these sources is that they tend to use a lot of highly technical language that can be
difficult to understand.
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Secondary sources

Secondary sources of information summarise, review or analyse primary sources. Secondary sources
include reviews of the work of other scientists, and some periodicals and even textbooks. In general,
secondary sources are written in a more accessible way. You may also be able to get an overview and
understanding of a whole field of study through the one article.

Professional scientists consult both types of sources but prefer to read primary sources when planning
their investigations. This helps them to develop a deep understanding of exactly what was done in the
investigation, the methodology that was used and the method that was followed.

Table 1.1 lists the variety of sources of information that a scientist can use when undertaking
background research.

Table 1.1 Types of information sources

Primary sources Secondary sources
Scientific journals or periodicals Review journals or periodicals that summarise recent
research

Research reports
Reliable websites, e.g. Nature.com

Textbooks

Sessions presented at scientific conferences
Patents
Masters and PhD theses

Referencing source material

Keep a list in your logbook of all the primary and secondary source reference material that you use to
research your research question. It is better to do this as you go than to have to go back later on and try to
find out where you sourced the material.
There are several ways to reference material but the ones usually used in scientific research are
the American Psychological Society (APA) style or the Harvard system. (See weblinks.) Remember that
references refer to sources that you cite in the write-up of your scientific investigation. A bibliography
is different because it collates a list of references that you may have consulted but not necessarily sources
that you cited in the write-up. Make sure you check with your teacher about the preferred style of m
referencing.

Weblinks
APA style guide

Evaluating source material

Be critical of what you read. Do not assume that everything you read online or even in books is true. Try to eee

Australian Academy of

find reliable sources of information (Table 1.2, p. 8). Textbooks, websites from universities and government Science
research agencies are usually very reliable. Publications and web pages from professional organisations CRARRest
such as the Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australian Academy
of Science (see weblinks), and equivalent international organisations are also good sources.
Websites containing student research such as science fair projects are not always reliable, although
they can be useful for getting ideas. Online sources that try to sell you something or promote a particular
point of view should be treated sceptically. If there is clear bias or a limited perspective contained in the
information, then you should avoid using that information.
Talk to your teacher or librarian about sources of information. Your library may also have access to
databases containing scientific journal articles. Your teacher or librarian will be able to help you to assess
whether a website is reliable and suggest suitable sites. The CRAAP (Currency, Relevance, Authority,
Accuracy and Purpose) test will provide you with a list of questions to help evaluate the resources that you
are using. (See weblink.)
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Table 1.2 Features of reliable and unreliable information sources

Reliable sources Unreliable sources

Contain current information and seek to inform the reader Are not from reputable sources

Contain information that is relevant to your project or Present obvious bias

inquiry Do not contain references for their claims, or they provide
Are from a reputable source such as a university or scientific | links to unscientific references

research institution Have not been updated regularly

Contain information that is likely to be accurate, e.g. a peer- | contain unrelated advertising content
reviewed journal article

Avoid bias

Use vague terminology

Variables

Once you have decided on your research question and done your background research, it is time to
consider how to design an investigation to answer your research question. Before you do this, you need to
understand variables. There are different types of variables.

Independent variable

The independent variable is the factor that you change or manipulate in your investigation. For example,
if your research question was ‘Does a new fertiliser increase root growth more than a standard fertiliser?’,
then your independent variable would be type of fertiliser. You would be using two different types of
fertiliser and measuring their effect on root growth.

Dependent variable

The dependent variable is the factor that you measure during an investigation. For the above
research question, the factor that you would be measuring is root growth, so this is your dependent
variable.

Another example is a scientist testing the effect of water temperature on seed germination in Acacia
seeds. The research question would be ‘Do different temperatures of water affect the germination of Acacia
seeds?’. The independent variable would be the temperature of the water poured onto the Acacia seeds and
the dependent variable would be the number of Acacia seeds that germinate.

Usually your investigation will have one dependent variable and one independent variable.

The investigator will change the independent variable and measure the influence on the dependent
variable.

Hypothesis

If your research question requires a controlled experiment methodology, then your next step is to turn
your research question into a hypothesis. A hypothesis is a tentative prediction, or a tentative explanation
of an observation, based on an existing model or theory. A hypothesis should give you a prediction that
you can test by performing an investigation. This means it should at least be falsifiable; that is, it should
be able to be refuted (shown to be wrong). However, you will not generally be able to claim that you have
proved your hypothesis. Rather, you may be able to say at the end of the study that your results support
your hypothesis. Hence, an aim for an investigation should not start “To prove ..." because it is not possible
to prove a hypothesis, only to refute it. If your investigations agree with predictions based on your
hypothesis, then you can claim that they support your hypothesis. This increases your confidence in your
model, but it does not prove that it is true.

A well-designed research question and hypothesis will guide your inquiry and help you to understand
whether or not you have met the aims of your investigation (Table 1.3).
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Effective research question

Effective hypothesis

Phrasing Framed as a question

Specific and includes scientific terminology

Framed as a prediction based on your background
research

Specific and includes scientific terminology

Use of variables

variable?’

Includes mention of the independent and
dependent variables, e.g. ‘How does the
independent variable effect the dependent

Includes mention of the independent and
dependent variables, e.g. ‘If there is a change
in independent variable, then this will result in
a predicted trend in the dependent variable.’

Predicts results No

Yes

Outcome

Can be answered by an investigation

Can be supported or refuted by an investigation

For example, using the research question ‘Does a new fertiliser increase root growth more than

a standard fertiliser?’, the hypothesis could be: ‘If the new fertiliser is used rather than the standard

fertiliser, then root growth will increase in length.” You will note that this hypothesis meets all the

requirements set out in Table 1.3. This hypothesis:

»  predicts what the result will be (root growth will increase)

» is specific in that it states: if ... the independent variable is changed ... then ... something will happen to the

dependent variable ...

» mentions the independent (fertiliser) and dependent (root growth) variables

»  states how the dependent variable will be measured (root growth measured in length)

»  can be supported or refuted by an investigation.

Methodologies

Methodology refers to the broader
framework of approach taken in the
investigation to test your research
question. If you wanted to test the
effect of temperature on enzyme
action, then you would choose a
controlled experiment methodology.
If you wanted to identify and name all
the plant species in a particular area,
then you would choose a classification
and identification methodology. For the
list of methodologies that are considered
in VCE Biology, see pages 9—10 of the
VCE Biology Study Design. These are
summarised in Figure 1.4. Some of these
methodologies can be carried out in the
school science laboratory, others in the
field (called fieldwork) and others in the
computer lab using secondary sources
or databases. The methodology that
you choose depends on your research
question. Table 1.4 gives you an idea

of different methodologies that would
be suitable for investigating different
research ideas.

9780170452533
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Controlled
experiment
ther{iture Case study
review
Classification
Fieldwork and
L identification
Investigation
methodologies

e 4

g @

Correlational
study

Product,
process
or system
development

Simulation

Modelling

Figure 1.4 There are many different scientific investigation
methodologies in biology.
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Table 1.4 Types of methodologies and investigations (Not all methodologies mentioned in the VCE Biology Study Design have
been included. Refer to the VCE Biology Study Design pages 9-10 for a full explanation of each methodology.)

Methodology

Where you would carry out your investigation

In the science laboratory

In the field

In the computer lab

Case study: research
into a real or
hypothetical situation
that mirrors real life

Investigating the causes of recent
environmental damage in an
ecosystem

Classification and
identification:
arranging and
identifying individuals
within a group

Sorting DNA from different species by
gel electrophoresis

Characterising DNA samples
by restriction enzymes and gel
electrophoresis

Surveying, classifying and identifying
organisms in a particular habitat

Examining characteristics of fossils —
e.g. hominin fossils from a museum
database

Comparing three-dimensional models
(including ribbon diagrams) and/or
amino acid sequences from protein
databases

Controlled
experiment: an
experimental
investigation

that looks at the
relationship between
the independent and
dependent variables,
making sure all other
extraneous variables
are controlled

Enzymatic activity — e.g. examining
the effects of pH, temperature and
substrate concentrations on the rate

of reaction; comparing commercial
enzymes with those extracted from
nature; comparing enzyme activity
across different species (e.g. catalase in
animal tissues and plant tissues)

Cellular respiration — e.g. examining
factors that affect the rate of cellular
respiration (reactant concentration,
enzyme activity, pH, age or
subspecies/variety, such as comparing
the rate of anaerobic respiration in
baker's and brewer's yeast varieties)

Photosynthesis — e.g. examining
factors that affect the rate of
photosynthesis (reactants, enzymes,
pH); examining photosynthesis in
different organisms; chromatography
of different photosynthetic pigments

Determining evolutionary relationships
between species by phylogenetic
analysis of protein sequences

Comparing genomes or chromosome
maps from populations of organisms

Correlational study: a
study to understand
the relationship
between two or more
factors

Collecting leaves from different areas to discover if the number of chloroplasts
in plant cells differs with environmental conditions

Fieldwork: observing
and recording
observations beyond
the classroom

Bioprospecting for useful antimicrobial
substances (e.g. in native or indigenous
flora) and their effectiveness against a
range of bacteria

Literature review:
collation and analysis
of secondary data

Surveying global distribution patterns
of populations over time

Analysing global health statistics — e.g.
antibiotic resistance rates for particular
microbial species and infection outcomes

Conducting an epidemiological study
of vaccination rates and infectious
disease rates

Systematically reviewing published
studies — e.g. whether vitamin C cures
the common cold
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Methodology

Where you would carry out your investigation

In the science laboratory

In the field

In the computer lab

Modelling: constructing
a physical, conceptual
or mathematical model
to represent a biological
object, system or
variables

Making a model to show how
materials move through the plasma
membrane

Making a computer model to show
how proteins move through the
protein secretory pathway

Making a model to predict the impacts
that an environmental policy has on
an ecosystem

Simulation: using
a model to study a
biological system

Creating a simulation to show enzyme
action in a number of different
conditions, such as increased substrate
or amount of enzyme

O—vr KEY CONCEPTS

Designing your investigation to test your hypothesis

Once you have decided on a specific research question, hypothesis and methodology, you can begin to
design your investigation. This information should be recorded in your logbook. (See the information about
maintaining a logbook on p. 18.) Having a plan ensures that you take the measurements that you need. The
longer the investigation, the more important it is that you have a clear plan. There are several things to

Observation is the start of a scientific investigation.

An observation can be turned into a research question.
A research question is specific and can be answered by
performing an investigation.

A research question identifies the dependent and
independent variables.

You will need to undertake some background research
into your research question.

Make sure you critically evaluate the secondary
resources that you use for your background research.
The independent variable is the factor that you change
or manipulate in your investigation.

Concept questions 1.1a

1

Define:

a research question

b independent variable
¢ dependent variable
d hypothesis.

consider.

What data will you need to collect?

When and where will you collect the data?

How will you analyse the data?

What materials and equipment will you need?
What are the independent and dependent variables?

»

»

»

»

3

The dependent variable is the factor that you measure
during your investigation.

A research question can be turned into a hypothesis.
A good hypothesis predicts what the results will be,
states the relationship between the independent

and dependent variables, states how the dependent
variable will be measured, and can be supported or
refuted through investigation.

Methodology refers to the broader framework of
approach taken to investigate your research question.

What determines the type of methodology that you
would use in your investigation?

HOT challenge =

What are the three main features of a good
hypothesis?

r—
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Have you identified all the variables that could influence your results (p. 8)?
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Primary data

Primary data is data that you collect in an
investigation. Generating primary data involves
collecting quantitative and/or qualitative data.

Quantitative data is data that is a quantity
and is recorded numerically. You measure the
numerical value in the appropriate units. For example,
you may measure root length in centimetres or mass
of roots in grams.

Qualitative data is non-numerical and can
be directly observed; it is a quality. For example,
you may observe that when you add chemical X to
chemical Y, a colour change of red to green occurs.

Sometimes you use a combination of qualitative
and quantitative data. For example, you may describe
the length of roots as reaching a maximum in
centimetres (quantitative) but growing in a particular
direction or pattern (qualitative).

As discussed earlier, your hypothesis should
specify your dependent variable — what you are
quantitatively measuring. In the case of the
hypothesis ‘If'the new fertiliser is used rather
than the standard fertiliser, then root growth will

Shutterstock.com/Anjo Kan

increase’, you will be measuring root growth. You
need to determine how you are going to measure

Figure 1.5 Plan exactly what you will measure root growth (Figure 1.5). Will it be by length or

to collect your data. Do you want to measure the o :
length of roots or the mass of roots? Where do the you use (millimetres or centimetres), and where

roots end? Will you use fresh weight or dry weight? ~ does the root start and where does it end? Are
you measuring all the roots, or only the longest?

by mass? Ifit is by length, then which unit will

If you are measuring by mass, you will also need
to decide which unit you are going to use (milligrams or grams), where the root starts, and if you are
going to use wet or dry mass (all the water removed). You need to make all these decisions before you
carry out your investigation.

Keep a record of all of your planning in your logbook. This is useful information as your research
project evolves and is needed for authentication purposes. Writing down what you plan to do, and why, will
also help you to stay focused during the investigation.

Quality of primary data

Plan your investigation to generate the highest quality data. A well-designed investigation allows you
to collect data that is accurate, precise, repeatable, reproducible and valid (Table 1.5 and Figure 1.6).
This means you can rely on the data to draw conclusions, and be confident that a difference between one
measurement and another reflects a real change in what is being measured.

Measurements are valid if they measure what is supposed to be measured. Validity of measurement
is important because in a well-designed investigation, results are affected only by one single independent
variable. Only investigations in which all extraneous variables have been controlled will produce valid
results (p. 14). If the results are similar each time, then your results are more likely to be both valid and
reliable.

A measurement is accurate if it is close to the true value of the parameter being measured. You will
also aim to collect precise measurements; that is, repeated measurements that are close to each other.
For example, you might measure the length of plant roots of five plants under the same conditions
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and record the following measurements: 15.2cm, 16.1cm, 127.9 ¢cm, 14.9 cm and 16.7 cm. The 127.9cm
measurement stands out as not being close to the other measurements and you would have to ask whether
the 127.9 cm measurement is precise.

If a result is not repeatable by you or reproducible by others, it is probably not a valid result. A result
is repeatable if the same measurement (within the limits of experimental uncertainty) is made more
than once by the same investigator using the same equipment under the same conditions. A result is
reproducible if another investigator, following your method, obtains data that replicates the effect you
observed and leads them to the same conclusion as yours, even if there are some small differences between
your results and theirs (e.g. due to the different equipment used to take the measurements). If a result is not
repeatable or reproducible, then a variable other than the one you are controlling is affecting its value. If
this is the case, you need to identify the other variable and control it if possible.

Table 1.5 Quality of data

Valid Does it measure what it is supposed to measure?

Precise How closely do individual measurements agree with each other?

Accurate Has the data been measured and recorded correctly?

Repeatable Can the same investigator use the same investigation and equipment and get the same result?

Reproducible Can another investigator use the same method and equipment and get a similar result?

Sometimes investigations simply do not work or Repeatable

cannot be done for some reason, such as equipment Increased precision by repeating

. . measurements in the one setting by a
failure or unforeseen variables. For example, root single investigator, under the same

conditions and using the same set-up

growth will be affected if the plants contract a disease .
over a short time scale

during the investigation. Try to think of all the things

that could go wrong. If possible, come up with back-up Reproducible
1 Allowi lenty of ti hel d tarti Precise Increased precision when
plans. owing pienty or time helps as does starting How close together measurements are obtained
your investigations as early as possible_ the measurements by different investigators in
Think ab h L . are different laboratories and
ink about how you can minimise uncertainty. - using different equipment
Experimental uncertainty is the doubt associated refigab?e dat);
with the value derived from measuring a variable, True
. The value or range of values
usually affected by the equipment used to take that Hvacf::gsa:ethe ' ' that would be found if the
measurement. For example, are your scales working measurement is to quantity could be measured
perfectly. Reliable data is
properly, or has your tape measure stretched? the true value FeaEe, e, dlse o 41
Make sure you have allowed time for analysis. o true value.
Do as much analysis as you can while you collect The data measures what it
is supposed to measure,
results. Ifypu plot graphs as you tak.e measurements, ie. it tests your hypothesis
then you will be able to identify outliers early. An or answers your research
outlier is a data point that does not fit the pattern question.
of the rest of the data and may distort the data,
acting as a source of error. If you identify an outlier Figure 1.6 Features of data from a well-designed investigation

while you still have access to equipment and space,
then you can check the measurement and make sure that you did not make a mistake or that the
investigation has not been compromised by an extraneous variable (p. 14).

With these things in mind, you may need to consider the number of replicates to include in your
investigations. These are independent samples that allow you to take multiple measurements, increasing
the reliability of your data. In the root growth example, growing 10 plants in each experimental condition
allows you to calculate an average value as well as the variation between values in your sample set. If the
variation is small, it is likely that only one independent variable is acting in your investigation and your
results are more likely to be reliable.
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Figure 1.7 Keeping conditions as consistent as possible
helps to control the extraneous variables.

Minimising error

There are various causes of errors in investigations. For example, errors can be due to investigators’
mistakes or desire to get particular results, equipment errors or if experimental subjects are not randomly
assigned to experimental groups.

Personal errors arise as a result of investigators’ mistakes or miscalculations.

Systematic errors are predictable errors that arise through imperfections in the equipment used to
take the measurements. They cause measurements to differ from the true value by a consistent amount
each time a measurement is made. To minimise systematic errors, you first need to make sure that all
your equipment has been calibrated and tested. Calibration ensures that the equipment gives the correct
readings with known standards. For example, scales can be calibrated by using known weights. The
equipment should at least be calibrated at the top and the bottom of its range. Instructions for calibrating
equipment correctly can be obtained from your teacher, laboratory technician or the user manual for the
equipment.

Random assignment of subjects into experimental and control groups is an important part of the
design of an investigation. For example, in a clinical trial of a new drug, patients should be randomly
assigned to the control group or the drug (experimental) group with equal representation in both groups
of age, gender, ethnicity and other variables. Clinical trials are also designed as double-blind studies in
which neither the patient nor the nurse or doctor treating the patient knows which group they have been
assigned to. These steps are essential for reducing bias.

Even in a well-planned investigation, random errors can occur. These are variations in the data and
result in less precise measurements. The influence of random errors can be reduced by using multiple trials
or samples (replicates) and ensuring that your investigation is repeatable.

‘When the person conducting the investigation and making the measurements has particular
expectations about the results, this can introduce bias in the study. An example of bias in an investigation
is an investigator choosing the tallest or healthiest plants to treat with the new fertiliser; these plants
might give the biggest growth measurements at the end of the study. When an investigation is biased, the
results are not valid and no conclusions can be made from the investigation.

For every step of your investigation, try to identify possible sources of error and come up with ways of
eliminating systematic, random and personal errors, and incorporate these into your investigation design.
If you make a mistake during your investigation, then you should repeat the investigation. For example, it
is good planning to make sure that you have germinated enough seeds so that you have extra plants in case
you need to repeat the investigation.

Controlled variables

Consider the hypothesis: ‘If the new fertiliser is used rather
than the standard fertiliser, #hen root growth will increase in
length’. You may already have realised that there are a few
more things that can influence root growth other than type of
fertiliser. For example, root growth could also be influenced
by the species of plant, amount of water the plants receive, the
amount of sunlight, the type of soil they are growing in and
how much wind they are exposed to. These other things that
could affect your results are extraneous variables and they need
to be controlled or kept constant (Figure 1.7). By controlling all
other variables, you are able to obtain baseline data that shows
that only your independent variable is influencing the results,
not any other extraneous variable (Figure 1.8).

An extraneous variable must become a controlled
variable by identifying it and keeping it constant during
the investigation. If this happens, then it does not affect the
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Control group Experimental groups

Water Water + standard fertiliser Water + new fertiliser

Figure 1.8 It is important to control all the extraneous variables so that only the independent variable
influences the dependent variable. The following should be the same in the two groups: size of plants, potting
mix, exposure to sunlight and other environmental factors (e.g. atmosphere, wind).

interpretation of the relationship between the dependent and independent variables. In the root growth
investigation example, controlled variables would include plant type, plant health, growing medium, planting
depth, light exposure, water available to plants, air circulation and the temperature of the growing medium.
These are all potential confounding factors that would need to be controlled; that is, kept constant.

Table 1.6 summarises the different types of variables in an investigation.

Table 1.6 Types of variables

Type of variable Definition

Independent variable The variable that is changed or manipulated by the investigator. It is assumed to have
an effect on the dependent variable.

Dependent variable The variable that is measured. Its value depends on the independent variable, i.e. it
responds to the independent variable.

Extraneous variable A variable, other than the independent variable, that may affect the outcome of an
investigation. These variables need to be controlled (kept constant).

Controlled variable A variable that is kept constant during the investigation so that the investigator can
determine the relationship between the independent and dependent variable.

Resources to carry out your investigation

When planning your investigation, you will need to consider several things (Table 1.7). As you are going to
collect primary data for your investigation, you will need to make a list in your logbook of all the equipment

that you will require. This will also help you later when you write your experimental method. An experimental
method is the steps you take to carry out your investigation. You will need to consider how precise your
measurements must be. If your hypothesis predicts a temperature change of 0.1°C but you can only measure to a
precision of 0.5°C, then you will not be able to test your hypothesis. You may need to think carefully about how
you measure some things. For example, in an investigation into root growth, you may need to measure the dry
weight of the roots, which means finding a consistent way to dry them. Are you going to measure in grams or
milligrams? If you measure in milligrams, you will need measuring scales that measure to that level of precision.

Table 1.7 Considerations when planning an investigation

Consideration Questions to ask

Data and measurements What kind of data needs to be collected, how often and by whom? Does data need to
be collected outside class hours?

Materials and equipment Can your equipment enable you to collect data that is precise enough? How can you
best collect the data and minimise uncertainty?

Safety Do you have access to all the required safety equipment, including a fume cupboard or
specialised methods for disposal of waste?
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The equipment you use in your investigation must be safe. Consider whether you will need personal
protective equipment such as lab coats, safety glasses or gloves. (See Risk assessment below.) Include any
safety equipment needed in your equipment list.

‘When you have made your list, discuss with your teacher the equipment that is available. You might need
to modify your research question or hypothesis at this stage if the equipment that you require is not available.
Consider where you will perform your investigations or observations. Can you use the normal classroom space,
or do you need to be outside? If you are outside, how can you make sure that you can work without interference?
‘Will you need to consider the convenience or safety of others? Talk to your teacher about what space is

available.
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ThlS ro 3 d 3 f t h th h 3 1 Act apply, memn}“}ov?mmsﬁowmmumwmmnm«m o:un:b'ole';malmmodn
provides information on how the chemica of ayment o te costofTopkack 1he gaode or Boauling SVEIN gR0d%.
. 2. Hazard dentfication
affects health and safety (Figure 1.9). An SDS S classification o Garosr s
. . . of the m:;lm:rgg:gw Shgﬁ Fxpasura Catagary 3 (raspiratary 1ract iritation)
gives guidance on the safe handling, storage and S w9 DANGER
. . Hazard Statement  H291 May b corosive 1o metals.
disposal of the chemical, as well as emergency ] {18 Comes s bt ey d ey
. Pictogram (s) Corragion, Exclamasion mark
procedures for exposure. The SDS for a chemical
can usually be found by an Internet search or @
by looking on the manufacturer’s website. It is Doy, M iewmp R oleloumehe
. . Prevention 264 Wash sion thoroughly atter handling.
important to read the SDS when assessing the 200 Wt rtarive ivec oracivs cimPape protecioniace psacton,
. . . . . Pracautionary PAN1+P330+P331 IF SWALLOWED: nnse mouth. IMNOT mm vnmng ) P
risk associated with using a chemical and the Eluidpant st bdasleiladad 5 Bl
. . . . . P3044P340 IF INHALED: Remowve victim to frezh air and kaep at rest in a pasitizn comfortable for
precautions you should take in your investigations. e s
Table 1.8 shows a matrix for assessing the
likelihoods and consequences of risks in Figure 1.9 A safety data sheet (SDS) for
investigations. hydrochloric acid

Table 1.8 A matrix for assessing severity of risk

Consequences

Likelihood

Negligible Marginal Severe Catastrophic
Rare Moderate risk High risk
Unlikely High risk
Possible Moderate risk
Likely Moderate risk High risk
Certain Moderate risk High risk

Once you have considered possible risks, you need to plan how to address them. What will you do to
minimise them, and how will you deal with the consequences if something does happen? This may be as

VICscience Biology VCE Units 3 & 4 9780170452533
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Table 1.9 Risk assessment table

What are the risks in doing this investigation? How can you manage these risks to stay safe?

The fertiliser might be spilled on clothes or skin during | Wear a lab coat, gloves and safety glasses. Clean up spills
application. immediately.

simple as using personal protective equipment such as a lab coat, gloves and safety glasses. Table 1.9 is an
example of a risk assessment for an investigation.

Safe use and disposal of biological material m

It is important to know how to safely handle and dispose of biological materials. For example, when

growing known or unknown microbes on agar plates, you must use safe sterile techniques (see weblink) Weblink
and wear lab coats, safety glasses, gloves and, if required, face masks. Treat all microbes on agar plates as Sterleechniae
potentially pathogenic and kill the bacteria by autoclaving (heating with pressurised steam) used plates
before disposing of them. If you are uncertain about how to dispose of material used in your investigation,

ask your teacher or laboratory technician.

Ethical guidelines

WB
Ethics is a system of moral principles that considers what is good and bad for society. Put simply, it considers AL
what is right and wrong. Bioethics is ethics in the context of biological research. You need to consider ethical CUIDELINES

guidelines relevant to your selected investigation during the planning stages of your investigation.

The following approaches can help guide you through ethical considerations relating to your investigation.

»  Consequences-based approaches aim to maximise the positive effects (benefits) and minimise the
negative effect (harms) of a particular action. The end results are key in this approach.

»  Duty- and/or rule-based approaches state that people have the duty to act in a certain way, and obey
certain rules, regardless of the outcome. The actions, or means, are key in this approach.

»  Virtues-based approaches consider the moral character or virtue of the person conducting the action:
are they seeking to exhibit ‘good’ characteristics and behaviours? The person conducting the action is key
in this approach.

There are several concepts relating to acting ethically in your research.

»  Integrity is about being honest as a scientist. This means recording data accurately and not ignoring,
hiding or changing any data that does not support your hypothesis. It means acknowledging and referencing
sources of information, including books, websites, articles and people who have helped you. It means not
using other people’s ideas or data without their knowledge or permission. It also means allowing others to
fully scrutinise your work to further public knowledge and understanding. Put simply, showing integrity is
‘doing the right thing’. A good rule is that if you would not want someone to know what you were doing, you
probably should not be doing it. It is no different from behaving ethically in any other area of your life.

» Justice is the moral obligation to consider competing claims, not place unfair burden on a particular
group and fairly distribute or allow access to the benefits of an action.

»  Respect means giving intrinsic or instrumental value to living things, and being considerate of
their welfare, freedom, autonomy, beliefs, perceptions, customs and cultural heritage. It also means
considering that living things can make their own decisions and empowering and protecting those
who have diminished capacity to do so.

When planning your research, you should also be guided by the following ethical principles.

»  Beneficence is a commitment to maximise the benefits and minimise the risks and harms involved in
taking a particular course of action.

»  Non-maleficence is the commitment to avoid causing harm and ensuring that any harm caused is
proportional to the benefit gained from taking that course of action.

Refer to the VCE Biology Study Design for further information about the ethical conduct of scientific
investigations (p. 5) and ethical approaches and concepts (pp. 15—16).
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»

»

»

»

You need to have a clear plan for your investigation.
Primary data can be quantitative, qualitative or both,
depending on your hypothesis.

Measurements must be accurate, precise, reproducible,
repeatable and valid.

Take every precaution to minimise error in your data.

Concept questions 1.1b

g A WN -

Which data type records numerical measurements?

List five types of inputs you could use for qualitative data.

Define ‘validity’ in terms of scientific research.
Define ‘precision’ in terms of data collected.

Why is careful planning important when conducting
an investigation?

What is a control and is it different from a controlled
variable?

»

»

»

8

A0S 3: How is scientific inquiry used to investigate cellular processes and/or biological change?

All extraneous variables must be controlled.

The method details the steps that you will undertake
to perform your investigation, including a risk
assessment.

Check whether you need to consider any bioethical
issues in your investigation.

What is uncertainty and how can you take uncertainty
into account when planning your investigation?

HOT challenge =l

Ethical considerations and risk assessment are two
aspects of scientific methodology. How do these two
important features intersect in experimental design? Is
there potential scope for conflict between the two?

Scientific evidence

Scientific evidence is primary data that comes from scientific investigations. It is only valid if the

investigation has been designed carefully, with errors minimised and bias eliminated, has been properly

experimentally controlled, and has been found to be repeatable and reproducible.

Record keeping

Students studying VCE Biology are required to keep a record of their practical activities in a logbook. This

is for recording, authentication and assessment purposes. You can keep your logbook in hard copy form

or soft copy form (electronic), although hard copy is preferred.

Logbooks include details of investigations such as methods and results. They include comments

and ideas, thoughts about the investigations, and analysis. They frequently include printouts of data,

photocopies of relevant information, photos and other items (Figure 1.10).

Discuss with your teacher about the form of logbook records you are required keep and any specific

formatting required for your logbook. Make an entry in the logbook every time you work on your investigation.

Each entry in your logbook needs to be dated. Write down what you do as you do it. It is easy to forget

what you did if you do not write it down immediately. An accurate record is important if you need to repeat

any measurements or if you get unexpected results. The more detail you include, the easier it will be to

prepare your report or poster at the end of this study. Include large, clear diagrams of any experimental

set-up and details of equipment used. You can also include photos of investigations.

Record the results of all measurements immediately and directly in your logbook. Never record data

on bits of scrap paper. Use a pen, not a pencil, to record your results. Never use liquid paper or scribble over

anything in your logbook. If you want to cross something out, put a line through it. It is also a good idea to

make a note explaining why it was crossed out.

Collecting raw data

To determine a relationship between your variables, you need to have enough data points and the range of

your data points should be as large as possible. A minimum of six data points (therefore six replicates) is

generally considered adequate, but collect as many as you reasonably can in the available time.

VICscience Biology VCE Units 3 & 4
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Table of contents

A date on each
page you use

Planning information for your project;
e.g. printouts from your research, a list
of materials and equipment that you
intend to use, flow charts of the
process you want to follow, a calendar
with approximate completion dates

Your ideas as you progress through the project
Copies of SDS and other safety information

Primary data, tables and sketch graphs. When
recording data, always include units

Identification of outliers and your treatment of these
References and other resources you

will need to keep track of your
hypothesis, research question and aim

Questions that you have when you begin to collect data

Printouts from datalogging software

Your experimental method and
methodology (including first drafts
and practices using the equipment)

Data analysis and statistical calculations

Comments on the limitations of your
investigation and ideas for the next step

Diagrams and/or photographs of your
experimental set-up

Figure 1.10 Features of an effective logbook

Always record the raw data directly in your logbook unless you are using a data logger connected to a
computer to record the data. In this case, attach a printout of the data to your logbook and record the file name
and location. Make sure that you measure and record everything you will need for your analysis. For example,
if you were investigating root growth, you would record the amount of fertiliser used, the temperature and
the starting length of the roots. It is much better to measure something that you discover later that you do not
need than to start your analysis and realise that you did not measure something that you need.

Use appropriate units; for example, millimetres (mm) for length and grams (g) for mass. If you collect
multiple data points, it is a good idea to record them in a table. Label the columns in the table with the
name and units of the variables. Do not put the units in the table cells. The instruments that you use will
often restrict the precision of your measurements. For example, a ruler may only have markings down to
0.1 cm. Make a note of these restrictions because they can also affect the accuracy of your final results,
especially if the changes measured are small.

Analysi dat —
nalysing your data —
Having gathered your data, there are usually a number of steps you need to take to analyse it. This allows 577
you to draw meaningful conclusions from your investigation, leading you to either support or refute your R DATA
hypothesis. Usually, you will use descriptive statistics to describe the data (such as calculating the mean),
plot a graph of the data, and try to determine whether any trends or patterns emerge in the data.

Record all your analysis in your logbook. If you use a computer for your analysis, then record the file
name and location and attach a printout of the analysis to your logbook. Many scientists have logbooks
that are bulging with printouts of their analysis.
Diagl’amS Poor Good
You may need to include scientific diagrams in your /\’C?L
results. You can include drawings of your experimental Nucleus - cel
equipment and how it is set up when collecting data, ZZ‘:;“; 0 Or— :Z:Efane
drawings of structures under the microscope, or Nocloue Cytoplasm
drawings of organisms that you are studying in your Cytoplas o
investigation. Like other kinds of data, diagrams
require a figure number and a clear title. | Poms 0

There are other important rules to follow when membrane

constructing scientific drawings (Figure 1.11). Orion epidermal cels

»  Use penCll. Onion epidermal cells (x 100)

»  Create a large drawing that fills at least half a page.

»  If using a microscope, include the magnification

at which the image was viewed.

9780170452533

Figure 1.11 Effective scientific drawings: include the magnification
(where appropriate) and make sure label lines do not cross.
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Note:

The acronym

DRY MIX can help
you remember how
to plot variables
on a graph.

D = dependent
variable

R =responding
variable

Y = y-axis

M = manipulated
variable

| = independent
variable

X = x-axis

Plot the dependent
(responding)
variable on the
y-axis. Plot the
independent
(manipulated)
variable on

the x-axis.

VICscience Biology VCE Units 3 & 4

»  If the drawing is of an organism, include this information.
» If drawing your experiment, draw all equipment in cross-section.
»  Label all the parts of your diagram and rule a line to each label. Ensure that the lines do not cross.

Tables

When recording data from your investigation, you will probably write it in a table. The advantage of this is
that you can organise your data as you record it and begin to identify trends. A well-organised table saves
you significant time later. Your table should have a clear title and be organised so that you can easily record
and compare your independent and dependent variables. If you have completed any calculations on your
data, you should record this information alongside your primary data. An example is shown in Figure 1.12.

Table 1: The effect of fertiliser on root growth &——— Table number and a descriptive title

Dependent variable and units Heading clearly identifies the independent variable

Standard fertiliser New fertiliser

Plant 1 Plant 2 Plant 3 Mean Plant 1 Plant 2 Plant 3 Mean
Root |Change| Root ||Change| Root ||Change|Change| Root [Change| Root |[Change| Root [Change|Change
length |in root | length| |in root | length||in root |in root | length [in root | length [inroot | length [in root |in root
(cm) |length [ (cm) ||length | (cm) ||length |length [ (cm) [length | (cm) [length | (cm) |length |length
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

Day 0
Day 1
Day 2

Multiple tests are completed

Control or baseline value is included Mean result is calculated

Figure 1.12 An effective table to record primary data and simple statistics

Growth of plant roots exposed to fertiliser treatment

8

44
24
0

Water Standard New
fertiliser fertiliser

Graphs

You may be able to see a pattern simply by

N
N

»

>

N

JENEN
o

looking at the list of numbers in your table.

However, the easiest way to identify a pattern

in data or a relationship between variables is to

Average increase in
length (cm)
o
1

plot a graph.

A graph should be large and clear. The
axes should be labelled with the names of the
variables and their units (Figure 1.13). Put the
variable that you are measuring (dependent) on

Y

IEI Number of reproducing E. coli colonies over . N 3

2 100 10 r’.)ou,s in aggar at 25°C the vertical axis (y) and the variable that you

5 A are altering (independent) on the horizontal

S 80 .

E © P axis (x). Choose a scale so that your data takes

8 /4»/ up most of the plot area. You don’t always need
5 40 - S . ,

; 0 /.,/' to show the origin in a graph but, by including
g o L T R it, you will provide an honest representation of
z o 1 2 3 4 5 6 7 8 9 10 the data without any exaggeration.

Time (h)

Figure 1.13 A correctly drawn a bar graph and b line graph
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Interpreting your results

Once you have visualised your data by plotting it as a graph, you can begin to consider what trends,
patterns or relationships the results are showing, and determine whether the trends are likely to reflect
true relationships between the factors in your study. You can then relate your findings to your research
question and hypothesis.

Determining relationships

When you have created a graph of your data, provided you have carefully considered the scale of your
graph, and you have considered any outliers, you should be able to see any relationships. When writing
your results section for your poster, you should describe any relationship that you notice between the
independent and dependent variables, noting the gradient or slope of the graph. You should then try to
interpret whether the relationship between the independent and dependent variables is a causative one
(i.e. your data is a result of the treatments or test groups in your investigation). Your interpretation of the
data, and what it means to the field of science that you are investigating, should be explained. Figure 1.14
shows the types of relationships that you may observe in your data.

E No relationship E Linear relationship
Temperature of skin 30% The dependent variable
~ when air temperature changes 225 2 is directly proportional to
& 50 . L | @ the independent variable.
E 40 A qurelitlt;)rlshlp N § 2.0 . - There appears to be a
2 30 ® 0000 0 0000 00 9 o fp]” ten e ‘,NETn £15 et correlation between the
B e two variables 3 N values.
S 20 because the skin 2.0 -
£ t ture 8 .
g 10 emperatu s ®
£ 0 .| remains constant. Q05 o
v el
“c0 10 20 30 40 0 >
Air temperature (°C) 0 1 2 3
Independent variable
& Inverse linear relationship ] Exponential relationship
3.0 )
A The dependent variable 50 . )
w025 L. . is indirectly proportional © 0 There is at‘.n Imvler;e hi
s S to the independent variable. 3 40 iﬁzﬁ:dlee}pfn?jéirtls P
£20 S ®
g . There appears t.o be an g 30 variable increases, the
215 o inverse correlation between = ° dependent variable
3 .. the values (the dependent < 20 ° decreases
i 1.0 & variable increases when the S ° ’
g 0 independent variable 210 ®
05 decreases). e *
0 > ° 0 1 2 3 ;4
0 0.5 1 15 .
Independent variable Independent variable
3 combined
123 The initial increase is positive and
10 exponential. The graph then
o ° ® hd levels off, which indicates that the
8 08l e factor is no longer changing.
5 °
€ 06-e
Q
©
c
8 040
Q
[a}
0.2
0 >

0 005 010 015 020 025 030 035
Independent variable

Figure 1.14 Different types of relationships that may be evident in data. There may be a no mathematical
relationship, b & c a clear linear relationship or d & e an exponential relationship.
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Relating your results to your hypothesis

Effects of fertiliser on root growth Once you have analysed your results,
15 you need to interpret them. This means
being able to either answer your research
question or state whether your results
10 support your hypothesis. For example,
if the new fertiliser induces greater root
growth than the standard fertiliser, with
all other variables being equal, this would
support the hypothesis that “The new
fertiliser increases the rate of root

Change in root length (cm)

growth in two weeks compared to
standard fertiliser’ (Figure 1.15). If there
Standard fertiliser New fertiliser was no difference between the two, or if

the new fertiliser induced significantly

Figure 1.15 This bar graph shows that there is a difference  1¢5S root growth than the standard

between the independent variables, which supports the fertiliser,.this would not support the
hypothesis. hypothesis.

If your hypothesis is not supported

If there is not a significant difference in your data, your hypothesis may not be supported by the data. This
may occur if the investigation could not show the effect posed by the hypothesis; for example, by not having
enough replicates to reduce variability and produce a significant difference. Alternatively, the hypothesis
may be wrong. However, it is not enough to simply say ‘our hypothesis is wrong’. If the hypothesis is
wrong, what is wrong with it?

Your method may have been too simple or may not have taken into account all of the other variables.
For example, in the root growth investigations, the fertiliser may work best at a particular temperature, or
over a longer time, or in conjunction with certain soil conditions. Or it may not work with the chosen type
of plant. The investigation may have been too limited to fully test the hypothesis. You might conclude that
further investigations are required to test these other variables.

However, before you decide that the method is at fault, check carefully that you have not made mistakes
or ignored any variables. Think about factors that you did not consider, but which might have affected your
investigation. Go through your method, results and analysis. Check that your equipment was correctly
calibrated and that you were using it correctly. Check that you used the correct units for your data and that
the units are correctly carried through all calculations during analysis. Check your analysis carefully. If
you are working in a group, ask another person to repeat your calculations.

If you are certain your investigation results are real, and they still refute your hypothesis, do not be
disappointed. The process of scientific enquiry is often propelled forward when old hypotheses are tested
and refuted, and new observations pave the way to discoveries that change our understanding of biological
systems.
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Biologico

SOUTHERN \‘ Exclusively developed by Southern Biological

INVESTIGATION 1.1

The effect of temperature on trypsin activity

Casein is a common protein in mammalian milk. Casein is digested by trypsin, an enzyme that hydrolyses proteins

into peptides, which other enzymes further break down to amino acids for use in the body. Trypsin works in the small
intestine, after acid and pepsin in the stomach have started breaking down the proteins. Casein is relatively hydrophobic,
making it poorly soluble in water; however, when trypsin is added to a dilute solution of milk powder, the casein is
digested and the solution goes clear.

Aim
To determine the optimal temperature for trypsin activity

Time requirement

45 minutes
Materials
» 1% trypsin solution » 6 test tubes and a test-tube rack »  Thermometer
» 3% solution of skim milk »  Bungs or cork for test tubes »  Lab coats

powder »  Stopwatch »  Safety glasses
»  Buffer solution (pH 7) »  Marker »  Disposal gloves
»  Water bath »  Plastic pipettes

What are the risks in doing this investigation? How can you manage these risks to stay safe?

Trypsin can cause allergic reactions in sensitive people. Make sure your teacher is aware of any allergies.

Trypsin can irritate the skin and eyes on contact. Wear appropriate personal protective equipment at all times,
including eye protection and gloves. Wash skin immediately if
contact does occur.

Disposable gloves can cause allergic reactions Use a type of glove that has no allergy risk and is suitable

in sensitive people. to use with the chemicals in this investigation.

Hot water can scald. Be careful when working with water hotter than 50°C.

Do not touch the outside of the glass beaker.
Method

1 For the control test, set the water bath to 20°C.
2 Mark three test tubes with an ‘X" halfway down each tube (Figure 1.16).
3 Using a pipette, add 10mL of the milk powder solution to each of the three test tubes.
4 Collect another three test tubes and add 3 mL pH 7 buffer solution and 3 mL of
trypsin solution.
5 Place all six test tubes in the water bath for 10 minutes. Ensure the six tubes are
upright.
6 Pour the trypsin and buffer solution from one test tube into the milk powder
solution in another test tube. X ——— X becoming visible
7 To mix thoroughly, place a cork in the test tube and invert 4-6 times.
8 Place the test tube in the test-tube rack with the X placed at the back;
immediately begin the timer.
9 Record the time it takes for the milk solution to become clear by measuring the
time it takes for the X to become visible through the solution.
10 Repeat steps 6-8 for the remaining test tubes and record the time for each of the Figure 1.16 Measure the time it

three experiments in your logbook. takes for the X to become visible.
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11 Calculate the mean reaction time and record the result in your logbook.

12 Your teacher will now assign you one of four temperatures to test: 30°C, 40°C, 50°C or 60°C. As a class, you will
test all four temperatures, pool your data and compare your results. Set the water bath to your assigned temperature.
Once your water bath has reached the desired temperature, repeat steps 2—10 to test how the reaction time is
affected by different temperatures.

13 Record your data in your logbook, calculate the mean reaction time and share your results with the class.

14 Record the class mean reaction time for each of the assigned temperatures in a combined results table. (See below.)
If one of the temperature variables was tested more than once —i.e the 20°C control test — find the mean among them.

15 Draw a graph in your logbook using the data in the table. Be sure to clearly label both axes and use an appropriate
scale.

Results

Sample class results for five temperatures

Temperature (°C) Mean time for milk solution to clear (s)

20
30
40
50

60

Discussion

1 What is your hypothesis?
2 What is the independent variable?
3 What is the range of the independent variable?
4 What is the dependent variable?
5 What are the extraneous variables and how were they controlled?
6 Why are all the test tubes left in the water baths for 10 minutes before the trypsin and milk are added together?
7 What are the advantages of calculating a mean of test samples as opposed to just one?
8 What type of distribution does the data show?
9 What is the optimal temperature for trypsin activity?
10 Is the hypothesis supported by the data?

Conclusion
Summarise the findings using the data provided. Relate the results to the hypothesis.
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O—vr KEY CONCEPTS

»  Maintain a logbook throughout your investigation for | »
authentication and assessment. »
» Raw data is analysed and summarised as diagrams,
tables or graphs.

supported or refuted.

Concept questions 1.2

1 How does keeping a logbook aid the scientist in their 4

research?

2 List three reasons why a hypothesis may not be

supported.

3 'Relationships and trends are inimical to scientific
presentation of data." What does this mean?

HOT Challenge .adl

Determine any relationships or trends in your data.
Relate your results to your hypothesis, which is either

List at least four features of a well-designed table.

5 There is a general rule about which axis of a graph the

and itemise some exceptions.

Science communication

Once you have finished your investigation, you must be able to communicate what you have found to other

people. This is important in science because often ideas from other people will spark new ideas and prompt

further investigation. You are also adding to the body of scientific knowledge that you would have tapped

into when you did your background research when you were planning your investigation.

There are a number of ways to present your findings, including journal articles and conference

presentations. However, here you are required to present your findings as a scientific poster.

Presenting your work as a scientific poster

You need to format your scientific investigation into a poster of no more than 600 words. This word count is
limiting, so you will need to think very carefully about what you put in each section of the poster (Table 1.10).

Table 1.10 Sections in a scientific poster

Section

Description

Title

This should be the same as your research question.

Introduction

Make sure that you explain the reason for your research and link it to the underlying biological
theory. You should also include an aim, hypothesis and/or prediction in this section.

Methodology and Briefly outline your methodology here. Summarise the data generation and data analysis

methods methods that you used.

Results Your analysed data should go here. Your results may include graphs, perhaps with statistical
analysis such as a line of best fit. You may also include tables of mean data. Remember that
your raw data will be available in your logbook.

Discussion In this section, you will need to show that you understand what your data means and be able
to make links to the underlying scientific concepts that you were investigating. You need to
analyse your data and explain the trends. You should also state whether you have answered your
research question and/or whether the data supports your hypothesis or not. You may also have
identified some limitations to your investigation and you may have ideas for further research.

Conclusion This is a brief summary of your main findings. You should state whether or not your

investigation answered the research question. Do not provide new information.

References and
acknowledgements

You will need to include your references and acknowledge anyone who helped you or provided
you with information. References and acknowledgements are not included in the poster word
count.

9780170452533
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Title

The title for your poster is the research question that you are investigating.

Introduction

The introduction to your poster could also be called the background research that you undertook in the
planning stages of your investigation. The introduction outlines the existing knowledge about the research
topic. This is where you summarise any existing theories, models, concept and similar studies, all of which
should be correctly referenced (p. 28).

The introduction contains a clear aim and a stated hypothesis for the investigation with (or without) a
prediction of whether you think the hypothesis will be supported or refuted.

Methodology and methods

The methodology is the framework of the approach that you have adopted to investigate your
hypothesis.

You should briefly but clearly describe the method used in your investigation. In a poster, it is not
necessary to have the complete sequence for someone else to follow. Instead, you can summarise it as a
series of explained photographs or diagrams. You are not instructing anyone to do anything. You are
telling people what you did. For example, you would write Troot length was measured’” not ‘measure the
root length’.

If your study has potential safety issues or ethical considerations, identify them in this section and
briefly describe the ways in which you handled them.

Results

The results section is a summary of your results together with schematic diagrams, flow charts, bar
charts, tables or line graphs showing trends in the data. Do not interpret your results in this section. Make
sure you label your graph axes, including units. Choose an appropriate scale so that the data takes up most
of the plot area. Do not include tables of raw data in your poster.

When stating the findings of your study in the main text of the results section, refer immediately
afterwards to the figure in which the finding is shown; for example, “The vertical growth of Arabidopsis
seedlings was significantly greater following two weeks of new fertiliser treatment than with a standard

>

fertiliser or water alone (Figure 2)

Figures

There are several types of figures that you may include in a scientific poster. The most informative figures
are quantitative, such as graphs (Figures 1.17 and 1.18) or tables, although it is often useful to include
qualitative data such as cross-sections or photographs. Regardless of the type of figure used, it should be
chosen for its ability to best communicate the findings of the study. Sometimes a figure will have multiple
panels (labelled A, B etc.). For example, a graph and a photograph showing the same pattern could be
presented in two panels of the same figure.

Each diagram should have a figure number, and you should refer to it in the text of your poster.
Position the diagram close to where it is referred to in the text. Figure captions are essential. They
are usually below the figure and begin with the figure number followed by a brief description of
the figure.
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Effect of fertiliser on root growth
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Figure 1.17 An example of a graph that demonstrates a mathematical
relationship that could be used in the results section of a scientific
poster

Effect of fertiliser on seedling height

20

15 1

10

Seedling height (cm)

Control Standard fertiliser New fertiliser

Figure 1.18 Seedlings were grown under standard conditions to a
height of 2 cm, then separated and treated daily for two weeks with
50 mL of 2% new fertiliser (blue) or 2% standard fertiliser in tap
water (green). The control group was given water alone (brown).
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Discussion

In the discussion section, you need to use the evidence that you have produced from your investigation to
construct a scientific argument about how well your investigation answered your research question and
achieved the intended aim(s). This is probably the most difficult part of the report that you have to write.

Some questions you should consider when writing your discussion section are as follows.

»  What relationships did you observe in your data?

»  Did your results support or refute your hypothesis?

»  How could you improve your investigation design to more accurately address your hypothesis?

»  What do your results add to the current scientific knowledge of biological concepts?

» Do they agree with or contradict models or classification keys based on other published findings?

»  What were the implications of your study, and how could you address these in future real or
hypothetical studies?

»  How might your findings affect the scientific community, industry, medical practice or the community
at large?

It will be difficult to address all these questions in the limited space you have available. Start by
writing down all the key points and then read through them several times, cutting down unnecessary
words each time. Do not remove your own connections or ideas; this type of critical thinking is often a
significant part of what is assessed in scientific writing. Remember that concise, coherent writing is an
important scientific skill to practise.

Conclusion

This short section allows you to draw conclusions from the evidence you have gathered during your

study. It is a very brief summary of the results and their implications. It should provide a response to your
research question and directly address the hypothesis you proposed in your introduction. The conclusion
should also state the extent to which the analysis answered the research question, without introducing new
information. A conclusion should only be a few sentences long.

References

A reference list details all the sources of information you used to write the text and figures for the poster.
‘Whenever you use a piece of information or quotation in your poster, you must reference it at that point.
This is typically done by placing a number in brackets [2], or the author and the year of publication
(Smith 2019), depending on which referencing style you use. The complete reference list is provided in

a single, alphabetical list at the bottom of the poster. You must reference in a consistent style (p. 7). Check
with your teacher about the preferred style. References are not included in the poster word count.

Acknowledgements

You should thank anyone who helped you in your investigation. This includes people who supplied
equipment or funding, as well as people who gave you good ideas or helped you with the analysis.
Acknowledgements are not included in the poster word count.
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Title
Student name

Introduction

Methodology and
methods

Results

Communication statement
reporting the key finding
of the investigation as a

one-sentence summary

(20-25% of poster space)

Discussion

Conclusion

References and acknowledgements

Source: adapted from the VCE Biology Study Design (2022-2026) p. 11; © VCAA, by permission

Figure 1.19 Template for scientific poster

O—vr KEY CONCEPTS

Once you have finished your investigation, you have to = »
communicate what you have found to other people.

»

Concept questions 1.3

1 Why is it important to include the appropriate units of |+ 5
measurement in quantitative data?

2 Discuss the specific requirements of the introduction
section of a scientific poster.

3 Draw up a table that summarises the main features of = 6
tables and figures and include summarised examples to
demonstrate your understanding.

4 Why does the discussion section of a report require
you to consider the results in terms of the current
theory?

9780170452533

A scientific poster includes a title, introduction,
methodology and method, results, discussion,
conclusion, references and acknowledgements.

Identify the three main pieces of information included
in the conclusion of a report.

HOT Challenge =

What is the specific manner in which you answer your
research question?
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ﬂ 1 Summary of key concepts

Online Key Concepts
Chapter 1T summary

Investigation design

O—vr KEY CONCEPTS

»  Observation is the start of a scientific investigation.
»  An observation can be turned into a research question.
»  Aresearch question is specific and can be answered

p.5

by performing an investigation. Controlled
»  Aresearch question identifies the dependent and independent Lterature e .
variables. e o
»  You will need to undertake some background research into your » L) 2
research question. o Classfcation
»  Make sure you critically evaluate the secondary resources that mssgton ' Reriato
you use for your background research. ‘ ’
»  The independent variable is the factor that you change or product,
manipulate in your investigation. s ¢ @ dp,yptmmt
»  The dependent variable is the factor that you measure during —
your investigation. study Mol

»  Aresearch question can be turned into a hypothesis.

» A good hypothesis predicts what the results will be, states
the relationship between the independent and dependent There are many different scientific
variables, states how the dependent variable will be measured, investigation methodologies in biology
and can be supported or refuted through investigation.

»  Methodology refers to the broader framework of approach taken to investigate your research question.

Repeatable
Increased precision by repeating

measurements in the one setting by a
O~ KEY CONCEPTS ST
p. 11 over a short fime scale
»  You need to have a clear plan for your investigation. 9 e
. . . . . Precise Increased precision when
»  Primary data can be quantitative, qualitative or both, How cose together :ezs_;remet‘its s ctaned
e measurements y different investigators in
depending on your hypothesis. o Sing diteron squprent
igh quality,
»  Measurements must be accurate, precise, reproducible, relebledata —
repeatable and valid. e | S
) L. ) . a5 0 . quantity could be measured
»  Take every precaution to minimise error in your data. the true value [t
. true value.
»  All extraneous variables must be controlled. g g
»  The method details the steps that you will undertake to e
. . . . . . or answers your research
perform your investigation, including a risk assessment. question
»  Check whether you need to consider any bioethical issues
in your investigation. Features of data from a

well-designed investigation
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Scientific evidence

O=+r KEY CONCEPTS

»

»

Maintain a logbook throughout your investigation »
for authentication and assessment.

Raw data is analysed and summarised as diagrams,  »
tables or graphs.

Table of contents

A date on each
page you use

Planning information for your project;
e.g. printouts from your research, a list
of materials and equipment that you
intend to use, flow charts of the
process you want to follow, a calendar
with approximate completion dates

References and other resources you
will need to keep track of your
hypothesis, research question and aim

Your experimental method and
methodology (including first drafts
and practices using the equipment)

Diagrams and/or photographs of your
experimental set-up

Figure 1.10 Features of an effective logbook

p. 18
Determine any relationships or trends in your
data.
Relate your results to your hypothesis, which is
either supported or refuted.

Your ideas as you progress through the project
Copies of SDS and other safety information

Primary data, tables and sketch graphs. When
recording data, always include units

Identification of outliers and your treatment of these
Questions that you have when you begin to collect data
Printouts from datalogging software

Data analysis and statistical calculations

Comments on the limitations of your
investigation and ideas for the next step

Science communication

O—vr KEY CONCEPTS

»

p. 25

Once you have finished your

Title
Student name

investigation, you have to
communicate what you have
found to other people.

A scientific poster includes a

. . . Methodology and ot
title, introduction, methodology methods 8y Communication statement
) . reporting the key finding
and method, results, discussion, of the investigation as a
H one-sentence summary
conclusion, references and (20.25% of poster space)
aCkn0W|edgements' Results Conclusion

Introduction

Discussion

References and acknowledgements

Figure 1.19 Template for a scientific poster
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We 1 Chapter glossary

accurate without any mistakes

authentication confirming that the submitted
assessment has been completed by the student

beneficence an ethical concept that involves taking
positive action that maximises the benefit or ‘good’, and
minimises the risks and potential harms

bias an error that occurs when an investigation is not
randomised, particularly if the investigator is affected by
their expectations of the outcome

control group a group in an investigation that receives
no treatment (independent variable) so a baseline value
can be established

controlled variable the variable that is kept constant
during an investigation in order to determine the
relationship between the independent and dependent
variables

dependent variable the variable that is measured and
whose value depends on the independent variable, i.e. it
responds to the independent variable

ethics a system of moral principles that considers what is
good and bad for society

extraneous variable a variable, other than the
independent variable, that can influence the dependent
variable

gradient the slope of a graph

hypothesis a tentative prediction, or explanation of an
observation, based on an existing model or theory

independent variable the variable changed or
manipulated by the scientist and assumed to have an
effect on the dependent variable

integrity an ethical concept that means being honest
about one’s actions; in science it means fully reporting
data (even if it doesn’t fit your hypothesis) and
acknowledging all sources of information

justice a moral obligation to give fair consideration to
competing claims, not place unfair burden on a particular
group, and ensure fair access and distribution of benefits
of an action

logbook a record of an experimental investigations kept
by scientists performing the investigations; it is a legal
record of the investigations and their results

method the steps taken to carry out a scientific
investigation

methodology the broader framework of approach taken
in the investigation to test your research question

VICscience Biology VCE Units 3 & 4

model a representation of a system or phenomenon that
explains the system or phenomenon; a model may be
mathematical equations, a computer simulation, a physical
object, words or some other form

non-maleficence an ethical concept that involves
avoiding harm or ensuring that harm caused by action
is proportionate to the benefit gained from the action

observation acquisition of information through your
senses

outlier a data point that does not fit the pattern shown
by the other measured data points

personal error a mistake or miscalculation due to human
error

precise how closely together measurements are to one
another

primary data data that you have measured or collected
yourself

primary source an original source of information,
created by the author and usually including primary
data

qualitative data a measurement with descriptive or
non-numerical results

quantitative data a measurement with numerical values

random error an unpredictable variation in measurement;
can be improved by taking multiple measurements and
calculating an average

references a list of all the sources that have been used in
the write-up of a scientific investigation

reliable highly likely to be a trustworthy source of
information or reproducible data

repeatable an investigation that can be conducted again
by the same investigator under the same conditions to
generate similar results

replicates independent samples that allow you to take
multiple measurements, increasing the reliability of your
data

reproducible giving the same result within uncertainty
limits; when repeated measurements are made by a
different investigator

research question a specific question that a particular
investigation or investigator is attempting to answer
respect an ethical concept that considers the rights of an
individual or a group, e.g. respect for animals considers
their welfare

9780170452533



risk assessment a process of evaluating potential risks of
an investigation

secondary data data that has been measured and
collected by someone other than you

secondary source a source of information that has been
obtained from another source and/or summarised, e.g. a
popular science magazine

systematic error a predictable deviation in data, e.g. as a
result of the equipment used

theory a collection of models and concepts that explains
specific systems or phenomena; scientific theories allow
predictions to be made and hence are falsifiable

9780170452533

Designing and conducting a scientific investigation ﬂ

true value a value obtained in an ideal measurement
uncertainty a range of values that the true value falls
within

valid describes results that are affected by only a single
independent variable and hence are reproducible

variable something that can change or be changed, as
distinct from a constant, which does not change
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How do cells
maintain
life?

Area of Study 1: What is the role of nucleic acids
and proteins in maintaining life?

Area of Study 2: How are biochemical pathways
regulated?
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The relationship between nucleic
acids and proteins

By the end of this chapter you will have covered the following material.

Key knowledge

The relationship between nucleic acids and proteins

» nucleic acids as information molecules that encode instructions for the synthesis of proteins: the structure of
DNA, the three main forms of RNA (mRNA, rRNA and tRNA) and a comparison of their respective nucleotides,
pp. 39-47

the genetic code as a universal triplet code that is degenerate and the steps in gene expression, including
transcription, RNA processing in eukaryotic cells and translation by ribosomes, pp. 47-53

the structure of genes: exons, introns and promoter and operator regions, pp. 48—49; 54-57

the basic elements of gene regulation: prokaryotic trp operon as a simplified example of a regulatory process,
pp. 55-57

amino acids as the monomers of a polypeptide chain and the resultant hierarchical levels of structure that give
rise to a functional protein, pp. 57-60

proteins as a diverse group of molecules that collectively make an organism'’s proteome, including enzymes as
catalysts in biochemical pathways, pp. 61-64

the role of rough endoplasmic reticulum, Golgi apparatus and associated vesicles in the export of proteins from
a cell via the protein secretory pathway, pp. 64-65

Key science skills

Plan and conduct investigations

» determine appropriate investigation methodology: case study; classification and identification; controlled
experiment; correlational study; fieldwork; literature review; modelling; product, process or system
development; simulation, pp. 47-53

work independently and collaboratively as appropriate and within identified research constraints, adapting or
extending processes as required and recording such modifications, pp. 43-44

Comply with safety and ethical guidelines

» demonstrate safe laboratory practices when planning and conducting investigations by using risk assessments
that are informed by safety data sheets (SDS), and accounting for risks, pp. 43-44

» apply relevant occupational health and safety guidelines while undertaking practical investigations, pp. 43-44
» demonstrate ethical conduct when undertaking and reporting investigations, pp. 43-44
Analyse, evaluate and communicate scientific ideas

» discuss relevant biological information, ideas, concepts, theories and models and the connections between
them, pp. 43-44

© (2021). The Victorian Curriculum and Assessment Authority (VCAA). Used with permission.
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m The relationship between nucleic acids

and proteins

Online Chapter Map
Chapter 2 map

In Biology, using many small blocks to build larger and more complex structures is a concept
that recurs again and again.

p. 39

The code for building
proteins is contained in the
DNA in the nuclei of your cells.
Proteins are a major building
component in your body. The DNA
code is copied into messenger
RNA, which is transported out
of the nucleus to ribosomes
in the cytosol.

p. 47

The mRNA code is read at
the ribosome. Transfer RNA
checks the cytosol to locate a
specific amino acid to bring

back to the ribosome to
build the correct
protein.




CHAPTER 2 MAP 37

[ ] ... [ ]
[ ) ..... [ )
..... O [ ] > .:.:.
2.3 p 54 [ X ]
Gene
regulation
Not all proteins are built 24 p. 57
in every cell. Muscle cells Prot.eins
and blood cells are made from i
. . ) The sequences of amino
different proteins. Regions of , ,
. . acids determine the type
coding DNA can be switched ) i
. of proteins produced. Chains
on or off depending on the ) ) i
of amino acids are folded, coiled
needs of the cell.
and bonded to create more and
more complex protein structures.
Complexity determines the
Primary Secondary Tertiary Quaternary function of the protein
structure structure structure structure ’
LX)
o000
[ X ]
Amino acid Alpha-helixes Polypeptide Complex of protein
Beta-pleated sheets chains molecule
LX)
LXK J
[ X ]
25 pp. 64
The protein

secretory pathway

Proteins need to move about.
From the endoplasmic reticulum
within a cell, further processing

occurs before proteins are moved
to the Golgi apparatus for
secretion out of the cell or for
QeI use in other areas of
the body.

The structure of proteins is coded into our DNA. Scientists have ways to manipulate DNA.
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Online Chapter Map:
Chapter 2 map (p. 36)

Online Key Terms:
Chapter 2 flashcards (p. 38)

Weblinks:

Nucleic acids (p. 46)
From DNA to protein (p. 51)

Online Key Terms
Chapter 2 flashcards

O

rm—

WB

REMEMBER
PAGE 22

To access resources below, visit www.nelsonnet.com.au

Online Worksheets:
Nucleic acids (p. 46)
From DNA to protein (p. 51)

Video:

Gene expression (p. 47)
The trp operon (p. 55)

Online Key Concepts:
Chapter 2: Summary of key concepts (p. 68)

Know your key terms

o-helix
allele
alternative splicing
amino acid
anticodon
antiparallel
B-pleated sheet
base pair
biological
functionality
catalyse
chromosome
cisterna
codon
complementary
base pairing
condensation
polymerisation
conformation
degenerate
denature

deoxyribonucleic acid
(DNA)

DNA polymerase
endoplasmic reticulum
enzyme

exon

functional proteomics
gene

gene expression

gene regulation
genetic code

genome

Golgi apparatus
histone

hydrogen bond
hydrophilic
hydrophobic

inducer

intron

messenger RNA
(mRNA)

non-coding region
non-template strand
nucleic acid

nucleosome

nucleotide
operator

operon

peptide bond
phosphodiester bond
plasmid

poly-A tail
polypeptide
polyribosome
pre-mRNA
primary structure
product
promoter region
protein

protein secretory
pathway

proteome

proteomics

quaternary structure
random coil
regulatory gene
repressor protein
ribonucleic acid (RNA)

ribosomal RNA
(rRNA)

ribosome
RNA polymerase

rough endoplasmic
reticulum

secondary structure
semi-conservative
replication
structural gene
substrate
subunit
template
template strand
tertiary structure
transcribe
transcription
transcription factor
transfer RNA (tRNA)
translation
transport vesicle

triplet

Remember

This chapter will build on the following concepts that you will have already met. Take the time to refresh

these concepts before you start this chapter.

1 DNA contains the coded instructions to produce proteins, the ‘workhorses’ of a cell.

2 Organelles involved in protein synthesis and secretion include the rough endoplasmic reticulum,
ribosomes and Golgi apparatus.

3 Proteins are building blocks for cellular structures and carry out many cellular processes.

VICscience Biology VCE Units 3 & 4
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Origami is the ancient Japanese art of paper folding, where sheets of paper are transformed into sculptures
through precise folding techniques. Several sheets of coloured paper can be used to produce complex
sculptures such as those seen in Figure 2.1. Paper is the basic material of origami and complex folding of
the paper produces the different sculptures.

Proteins are large complex molecules made from monomers called amino acids. Chains of amino acids
form polypeptide chains, which can then be folded, in a similar way to folding paper in origami, to produce
different types of proteins. Proteins are the building blocks for most of the structural and functional components
of a cell. The complexity and diversity of the biological world around us can be explained by proteins.

This chapter will unfold the story of proteins from their beginning as a code stored in the nucleotides
that make up the nucleic acids of the DNA molecule to how the cell deciphers that code to produce a
complex protein molecule.

Alamy Stock Photo/Paul Paladin
iStock.com/CribbVisuals
Alamy Stock Photo/Adonsky

Figure 2.1 Sheets of paper folded in different ways produce many different types of sculptures, just as chains of amino acids
folded into different shapes can produce many different types of proteins.

Nucleic acids

Many years of work and investigation by scientists contributed to the body of knowledge that eventually
led molecular biologists James Watson and Francis Crick to report the famous model of the double helix
in 1958 (Figure 2.2). Watson and Crick used X-ray images of the DNA molecule that were made by X-ray

Figure 2.2 Watson and Crick with their DNA
model
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Alamy Stock Photo/Science History Images
Alamy Stock Photo/Science Photo Library

Figure 2.3 a Rosalind Franklin and b her X-ray diffraction picture of DNA,
which was crucial for the discovery that DNA is a double helix.

crystallographer Rosalind Franklin, which were critical to determining its structure (Figure 2.3). DNA

is an example of a nucleic acid. Nucleic acids store information in a chemical code that directs the cell to

produce proteins. The genetic code of every living organism is contained in its DNA, the molecule of life.

DNA is necessary for the survival of every living organism, and ultimately the evolution of life over time.
The nucleic acids deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are polymers that form

when the monomers (nucleotides) bond together.

Structure of nucleic acids

Nucleotides are repeating units, or monomers, which form polymers called nucleic acids. DNA and RNA

—
WB

211
structure o differ slightly in the structure of their nucleotides. Each nucleotide has three distinct chemical components:
NUCLEIC ACIDS ) ) )

PAGE 23 » afive-carbon pentose sugar (either ribose or deoxyribose)

» anegatively charged phosphate group
»  an organic nitrogen-containing compound called a base (Figure 2.4).

a (b
Phosphate
P I
Base
N Ny
o H _< |
Deoxyribose sugar | N N/
0=P-0—CH, H
| Nitrogenous base
(o (adenine)
Phosphate H\ iyH
group
OH H
Sugar

Figure 2.4 a A general representation of the structure of a DNA nucleotide. b A chemical
representation of a nucleotide with the nitrogenous base adenine.

VICscience Biology VCE Units 3 & 4 9780170452533



Structure of DNA N,

O
DNA is made up of nucleotides in which the N Ny H;C N
pentose sugar has one fewer oxygen atom o H‘{ | /L o | /L
hence: d bose) than the rib ' NT SN ! nTNTo
(hence: de-oxy-ribose) than the ribose sugar 0=P-0—CH, 4 et 0=P-0—CH, 4 .
(p. 45). DNA is a stable molecule that carries g Adenine g Thymine
genetic information of organisms through HO H HO H
generations. H H
. . OH H OH H
There are four kinds of nitrogenous
(nitrogen-containing) bases in DNA: o NH,
» adenine (A) H | N
»  thymine (T o H“{ )\ o /L
y ) ( ) 0 Z NH, | H N 9
»  guanine (G) 0—P-0—CH, 4 O—P-0—CH, 4
. Il Guanine Il Cytosine
»  cytosine (C). o o
Thymine and cytosine are the smallest HO H HO H
bases because they consist of one six-membered H H
OH H OH H

ring containing carbon and nitrogen. They are

k imidines. Adeni d i
nowi as pyruidines. Sdenine anc guanine Figure 2.5 The four nucleotides that make up DNA. Each nucleotide

are larger and they consist of two rings . . . . . .
& Y & contains a different base: adenine, guanine, thymine or cytosine.

containing carbon and nitrogen. They are

known as purines (Figure 2.5).

DNA molecules are very long and consist of two strands of nucleotide polymers wound around each —
other to form a double helix. In each strand, the sugar—phosphate groups that make up the backbone of each
strand are linked by phosphodiester bonds. The two strands are tightly bonded to each other. They are like wB
a zip that can be unzipped when the genetic information is ‘read’. Hydrogen bonds between the adjoining iberune
pairs of nitrogenous bases hold the two chains of the double helix together, much like the rungs of a ladder. oo
The nitrogen bases do not bond randomly. They bond according to strict complementary base A MODEL

pairing rules: adenine (A) always bonds with thymine (T), and guanine (G) always bonds with cytosine
(C). A smaller base (T or C) is always bonded to a larger base (A or G), which ensures that the two strands
remain a fixed distance from each other (Figure 2.6).

Sugar—-phosphate backbone

_-H,N N
. CHy o 2/ \[ OH
i) “@
N _<NH' \—nN o o\ o
/

0 9 o N
o) Adenine
Thymine <
_--H, N
/ p
6 \o O
/ \
0 O
Cytosine
Guanme
Nitrogenous bases
Adenine Thymine
Guanine Cytosine

Figure 2.6 The DNA helix is a double-stranded molecule. Two strands are held together by hydrogen bonding between
complementary nitrogen bases. An A-T pair is held together by two hydrogen bonds, whereas a G—C pair is held together by
three hydrogen bonds.
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Figure 2.7 shows that at the top left of the strand of DNA
the 5” (5 prime) carbon is facing upwards and this nucleotide (A)
is bonded to a nucleotide (T) with the 8" carbon facing upwards.
This continues down the two strands of DNA so that they
are running in opposite directions, with the top of one strand
always laid against the bottom of the other strand. This is
known as antiparallel.

In prokaryotic cells, the DNA is in the form of a single,
circular chromosome. Some DNA is also found as small
circular pieces of DNA called plasmids. The chromosome and
plasmids are in the cytosol. In eukaryotic cells, the DNA is in
the form of linear chromosomes contained within the nucleus.
Proteins called histones are bound to the DNA in eukaryotic
chromosomes to form nucleosomes. Like winding cotton
around many reels, histones help pack the large DNA threads
into the confined space of the nucleus (Figure 2.8). Nucleosomes
are then coiled and condensed into a fibre, which are supercoiled

to form chromosomes during cell division. Some DNA is also
found in the form of circular chromosomes in the mitochondria
and chloroplasts. Figure 2.7 The antiparallel nature of

The complete base sequence of DNA in a single (haploid) DNA: the two strands of DNA run in
set of an organism’s chromosomes is called its genome. opposite directions.

Segments of the DNA are called genes and certain sequences

of nucleotides in the DNA of the gene code are responsible for making polypeptides. The sequence of
the coding nucleotides in a segment of DNA ultimately determines the sequence of amino acids in the
polypeptide. In turn, the sequence of amino acids determines which protein is formed.

Each cell of the human body contains more than a metre of DNA, twisted and coiled into 46
chromosomes that have more than three billion base pairs (bp). However, not all the DNA codes for
polypeptides. Genes account for only about 1% of the human genome. Although the other 99% of the
human genome is not protein coding, this does not mean that it is not important. In fact, non-coding
regions of the genome contain many important regulatory regions that are involved in switching genes
on or off. This is discussed in more detail on page 54.

S "
on a string’

‘Beads

DNA wound on nucleosomes

Chromosome

Figure 2.8 DNA is tightly wound around histones to package it inside the nucleus.

Most genes have small differences in the nucleotide sequences from one individual to another, except
for identical twins. This means there may be differences in the polypeptides that are encoded by any given
gene. These different versions of the same gene are called alleles. Alleles account for much of the variation
between individuals in a population.
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As already discussed, each DNA molecule
consists of two complementary strands held together
by hydrogen bonds. If the nucleotide sequence is
known for one strand, it is possible to determine
the sequence of the other strand because of the
base-pairing rules (p. 41). When DNA is copied,
the two strands are first separated by the action
of enzymes. Each single strand serves as a template
for the production of a new complementary strand
(Figure 2.9). The new strand is built towards its 8’
end. The enzyme DNA polymerase moves along the
template strand, adding complementary nucleotides.
This is described as semi-conservative replication
because each new daughter chromosome consists of
one new strand and one conserved or original strand.

Original strand 3

Y B B |
TR TR ITANIT

D D D 50
New strand
5
‘ l , 3
TN TITNNIT
BAEED

v Daughter molecule
3
3

Daughter molecule

Original strand 5/

— e,
Parent molecule

Figure 2.9 A model for semi-conservative replication of DNA.
Each daughter molecule contains one strand from the parent DNA
molecule and one new strand.

Double-stranded DNA is a persistent, long-lived molecule that carries the codes for protein synthesis,

determining structure and functioning in cells. Because of its

unique ability to replicate with high

accuracy, the genetic information encoded in the nucleotides of DNA is passed from one generation of cells

during cell division to the next and from one generation of organisms to the next through the process

of reproduction. DNA is the master code that determines the very nature of cells and therefore of living

things.
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INVESTIGATION 2.1

Extracting DNA from strawberries
Strawberries have eight sets of chromosomes, which means
Strawberries are a very effective model for DNA extraction
be clearly observed.

Aim

To extract DNA from strawberries

Time requirement
30 minutes

Materials

3 Strawberries

10mL DNA extraction buffer
5mL Protease enzyme

5mL ice-cold 95% ethanol

2 Plastic pipettes

1.5mL centrifuge tube

1 Stirring rod

1 Inoculation loop

they are octoploid, as are pansies, dahlias and sugar cane.
because their pink juice allows the white strands of DNA to

v

1 Resealable plastic bag
1 Test tube

Filter paper

1 Glass funnel

Lab coat

Safety glasses
Disposable gloves

»

»

»

»

»

»
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What are the risks in doing this investigation? How can you manage these risks to stay safe?
Ethanol is highly flammable. Store and use ethanol away from ignition sources. Do not
heat in a container over an open flame; use a water bath that
is spark proof.

Protease enzyme can irritate the skin and eyes on contact. Wear appropriate personal protective equipment at all times,
including eye protection and gloves. Wash skin immediately if
contact does occur.

Disposable gloves can cause allergic reactions in sensitive Use a type of glove that has no allergy risk and is suitable to
people. use with the chemicals in this investigation.
Strawberries can cause allergic reactions in sensitive people. Never eat food in a science laboratory. Let your teacher know

if you have a strawberry allergy.

Method

1 Place three strawberries in a resealable plastic bag and re-seal.

2 Squeeze the strawberries in the bag with your fingers until lightly crushed.

3 Open bag and add 10 mL of the DNA extraction buffer.

4 Re-seal the bag and crush the contents again using your hands to mix the ingredients within the bag. Continue until a
thick juice is produced.

5 Using a plastic pippete, add 5 mL of protease enzyme to the bag and mix for 1 minute.

6 Filter the strawberry juice into a test tube. To do this, place the filter paper in a glass funnel over the test tube. Pour
the strawberries out of the bag and over the filter paper and a clear, pulp-free juice will filter into the test tube.

7 Remove the filtering apparatus and use a pipette to slowly add approximately 5mL of cold ethanol into the test tube
to cover the strawberry juice solution. Do not agitate the solution. The ethanol should sit separately on top of the
strawberry solution.

8 White strands of strawberry DNA will become visible in the ethanol layer as the DNA is extracted from the nucleus
as the cell walls break down. The strands will look like very fine spider webs.

9 Use the inoculation loop to ‘spool’ strands of DNA and observe them more closely. Alternatively, hold the test tube at
eye level and use a pipette to draw up the DNA strands in the top layer fluid.

10 Transfer the DNA to a centrifuge tube for further examination.

Results

Describe what you see.

Discussion

1 DNA extraction buffer contains detergent and salt. What role did the detergent, protease enzyme, ethanol and salt
have in the process of DNA extraction?

2 Many of the foods we consume contain DNA. Explain why ingesting DNA from other plants and organisms does not
cause us harm or alter our DNA.

3 What is the function of DNA?

4 Where is DNA located within a cell?

5 Draw a diagram of DNA. Include five sets of nucleotide bases and label the hydrogen bonds between these bases.

6 Why is the ability to remove DNA from cells important to scientists?

7 Why does DNA rise towards the surface when the alcohol is added?

Conclusion

Summarise your findings and include a flow chart detailing the steps taken to release the DNA from the
strawberry cells.

Taking it further aill

1 Perform another DNA extraction on different plant samples, such as bananas, kiwi fruit or wheatgerm.
2 Following the same procedure, compare the results of the DNA extraction among the different plant samples.
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O—vr KEY CONCEPTS

»  Nucleotides are monomers that are made up of a
five-carbon pentose sugar, a phosphate group and a
nitrogenous base.

»  Nucleotide monomers make up the nucleic acids DNA
and RNA.

»  There are four different types of nitrogenous bases
in DNA: adenine (A), cytosine (C), guanine (G) and
thymine (T).

Concept questions 2.1a

1  List the three key features of a nucleotide and describe
how they are arranged.

2 Describe how nucleotides are linked together.

3 Describe how the two strands of DNA are held
together.

4  Explain the antiparallel structure of DNA.

5 State the complementary base pairing rule.

Structure of RNA

RNA is composed of nucleotides that are linked together by phosphodiester bonds. However, whereas DNA
nucleotides contain a deoxyribose sugar, RNA nucleotides contain a ribose sugar, which contains one more

oxygen atom (Figure 2.10).

»

»

»

»

6

Nucleotides make up the strands of DNA, which
are held together by hydrogen bonds between
complementary bases.

Bases pair according to the complementary base
pairing rules: A always bonds to T; C always
bonds to G.

The two strands of DNA are antiparallel.

In cells, DNA is organised into chromosomes.

HOT challenge —md

Draw a flow chart to show your understanding of DNA
structure. Use the following terms in your flow chart:
adenine, base, cytosine, guanine, hydrogen bonds,
monomer, nucleic acid, nucleotide, phosphate, sugar,
thymine. You may add more terms.

—
WB

213
STRUCTURE
OF RNA
PAGE 29

RNA contains the base uracil (U) instead of thymine (T) found in DNA. The bases T and U are very

similar, both being pyrimidines (Figure 2.11).

Another difference between RNA and DNA is that RNA is a single-stranded molecule and has
a variety of folding patterns. DNA is a double-stranded molecule and coils into a double helix. RNA
molecules are much shorter than DNA molecules. RNA ranges in size from a few dozen up to several
thousand nucleotides, whereas DNA molecules range from tens of thousands up to hundreds of millions of

base pairs in one molecule.

Table 2.1 summarises the differences between DNA and RNA.

OH OH
\ \
H— o) OH H— o) OH
OH{H) OH{OH)

Deoxyribose Ribose

Figure 2.10 The pentose sugars of DNA
(deoxyribose) and RNA (ribose)

9780170452533

Hac\c/c\N/H H\C/C\N/H
I | I |
NN T N
I I
H H
Thymine Uracil

Figure 2.11 RNA contains the
nitrogenous base uracil instead of
thymine, which is found in DNA.
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Weblink
Nucleic acids
Watch the video
on nucleic acids
to revise the importance
and structure of DNA
and RNA.

Worksheet
Nucleic acids

EXAM TIP
Ensure you know
the differences
and similarities
(compare)
between DNA
and RNA, their
structure and
functions.

Table 2.1 Differences between DNA and RNA

DNA

RNA

Nucleotide structure
Sugar—phosphate backbone

Nitrogen bases

Deoxyribose sugar

Adenine, cytosine, guanine, thymine

Ribose sugar

Adenine, cytosine, guanine, uracil

Plasmids

Longevity Highly stable; usually exists as a double Unstable; exists as a single chain that often
helix that can form coils and supercoils folds into secondary structures
Forms Linear or circular chromosomes mRNA - linear shape

tRNA - clover leaf shape

rRNA — 2 subunits of ribosome

(others that are beyond the scope of this
course)

Enzyme responsible for synthesis

DNA polymerase

RNA polymerase

Location in eukaryotic cells

Nucleus, mitochondria and chloroplasts

Nucleus and cytosol

Function of RNA

The differences between the structure of DNA and RNA determine major differences in the longevity and

functioning of the two types of molecules.

RNA is a single-stranded molecule that is relatively short-lived; it is made and degraded rapidly

by cells. RNA is a versatile molecule with a variety of functions that facilitate and regulate protein

production. The three main types of RNA are:
» messenger RNA (mRNA)

» transfer RNA (tRNA)

» ribosomal RNA (rRNA).
The different forms of RNA are described in more detail in Table 2.2. Their roles in gene expression

are discussed on page 47. Table 2.3 compares where DNA and RNA are found in cells.

Table 2.2 A comparison of the different forms of RNA in eukaryotic cells

mRNA tRNA

rRNA

Function

Carries the DNA code from
the nucleus to the ribosome

Delivers amino acids to
ribosomes for protein

A component of the
ribosome: associates with

containing instructions for synthesis proteins to form ribosomes
protein synthesis

Location in which it functions | Nucleus and cytosol Cytosol Cytosol

Shape Linear Clover leaf Three-dimensional fold

Table 2.3 Locations of DNA and RNA in prokaryotic and eukaryotic cells

Nucleic acid Location in prokaryotic cell Location in eukaryotic cell
DNA A single circular chromosome in the cytosol Linear chromosomes in the nucleus
Small circular plasmids in the cytosol In mitochondria (circular DNA)
In chloroplasts of plant cells (circular DNA)
RNA mRNA Cytosol Nucleus and cytosol
tRNA Cytosol Cytosol
rRNA Within ribosomes in the cytosol Within ribosomes free in the cytosol, or
attached to endoplasmic reticulum
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O—vr KEY CONCEPTS

»  RNAis single-stranded.
»  RNA nucleotides contain ribose sugar.

»  RNA contains the base uracil (U) instead of the DNA

base thymine (T).

Concept questions 2.1b

1 Identify three fundamental differences between the

structures of DNA and RNA.

2 List the three major types of RNA and describe the

function of each.

3 Explain the following statement. ‘RNA plays a major

role in gene expression.’

»  RNA strands are shorter than DNA strands.

»  RNA plays a major role in gene expression.

»  There are three main types of RNA: mRNA, tRNA
and rRNA.

D

What are the main constituents of an RNA nucleotide?
5 Why are RNA strands shorter than DNA strands?

HOT challenge adl

6 In atable, construct diagrams that discriminate
between the general structures of mRNA, tRNA and
rRNA.

m Gene expression

Gene expression is the transfer of the DNA code in a
gene, by transcription, to ribosomes in the cytosol to
produce a functional gene product, through translation
(Figure 2.12).

Transcription

DNA is too large a molecule to leave the nucleus
through a nuclear pore. The smaller molecule mRNA
serves as the messenger that carries the information
coded on the DNA out of the nucleus. The process

of copying DNA to produce a complementary RNA
molecule is called transcription. The DNA in the
region of the gene first unwinds and then unzips with
the aid of the enzyme helicase, exposing the nucleotide
bases of both DNA strands. One strand of the DNA has
the sequence that codes for the polypeptide and is called
the non-template strand. The sequence of bases on the
non-template strand is the same as the sequence of bases
on the mRNA transcript, except thymine is replaced by
uracil. The other strand is called the template strand.
Due to the complementary base pairing of DNA, the
template strand is read and the sequence is transcribed
to produce the mRNA transcript.

A sequence of DNA, called the promoter region, signals the start of the gene. The promoter region

Nuclear
envelope

|

NN NN S
JJ\/\/\_\. A

Transcription l DNA

Video
Gene expression

\/\/\/\/ p—
\ RNA processing l Pre-mRNA WB
\N\NS e
mRNA TRANSCRIPTION
l PAGE 30
" Ribosome
Translation
Note:
Figure 2.12 Gene expression relies on the The two strands

processes of transcription and translation. During of DNA have
transcription, DNA is copied into pre-mRNA, different names. In

L . this resource they
which is processed into mature mRNA for will be called the

export from the nucleus. During translation, the template strand
ribosome ‘reads’ the nucleotide sequence in the and the non-
mRNA and forms the amino acid sequence of a template strand.

In other resources
you might also
see them called
the non-coding

polypeptide.

K i . . ) . (template) and
does not code for a gene but contains the information that determines where (in which cell type) and when coding (non-
(at what stage of development or activation) a gene is transcribed. Transcription begins when proteins template) strand

position the enzyme RNA polymerase onto the DNA to bind with the promoter region. RNA polymerase
then proceeds along the DNA, progressively building a strand of pre-mRNA from RNA nucleotides, that

is complementary to the template strand (Figure 2.13).

9780170452533

or the anti-sense
(template) and
sense (non-
template) strands.
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—
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2.2.2 RNA
PROCESSING
PAGE 35

Although both DNA strands are
exposed when the DNA separates in
the region of the gene, the antiparallel
structure of DNA determines which
strand will be used as the template
strand for transcription. Only the DNA
template strand (from 8’ to 5”) will be
transcribed into pre-mRNA (from
5" to 8"). The nucleotide sequence of
the mRNA is complementary to the
non-template strand of DNA, with
uracil added instead of thymine
(Figure 2.13).

A sequence of nucleotides
downstream of the gene serves as a

Non-template strand

Template strand

RNA polymerase

Cell nucleus

Figure 2.13 During transcription, the pre-mRNA strand is
synthesised in the 5’ to 3’ direction from the template strand of DNA.

signal to stop transcription. The RNA is released as a single strand of pre-mRNA. Once the
pre-mRNA has peeled off, the DNA zips up and coils back into a double helix.

RNA processing

Pre-mRNA is not yet in its mature mRNA form. It contains introns, which are non-coding regions, and

exons, which contain the codes for the amino acids for polypeptide formation. Both the exons and introns

are transcribed into pre-mRNA. The introns are then cut out, while exons rejoin by RNA splicing to form

a shorter strand of mature mRNA that moves out of the nucleus to the cytosol.
As it is being transcribed, the pre-mRNA is modified by the addition of a methyl group (CH,) at the 5’
end. Before it leaves the nucleus, the pre-mRNA is modified at the 8" end by polyadenylation (the addition
of 100—200 adenine bases) called the poly-A tail (Figure 2.14). The addition of these structures protects
the RNA from degradation. When the methylated cap and poly-A tail are later removed, the RNA is
rapidly digested and the nucleotides are recycled for further RNA synthesis.

Gene

Promoter

DNA (TATA)

Pre-mRNA 5

Methyl group 5 .

Mature mRNA

Exon 1

Exon 1

@

@

Intron

Intron

Exon 1

Exon 1

Gene coding region

l Transcription

Exon2 ' Intron Exon3 = Intron
1 5' capping
Exon2 ' Intron Exon3 = Intron

Introns cut out and
exons spliced together

Exon2 Exon3 Exon4 3’

1 3’ polyadenylation

Exon 4 3’

Exon 4 3’

Poly-A tail

Figure 2.14 Transcription and RNA processing generates mature mRNA from pre-mRNA in the nucleus of a cell.
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After processing, the mature mRNA is ready to leave the nucleus and move into the cytosol, where
ribosomes translate the nuclear code into polypeptides. The average mRNA strand is 1000—2000 bases
long, including the methylated cap and 100—200 adenine bases in the poly-A tail.

Alternative splicing

Before the human genome was sequenced, scientists predicted that it would contain more than 100000 genes,
based on the estimated number of proteins in the human body. Surprisingly, after sequencing, scientists found
that there are only 20000—25000 genes. This is because a single gene can code for several different polypeptides.
During pre-mRNA processing, different exons may be removed along with the introns to produce
mRNA molecules of different length and sequence from the same pre-mRNA molecule (Figure 2.15). This
process is referred to as alternative splicing. The polypeptides translated from the alternative mRNA

molecules are of different sizes, have different sequences, and have their own unique functions.

5’ . Exon 1 Intron Exon2 | Intron Exon3 | Intron Exon4 3’
Pre-mRNA

i

1

i

: I

N Ntro

\““o(\ // \\ n
// \\
Int t out _7 S Introns and one
- S -
Intron ntrons cut out < - 2 ¥ exon cut out Intron  Exon 3
4 A
I, \\
Intro,, R4 N
4 A
7’ N
7 A
4 A
7’ N
4 A
/, \\
» 4
Remaining exons rejoined Remaining exons rejoined
and processed and processed

Intron

5’. Exon 1 Exon2 Exon3 Exon4 _ 3’ 5’. Exon 1 Exon 2 Exon 4 _ 3’

Mature mRNA 1 Mature mRNA 2

Figure 2.15 Alternative splicing allows the production of different mRNA molecules, and therefore different polypeptides, from
the same gene. The more exons a gene has, the more options there are for alternatively spliced mRNA transcripts. The average

number of exons per gene is nine, interspersed with eight introns.

How a cell ‘knows’ which exons to keep and which to remove during alternative splicing is an area of
intensive research. The fundamental mechanism involves interactions between specific mnRNA sequences and
nuclear proteins found in specific cell and tissue types. The same transcript expressed in two different tissues
may be bound by different nuclear proteins present in each tissue. In one, the proteins may protect exons from
removal. In the other, the proteins may loop introns together so that the exon in between is ‘ignored” and cut out.

Ribosomes

In eukaryotic cells, ribosomal RNA (rRNA) combines with special proteins to form ribosomes in the
nucleolus. Ribosomes are made up of two subunits: a smaller one called the 40 S subunit and a larger one
called the 60 S subunit (S is a unit of size). The subunits move from the nucleolus in the nucleus into the
cytosol. Both subunits contain many protein molecules together with rRNA. The subunits combine to
form the functional units, the ribosomes, for translation.

Ribosomes are also found in prokaryotes, and in the mitochondria and chloroplasts of eukaryotes.
These ribosomes are smaller than the ribosomes in the cytoplasm of eukaryotic cells, although
they also consist of two subunits and are involved in protein synthesis. In eukaryotic cells, ribosomes are
found free throughout the cytosol. Ribosomes are also bound to the endoplasmic reticulum, forming
rough endoplasmic reticulum, an organelle consisting of a series of flattened sacs (Figure 2.16).

EXAM TIP
Make sure you
write rough
endoplasmic
reticulum in full
when answering
exam questions.
The abbreviation
RER or rER is
not an accepted
abbreviation.

9780170452533 VICscience Biology VCE Units 3 & 4



ﬂ UNIT 3 / AoS 1: What is the role of nucleic acids and proteins in maintaining life?

Lumen
Nuclear envelope

Rough endoplasmic
reticulum

Smooth endoplasmic
reticulum

Ribosomes

Science Source/Spencer Sutton

Figure 2.16 A ribosome attached to the endoplasmic reticulum is the site of synthesis of a
polypeptide. The polypeptide is transferred to the lumen (inside) of the endoplasmic reticulum.

(—

WB
353 Generally, proteins that are to be used for structure and functioning in the cell are made on free ribosomes.
IAANSIATION T contrast, proteins that are secreted from the cell or expressed on the cell’s surface are made on ribosomes

bound to the rough endoplasmic reticulum.
Ribosomes can form chains, called polyribosomes or polysomes, which
all bind to a single mRNA strand. The advantage of polyribosomes is that
Amino acid ——|_

they allow many polypeptides to be made from a single mRNA strand in

acceptor site

a comparatively short time. This greatly increases the rate of polypeptide
synthesis. In bacterial cells, polypeptide synthesis happens even more rapidly.
This is because prokaryotes lack a nucleus, they do not have introns, and
protein synthesis can begin even before mRNA synthesis is complete.

Translation

‘When mRNA passes through a nuclear pore into the cytosol, it then moves to
and binds with a ribosome. A small ribosome subunit loaded with an initiator
Met-tRNA (one that can start translation) recognises the mRNA strand and
binds to the methylated cap on the mRNA. It moves along it, ‘scanning’ for an
AUG start codon (a set of three nucleotides). Once the start codon is found,

a large ribosomal subunit joins with the small one. The ribosome then moves
along the mRNA strand Teading’ the mRNA nucleotides in codons. This

process is known as translation. The ribosome serves as the workbench for

Anticodo® protein synthesis, while tRNA molecules provide the raw materials.
Transfer RNA (tRNA) molecules each carry one specific amino acid
Figure 2.17 A tRNA molecule is a clover leaf of the 20 amino acids. They exist as free-floating molecules within the
shape, with three unpaired bases called the cytosol. Unlike mRNA, tRNA molecules are folded into loops with a

anticodon and a specific amino acid acceptor site.  distinctive clover shape (Figure 2.17). Three unpaired nucleotides in the
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central loop of the tRNA molecule are called the anticodon and will bind to a complementary mRNA
codon, following the base-pairing rules. The amino acid is attached to an amino acid acceptor site on the
stem of the tRNA molecule.

As the ribosome moves along the mRNA strand, a tRNA molecule moves into the correct position
by binding its anticodon with a complementary mRNA codon and delivers a specific amino acid. As the
ribosome moves on to the next codon of the mRNA strand, another tRNA molecule with a complementary
anticodon binds to the next codon and another amino acid is placed into position, and so on. (How the
specific amino acid is determined from the mRNA code is explained below.) As the ribosome moves further
along the mRNA strand, more and more amino acids are delivered and joined by peptide bonds to produce
the growing polypeptide chain. In this way, the amino acids are linked in an order corresponding to the
sequence of codons in the mRNA. As this is determined by the sequence of base triplets in the original
DNA, it follows that the base sequence in the DNA determines the order in which the amino acids link up.
The process is shown in Figure 2.18. Several ribosomes can move along one mRNA strand simultaneously
carrying out translation, each synthesising a polypeptide chain as they go. On reaching a stop codon, the
ribosome releases the mRNA strand and the newly synthesised polypeptide chain.

A protein molecule is made up of one or more polypeptide chains joined to make a three-dimensional
structure. The diversity of proteins can be explained by how their building blocks, the 20 amino acids, are
arranged in various combinations. It is rather like arranging 20 kinds of beads in unique ways to make
different necklaces of different lengths. The necklace chains can then be arranged variously in loops and
folds to give each its characteristic features.

The genetic code

DNA is the molecule of life — it is essential in all living organisms to code for the proteins produced for the
structure and functioning of the cells. It functions primarily as an information molecule by determining
the sequence of the 20 different types of amino acids joined in a polypeptide.

A three-letter DNA code (A, C, G or T) can specify for each of 20 different amino acids in
polypeptides. The nucleotides are read in groups of three, called triplets in DNA and codons in mRNA.
If one of four nucleotides can occur in each of the three positions in a codon, then there are 4 X 4 X 4 = 64
possible combinations. One codon in mRNA (AUG) codes for start, three codons (UAA, UAG and UGA)
code for stop (no amino acid will be added and polypeptide synthesis is terminated), and the other 60
codons code for the 20 amino acids.

. Growing peptide chain

Incoming tRNA
& bound to amino acid

/ NN

UGGAAAGAUUUC

Outgoing
tRNA  CC

tRNA ~tRNA

Uuu CUA

mRNA

eecccccccccccccce

EXAM TIP
Could you create
a flow diagram to
explain the steps
involved in gene
expression and
could you show
each step with a
labelled diagram?
Make sure you
understand how
the expression
of a single gene
can lead to the
production of
several different
proteins.

WB

2.2.4 THE
GENETIC CODE
PAGE 37

Weblink
From DNA to protein

Online Worksheet
From DNA to protein

Ribosomes
(pale blue)

Polypeptide
chains (green)

mMRNA (red)

Science Photo Library/Dr Elena Kiseleva

Figure 2.18 a The mRNA sequence of codons determines the order in which amino acids link up to form the polypeptide
chain. The three-base anticodon of each tRNA molecule is complementary to the three-base codon in the mRNA. b An electron

micrograph of ribosomes and growing amino acid chains of the proteins being made.

9780170452533
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Eighteen amino acids are coded for by several different codons. Amino acids such as serine (Ser) and
arginine (Arg) are specified by six codons, while threonine (Thr) and leucine (Leu) are specified by two
codons (Figure 2.19). These observations show that there is a level of redundancy within the genetic code.
Therefore, the genetic code can be described as degenerate because most amino acids can be encoded
by two or more codons. This means that if a mutation occurs in the DNA, there is less chance that it will
result in an amino acid change when the codons are read, and this means that the resulting protein can
still be functional.

— When using the genetic code table (Figure 2.19), it is important to remember that it is usually
WB presented as a table of mRNA codons. (If the information given is for DNA, the template strand of the
DNA must first be transcribed into mRNA, and then the genetic code table can be used to determine the
é'cz,'ESNT,HC amino acid sequence.) To use the table, read the first letter of the mRNA codon in the left-hand column of
:;'ATEEQ(;Y the table, then read the second letter of the codon in the row across the top of the table, and finally read

the third letter in the column on the right side of the table. The point of intersection of these three will
be the name of the amino acid coded for by the mRNA codon. For example, if the mRNA codon is GCU,
according to the genetic code, the GCU codon specifies the amino acid alanine (Ala). Similarly, an mRNA
codon ACU specifies the amino acid threonine (Thr). Figure 2.19 shows the mRNA codon sequences for
each of the 20 amino acids needed to produce all the proteins required by cells.

As already stated, the order of the codons in the mRNA specifies the order of the amino acids in the
polypeptide. The fundamental rules of base-pairing are the foundation of the genetic code. With very few
exceptions, the genetic code is universal to all organisms because they all have the same 20 amino acids
specified by the same codons.

Second base

Ala = alanine u c A G
Arg = arginine
B=E uuu - ucu UAU uGU U
Asn = asparagine uuC € Tyr Cys
U ucc UAC UGC C
Asp = aspartic acid Ser
p=asp UUA } Lo UCA UAA  Stop UGA  Stop A
Cys = cysteine
B uuG ucG | UAG  Stop usc Tp | O
Gln = glutamine
Glu = glutamic acid cuu CCU T CAU } CcGU U
. His
Gly = glycine cuc ccc CAC CGC C
is = histidi C Leu Pro Arg
His = histidine CUA CCA CAA CGA A
lle = isoleucine E CcuG CCG _| CAG } Gln CGG G é“
o
Leu = leucine ; o
= 8
Lys = lysine = AUU ACU AAU AGU ®
} Asn Ser =
Met = methionine AUC lle ACC AAC AGC c
A Thr
Phe = phenylalanine AUA ACA AAA AGA A
e AUG  Met/ ACG | AAG } tys AGG} A g
Start
Ser = serine
Thr = threonine Guu GCU G } Asp GouU u
Tro = tryptophan Guc Gce GAC Gae €
B G Val Ala Gly
e GUA GCA GAA } | GGA A
Glu
Val = valine GUG GCG GAG GGG &

Figure 2.19 The genetic code. Sixty of the mRNA codons correspond to the 20 amino acids; three codons act as stop
codons; and the codon AUG initiates protein synthesis.
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ACTIVITY 2.1

Transmitting the code

The nucleus of eukaryotic cells contains DNA, the molecule that encodes for all the proteins produced by the cell. The
sites of synthesis of proteins, the ribosomes, are found in the cytosol, outside the boundary of the nucleus. DNA cannot
leave the nucleus so, to produce a protein, a message must be sent from the nuclear DNA to the ribosome. To do this,
two processes take place:
»  transcription of the message from the DNA into a »  translation of the mRNA into a specific amino acid
messenger RNA (MRNA) molecule sequence at the ribosome.
But how is the message communicated between the nuclear DNA and the ribosome in the cytoplasm of a cell?

Aim
To simulate how the genetic code is transcribed from DNA and translated into a polypeptide

You will need

Each pair of students requires:

»  paper »  coloured pencils
»  SCISSOrs
What to do

The following sequence of nucleotides is from the /o/ gene of a fungus.

DNASATGGAAACTTGTATATAAZ

DNA3TACCTTTGAACATATATTYS

1 On two separate strips of paper, write each sequence of nucleotides and label each strand ‘DNA'. Ensure the base
pairs align when the two strips are brought together.

2 On asheet of paper, draw a cell with a nucleus. Ensure the nucleus and cytoplasm are both large enough so the strips
with the DNA sequences will fit inside them. Place the strips with the DNA sequences inside the nucleus.

Transcription follows base pairing rules, except that thymine in DNA is replaced with uracil in RNA. The complementary

sequences in RNA are adenine—uracil and guanine—cytosine.

3 Label a third strip of paper with ‘'mRNA' at one end. Separate the two nucleotide sequences and position the third
strip of paper in between them. Using the template strand of DNA write the mRNA sequence on this strip, going
from the 5" end to the 3" end.

Translation of mMRNA occurs at ribosomes in the cytoplasm. The sequence of nitrogen bases in mRNA is read in codons —

groups of three. Transfer RNA (tRNA) molecules contain an anticodon, which is complementary to the codon of mRNA,

and each tRNA carries a specific amino acid. The tRNA molecules bring these amino acids to be bonded together and
form a long chain of amino acids in a specific sequence.

4 Move the mRNA transcript to a ribosome in the cytosol of your model cell. Place a fourth strip of paper alongside it
and label it ‘Polypeptide’. Use the genetic code table in Figure 2.19 to translate the mRNA codons into amino acids.

5 Complete Table 2.4 to show the sequences.

Table 2.4 Transcription and translation of the /ol gene

DNA template sequence

mRNA sequence

mRNA codons

tRNA anticodons

Amino acid sequence

9780170452533 VICscience Biology VCE Units 3 & 4



AoS 1: What is the role of nucleic acids and proteins in maintaining life?

1

n

What did you discover?

a Identify from the model which DNA strand was the non-template strand, and which was the template strand for

transcription.

b Explain how you decided which strand to use as the template strand.
c  Describe the relationship of the nucleotide sequence in the mRNA with the nucleotide sequences of the

non-template and template strands.

Explain how you decided from which end of the mRNA to start translating.
What is the first amino acid in the polypeptide sequence? Is it possible for any other amino acid to appear first in any

polypeptide? Explain.

a How many nucleotides were in the mRNA sequence?

b How many amino acids were coded for?

¢ What relationship is there between the number of nucleotides in the mRNA transcript and the number of amino

acids in the translated polypeptide?

Has this model of transcription and translation made the processes easier to understand?
Identify any improvements you could make to this model to make the processes easier to understand.

O—rr KEY CONCEPTS

»

Information in DNA is coded into groups of three
nucleotides, or triplets, and each triplet corresponds to
a specific amino acid.

During transcription, mRNA is copied from template
DNA.

Pre-mRNA is processed by cutting, splicing and
capping to become mature mRNA before it leaves the
nucleus.

Concept questions 2.2

1

Define two key processes in gene expression. Explain
how they are different.

Explain why only one of the DNA strands can serve as
the template strand during transcription.

Define ‘exons’ and ‘introns’ and explain how they
relate to the processing of the pre-mRNA.

Describe your understanding of the relationship between
codons, anticodons and the different forms of RNA.
Explain what is meant by a degenerate code.

Translate the following mRNA into a polypeptide

using the genetic code shown in Table 2.19.
AUGUCCUACCGGGCCUAG

A particular mRNA contains 102 nucleotides, excluding
the 5” and 3’ caps.

Pre-mRNA can be alternatively spliced to generate
different mRNA transcripts.

mRNA is translated into a polypeptide by ribosomes
in the cytosol or ribosomes bound to the endoplasmic
reticulum.

Translation is accomplished with the assistance of
tRNA molecules that bring amino acids into position
for incorporation into the polypeptide.

a  How many codons does this mMRNA have?

b  How many amino acids will be translated from this
mRNA?

Is a triplet different from a codon?

What is a STOP codon? Use Figure 2.19 to identify

two STOP codons.

HOT challenge al

10 The following statement describes current theoretical

understandings. ‘Splice sites in pre-mRNA are marked
by two universally conserved sequences contained
at the ends of the introns." Unpack this statement
by explaining what it means. You may use annotated
diagrams.

m Gene regulation

The information encoded in DNA determines which proteins are made in particular cells or tissues, and

under what environmental conditions gene transcription occurs. Proteins and enzymes (expressed in

particular cells at particular times) can bind to these regulatory regions of DNA to turn gene expression

on or off. The process of switching gene expression on and off'is referred to as gene regulation. Genes
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are regulated during cell differentiation, development, or in response to physiological or environmental
cues. Consider how a brain cell differs from a skin cell. These cell types carry out vastly different
functions, yet they are packaged with the same DNA. A gene critically important for the functioning of a
brain cell might never be expressed in a skin cell.

Cells use several mechanisms to regulate gene expression. For example, the promoter region of
DNA where RNA polymerase binds to begin transcription of the gene determines when and in what
tissue a gene is transcribed. As scientists sequence and study more genomes, and compare them with the
proteomes of the same cells, more methods of gene regulation may be discovered.

Regulatory genes and structural genes

One way of broadly classifying genes is based on whether or not they control the expression of other
genes. Regulatory genes are involved in controlling the expression of one or more other genes. The
products of these genes may be functional pieces of RNA or proteins. The proteins may be enzymes,
signalling molecules, receptor molecules or DNA-binding proteins. The key feature of a regulatory gene is
that its product alters the expression of other genes.

Structural genes are any genes that are not regulatory genes. Structural genes include proteins that
form the cytoskeleton, keratin in hair and nails, tRNAs and rRNAs, enzymes and signalling proteins that
control cellular processes other than the expression of genes.

Structural genes are regulated by regulatory genes. This is shown in the example of the #rp operon in
the bacterium Escherichia coli, in which the genes were first described.

The trp operon: an example of gene regulation ﬁ

The bacterium E. coli inhabits the mammalian intestine, living on sugars and other nutrients. As in all

. . . . . . . . . . . 2.3.1 THE TRP
living organisms, E. coli requires amino acids to build proteins. One of the amino acids needed by E. colz OPERON:

is tryptophan, which E. coli takes up and uses from the environment. However, if tryptophan is unavailable, .
E. coliliving in a mammalian gut produces the necessary protein enzymes for tryptophan synthesis. When 2%

tryptophan is present in the environment, these proteins are not produced because it would be a waste of
the bacterium’s resources and energy to do so.
The enzymatic proteins required to produce tryptophan are encoded by five structural genes: irpE,
trpD, trpC, trpB and trpA. The coding regions for these five genes appear next to each other on the E. col m
chromosome and are transcribed as a single mRNA strand. They are under the control of their promoter
and operator regions plus the repressor 7pR. A group of genes transcribed as a single unit from one Video

. . S The
promoter is known as an operon. The #rp operon is shown in Figure 2.20. e poperon

Promoter (binding site
Repressor  for RNA polymerase)

Operator (binding site
for trpR repressor)

overlaps

trp operon

Figure 2.20 The structure of the trp operon, including the operator (the binding site for the repressor
protein), the promoter (the binding site for RNA polymerase) and the five structural genes that code for
proteins involved in tryptophan synthesis. The regulator gene trpR encodes the repressor protein and is
located at another position on the chromosome of E.coli.
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Note:

Transcription factors
control the rate of
gene expression in
eukaryotes as well
as prokaryotes.

—
WB

2.3.2 THE TRP
OPERON:

AN EXAMPLE
OF GENE
REGULATION
PART B

PAGE 46

In another position on the circular chromosome of E. coli is the regulatory gene trpR, which codes for
a transcription factor. A transcription factor is any protein that binds to DNA, at a promoter or other
region involved in the regulation of gene expression, to control the rate of transcription from a gene.
Transcription factors can serve to initiate or enhance transcription, or they may act to prevent it. The
transcription factor for the ¢rp operon is a repressor protein. When tryptophan from the environment
enters the E. coli cell, it functions as an inducer, a kind of signalling molecule. Tryptophan binds to the
repressor protein, altering its shape so that it can bind to a region of non-coding DNA, called an operator
(Figure 2.21a). Binding of the repressor protein blocks RNA polymerase from attaching to the promoter
region. The five genes of the #7p operon cannot be transcribed and gene expression is switched off.

‘When no tryptophan is available to bind to the repressor, the repressor is inactive and cannot bind to
the operator. The promoter is now exposed for RNA polymerase binding, and the five structural genes are
transcribed into pre-mRNA. Gene expression is switched on (Figure 2.21b).

The binding of the tryptophan and the repressor is reversible. When tryptophan concentrations are
sufficiently high, tryptophan binds to the repressor and keeps the #rp operon repressed. When tryptophan
levels decrease, the repressor no longer binds to the operator. RNA polymerase can now bind to the
promoter and the five structural genes can be transcribed.

Regulatory RNA polymerase
gene cannot bind
Active trp repressor
Transcription/ __is bound to operator

translation i
Tryptophan Qtrp repressor

o © (active)

No mRNA made — transcription is blocked

Transcription/
translation

Repressor protein

(inactive form) MRNA transcrlptl

TranslationT l

49

Enzymes for tryptophan synthesis

Figure 2.21 a When tryptophan is present, it binds to the repressor protein and alters its shape, so that
the repressor can bind to the operator. The repressor then covers part of the promoter, preventing RNA
polymerase from binding to the promoter, and blocking transcription of the structural genes in the operon.
b When tryptophan is absent, the repressor protein is inactive, and it cannot bind to the operator. RNA
polymerase can bind to the promoter and transcribe the five genes into a single mRNA transcript.

VICscience Biology VCE Units 3 & 4 9780170452533



O—vr KEY CONCEPTS

»  Gene regulation is the process of switching gene »  Tryptophan acts as an inducer that activates the
expression on or off. The trp operon is an example of repressor and consequently switches off expression of
gene regulation in prokaryotes. the trp operon genes.

» In the trp operon, a regulatory gene codes for a » If there are low levels of tryptophan in the cell, the
repressor protein that blocks RNA polymerase from repressor will not bind to the operator, so the RNA
transcribing the trp operon. polymerase will bind to the promoter and the five

structural genes will be expressed.

Concept questions 2.3

1 What is the promoter of a gene? HOT challenge msl
What is meant by an operon?

3 What is the difference between a regulatory gene and
a structural gene?

4 What might happen if genes are not regulated?

5 Tryptophan is coded for by five structural genes found
in the trp operon. List these.

6 Gene regulation enables gene expression to be
controlled. The genes can be switched on or off
according to the prevailing environmental conditions or
cell signalling. Order by number the steps involved in
regulating the production of tryptophan in an E. coli cell.
Include two pathways that demonstrate what happens
when there are high and low levels of tryptophan.

m Proteins

Virtually everything a cell is or does depends on the proteins it contains. Proteins are large complex
molecules that are the building blocks for many different structures and are produced by the activities of
cells. For example, keratin is a strong fibrous protein found in your hair, the feathers of birds, the scales
of snakes and the spines of echidnas. Haemoglobin is a protein in the blood that carries oxygen from the
lungs to the rest of the body (Figure 2.22).

Proteins are large molecules, consisting of polymers called polypeptides. The monomers making up
the polymers are amino acids.

Science Photo Library/Dr Tim Evans
Shutterstock.com/Ricardo
de Paula Ferreira

NASA

Figure 2.22 Proteins have a diverse range of functions. a Spindle fibres attach to chromosomes in cell division. b A spider web is
composed of fibroin. c Haemoglobin carries oxygen to the cells in the body. d The castor oil plant produces the deadly toxin ricin.
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2.4.1

PROTEINS:

BUILDING
A MODEL
PAGE 46

Structure of amino acids |

. . . H
Amino acids are small molecules that have the same basic structure. d —\-N+-— (|: 3 !:l P
Each of the 20 amino acids has a central carbon atom that has > |
attached a hydrogen atom, an amine group (NH,) and a carboxylic R
acid group (COOH). Also attached is an R group, which is a different

. . R . . . Amine R Carboxylic

group in each amino acid. The amine and acid groups react with group group acid
water to become charged NH_* and COO™ groups, respectively group
(Figure 2.23). The different R groups distinguish one amino acid from
another and give the amino acids their particular chemical properties. Figure 2.23 A generalised

Some R groups make regions of the protein molecule polar (have structural formula for an amino

a positive end and a negative end). Polar amino acids are hydrophilic  acid. Each amino acid has a
(‘water loving’). These R groups tend to be on the surface of proteins different R group, which affects
because of their affinity for the polar water molecules in their the structure and properties of the
environment (Figure 2.24). There are 10 polar amino acids, including ~ amino acid.
glutamine, tyrosine and serine. Other R groups make regions of
the protein non-polar. Non-polar hydrophobic (‘water hating’) regions are generally tucked within the
protein molecule, away from the water molecules in the aqueous environment. Hydrophobic amino acids
can also be on the outside of sections of a protein that are embedded inside the hydrophobic centre of the
plasma membrane. Non-polar amino acids include lycine, alanine and proline.

Plants synthesise all of their amino acids, but animals only synthesise some and must obtain the rest
from their diet. More than 100 kinds of amino acids can be found in cells but only 20 are used to make up

proteins.

Hydrophilic region

° °
Q
L= PR )
o’), \ Hydrophobic region
Q Q

Polar amino acid

s

Non-polar amino acid

Qo o 00

Unfolded protein Folded protein

Figure 2.24 In an aqueous environment, hydrophobic amino acids (red) associate
in the centre of the protein and the hydrophilic (blue) amino acids tend to interact
with the surrounding environment.

Hierarchy of protein structure

The shape of a protein is very important to its function. To understand how a protein gets its final shape
or conformation, it is necessary to understand the hierarchical classification of the structure of proteins.
There are four different levels that give rise to the final structure.

Primary structure

The genetic code stored in the form of DNA determines the linear sequence of amino acids in the
polypeptide. This is the primary structure of the protein. Amino acids bond together in the process of
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condensation polymerisation, releasing a water molecule. ]! g
The bond between two adjacent amino acids is called a | S0
peptide bond (Figure 2.25). HN" — ? AATHA 'i“— ?
S d H ) H o R
econ ary StrUCtu re Amino acid 1 Amino acid 2
Once the polypeptide chain is formed, various parts undergo o
coiling and folding due to hydrogen bonding between the H/ \H Water
peptide bonds of neighbouring amino acids. Hydrogen bonds ;
are weak chemical bonds that form between a partially Rl (") T
charged hydrogen atom on one amino acid and a partially H,N* —C —C—1—N—C
charged oxygen or nitrogen atom on another amino acid. | | |
. . . . H H g
These coiled and folded portions of the polypeptide chain
form the secondary structure of the protein (Figure 2.26). Peptide bond
Tight coils are called alpha-helices (0t-helices; singular,
o-helix) and flattened folding forms are called beta-pleated Figure 2.25 A condensation polymerisation reaction
sheets (B-pleated sheets). Other parts of the polypeptide forms the peptide bond between two amino acids.
chain do not fold into defined arrangements and are called Water is released during the reaction.
random coils. This nomenclature (naming system) is
perhaps misleading because the random loops are usually highly functional.
Hydrogen bonds
between R groups
A a-helix
Hydrophobic R group CH,C—N—H"--*O—CH,
B-pleated interactions (") |L 'L
sheet \\ |
lonic bond
CHCH,CH; CH /
(CH,),NH; O™—CCH,
—— Hydrogen
. bonds

Hydrogen
bonds
CH,—S+S —CHy

/

Polypeptide backbone Disulfide bond

Random loop

Figure 2.26 Secondary structures, such as o-helices and B-pleated sheets, form by hydrogen bonding within
localised regions of the polypeptide. The polypeptide chain becomes folded, coiled or twisted in the protein.

Tertiary structure

Hydrophilic R groups of individual amino acids within the polypeptide chain attract hydrophilic R groups
of other amino acids in other parts of the chain. Hydrophobic R groups attract other hydrophobic R
groups, according to the chemical principle ‘like attracts like. These interactions between the R groups
of the amino acids cause the polypeptide chains to become folded, coiled or twisted into the protein’s
functional shape or conformation, described as the tertiary structure of the protein (Figure 2.27c).
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The tertiary structure determines the biological functionality of a protein. Some proteins form
long, closely packed fibres that are insoluble in water and form structural components of cells. For
example, collagen is the fibrous protein that provides structure in connective tissue. Collagen is made up of
three polypeptide chains that coil around one another to form a triple helix. Many collagen molecules pack
together side by side to form fibrils that are arranged in different ways in different tissues to form collagen
fibres.

Most proteins form spherical or globular molecules that are soluble in water and perform a variety
of functional tasks. Enzymes are proteins that are mainly globular and the tertiary structure results in a
spherical or ball-shaped structure. Depending on the way the protein folds into its tertiary structure, it
has hollows on its surface called active sites. The substrates in a reaction fit into these active sites, thereby
speeding up the reaction. This binding determines the specificity of an enzyme, as each enzyme can only
speed up one particular reaction.

Receptor proteins on the surface or in the cytosol of target cells also have a tertiary structure with
specific binding sites. This feature can be used in the development of highly specific drugs that will either
stimulate the activity of the target or block its activity.

Quaternary structure

Many large, complex protein molecules consist of two or more polypeptide chains. The quaternary
structure of a protein is formed when two or more polypeptides associate into the mature protein. A
variety of hydrogen bonds, ionic bonds and covalent bonds hold the polypeptide chains together and
give the overall shape to the molecule. Haemoglobin consists of four polypeptide chains — o, o, B, and
BQ (Figure 2.27d). Antibodies or immunoglobulins, involved in the immune system, consist of two heavy
polypeptide chains and two light chains. (See Chapter 7 for more detail.)

B-subunit

Haem

u Secondary structure

EI Quaternary structure

B4-subunit ay-subunit

a4-subunit B-subunit

Figure 2.27 The four levels of organisation that give rise to the final protein structure of haemoglobin. a The
primary structure consists of four chains of amino acids (two chains of 141 amino acids and two chains of 146
amino acids); b the secondary structure results from folding and coiling of the chains; c the tertiary structure
is the conformation of the protein and d the quaternary structure consists of four polypeptide chains.

VICscience Biology VCE Units 3 & 4 9780170452533



Changing the nature of proteins

A change to just one amino acid can alter the shape of the protein molecule so that it no longer functions
properly. For instance, haemoglobin is made up of 574 amino acids. Some people with a different form of
the gene, called an allele, produce haemoglobin with one different amino acid in one of the chains. This
alters the shape of the haemoglobin molecule, leading to crescent-shaped rather than smooth disc-shaped
red blood cells (Figure 2.28). These ‘sickle cells” get stuck in blood vessels, obstructing blood flow and
leading to the symptoms associated with sickle cell anaemia. Symptoms include episodes of severe pain,
swelling of hands and feet and stroke (obstructed blood flow to the brain). Interestingly, the sickle shape
protects red blood cells from infection by the malaria parasite, and this is probably why the allele persists
throughout generations in populations that are exposed to malaria.

Blood flow
obstructed

Sickle cell

Healthy red
blood cell

Blood vessel

Figure 2.28 Changing one amino acid alters the structure of the haemoglobin protein. a Correctly folded
haemoglobin in healthy smooth disc-shaped red blood cells means that blood flows normally through vessels.
b Crescent-shaped red blood cells called sickle cells get stuck in small blood vessels, obstructing blood flow.

As well the sickle cell mutation, other mutations in the DNA code may result in amino acid changes
that prevent polypeptides from folding correctly. Proteins may also lose their functional shape if they are
exposed to high temperatures, concentrated salt solutions, or very acidic or alkaline conditions. These
conditions can denature the protein molecules.

Cooking an egg causes the egg white to change from clear to white (Figure 2.29). Egg whites contain

sescsesssssssnnnnse

EXAM TIP

Often questions
appear to have a

[ a | (b | T - lot of information
that you don’t
know the first
time you read

a protein called albumin. Heating breaks the bonds between different amino acids that give the protein

it. Sometimes

a question

will describe a
scenario to frame
the real question.
Think critically
about how the
scenario might
apply to what
Figure 2.29 a Raw and b cooked egg. Albumin, the colourless protein of the egg ‘white’, is you know about

changed by heat. protein structure.

Shutterstock.com/Miguel G. Saavedra

/
J
iStock.com/artlazz

9780170452533 VICscience Biology VCE Units 3 & 4



AoS 1: What is the role of nucleic acids and proteins in maintaining life?

its 3D shape. The hydrophobic amino acids that are usually inside the protein become exposed to water

molecules surrounding them in the egg white. The hydrophobic amino acids move to avoid the water

molecules and clump together with other hydrophobic amino acids. This produces a solid protein network

that turns the egg white from clear to white.

Types of proteins

The number of different proteins and their various modified versions in the human body is estimated to

reach millions. This number will be refined with advancements in the technologies used to detect rare

proteins. Proteins carry out many functions (Table 2.5). Proteins can:

promote cellular motility, or movement

provide structural support to cells and whole organisms

transport molecules in and out of cells

transmit signals within and between cells and organisms

receive cellular signals and activate cellular responses to the signals

help protect against attack by other organisms

control the thousands of chemical reactions that maintain life processes (enzymes).

Table 2.5 The functional diversity of proteins

Type of protein

Function

Examples

location to another or across
plasma membranes

Motility Allow movement of cells and Tubulin forms microtubules to move flagella, cilia, chromosomes and organelles.
their organelles
Actin and myosin work together to move muscles.
Structural Provide support, strength and Collagen supports body tissues.
rotection
P I Fibroin makes a spider web stronger, weight for weight, than steel.
Keratin forms nails and hair.
Transport Carry molecules from one Haemoglobin carries oxygen to body cells.

Porin forms a hydrophilic pore in the outer membrane of mitochondria for the
passage of molecules.

Cellular signalling

Signal between different cell
types; stimulation or inhibition

Insulin travels in the blood and binds to cell receptors to trigger the uptake of
glucose.

Endorphins activate nerve receptors to alleviate pain or stress.

Cytokines signal between cells of the immune system to coordinate immune
responses.

Cell-surface receptors

Receive signals such as
hormones and growth factors,
transmission of nerve impulse

Insulin receptors bind insulin to trigger the uptake of glucose by the cell.

Rhodopsin in the retina membrane of the eye is a light-sensitive receptor that
allows us to see in dim light.

biochemical reactions

Defence Recognise and protect against Antibodies cause foreign material to clump and be ingested by large white blood
foreign organisms cells (macrophages).
The castor oil plant produces ricin, a deadly toxin.
Enzymes Catalyse, or actively assist, Catalase removes toxic hydrogen peroxide from cells by breaking it down into

water and oxygen.

DNA polymerase duplicates genetic information (DNA).
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Enzymes

Enzymes are vital for life. They are proteins that catalyse or speed up the rate of every chemical reaction
of the body, without themselves being changed in the process.

To catalyse biochemical reactions (chemical reactions in cells), enzymes locate molecules in the
enzyme’s active site — a pocket that fits the specific target molecule. The target molecule is called the
substrate (Figure 4.5, p. 143.) Within the active site, the chemical and electrical properties of the enzyme
apply pressure and tension to bend and twist the substrate, so that chemical bonds within the substrate are
more easily broken down. Each enzyme has a specific substrate (either a single molecule or a small range
of molecules) and produces specific products from the reaction. Importantly, the enzyme is not altered by
the reaction, so it releases the products and is free to carry out further reactions. Enzymes are carefully
controlled by regulatory processes to ensure that their functions in carrying out biochemical reactions
occur only when they are needed.

In plants, enzymes are involved in building simple carbohydrates from inorganic materials in the -

process of photosynthesis. In all living cells, enzymes are essential in transforming energy in the process E 4
nzymes an

the biochemical
very slow rate, so life as we know it would not be possible. pathways involved
in photosynthesis
and cellular

P roteo m e respiration are
discussed in detail
The whole set of proteins produced by a cell, a tissue or an organism is called its proteome. The proteome | in Chapters 4 and 5.

of cellular respiration. Without enzymes, all of the chemical reactions that sustain life would proceed at a

of one cell type varies from that of another cell type because different genes are expressed in different cells
depending on the function of the cell. Collectively, the proteins (including enzymes) that make up each
cell’s proteome are responsible for all of the functions and activities of that cell.

It is estimated that there are more than 100000 different proteins in the human proteome. These
proteins can be identified by a common laboratory technique called mass spectrometry. Humans can
produce approximately 100000 different proteins throughout their bodies, but each cell makes only
a proportion of these. A sperm cell’s proteome contains 2000—2500 different proteins. This is the set
of proteins that are necessary for the specific function of sperm, which is to deliver the male’s genetic
information to the oocyte (egg cell). Intestinal epithelial cells, which are the cells that line the gut, have a
similar number of proteins in their proteome. However, the proteins they express are quite different from
those of sperm cells and give them the capacity to absorb nutrients and keep harmful invaders out of the

body.

Proteomics

Scientists often study single proteins of interest, one by one. However, in the last 20 years, new
technologies and knowledge have led to a new field of study: proteomics. Proteomics is the study of
proteomes — all the proteins in a cell, tissue or organ all at once. Proteomics is a dynamic field of research
that is concerned with investigating the collection of proteins, their modifications and features, their
subcellular locations, and the ways they interact with each other, in a particular cell type or tissue.

Functional proteomics particularly refers to the study of what proteins do in different cells or
tissues. It can involve studying how proteins interact with each other in a specific tissue type, or how the
collection of proteins in a tissue changes in response to particular conditions, such as during disease.

The combined expertise of computational biologists, mathematicians and molecular biologists has
resulted in the development of powerful tools, techniques and databases for studying proteins, and this
field of study is likely to expand greatly as better technologies are developed.
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O—+v KEY CONCEPTS

»  Proteins are a class of biological molecules with a
diverse range of functions vital to cell structure,
organisation and operation.

»  Proteins consist of linear polypeptide chains of amino
acids.

»  There are 20 different amino acids that can be grouped
according to their properties.

Concept questions 2.4

1 State the name of the monomers that make up
polypeptides. What holds these monomers together?
List at least five types of proteins, state their functions
and give an example of each.

Distinguish between hydrophilic and hydrophobic
amino acids. Suggest where each is likely to be found
in a folded protein and explain why.

Describe the basic structure of an amino acid molecule.
Describe how amino acids are linked together. Use
the correct term for the process and name the small
molecule that is released during the reaction.

»  Proteins fold into shapes that are defined by their amino
acid sequence, and they exhibit four levels of structure
in the course of folding into their proper shape.

» A protein's function depends on its shape.

» Heating proteins can cause them to unfold irreversibly.

» A proteome is the complete set of proteins in a cell, an
organ or a tissue.

Describe the four levels of protein structure.

What three types of folds are associated with the
secondary structure of a polypeptide?

Define ‘functional proteomics'.

Describe some potential benefits or uses of proteomics
in medical research.

HOT challenge ad

10 Differentiate between genomics and proteomics.

—
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2.5.1 TELLING
THE STORY
OF THE
PROTEIN
SECRETORY
PATHWAY
PAGE 51

m The protein secretory pathway

Proteins destined for secretion by cells (such as hormones) or expression in the endoplasmic reticulum,

Golgi apparatus (or Golgi bodies), lysosomes or other membrane-bound organelles, can enter the protein
secretory pathway. In the first step of this pathway, polypeptides that are made on endoplasmic reticulum-
bound ribosomes are transferred through the endoplasmic reticulum membrane as they are synthesised and

enter the lumen (interior) of the rough endoplasmic reticulum (Figure 2.30). Here, the polypeptides are assisted

to fold in the correct way, then are sorted and transported to the Golgi apparatus in membrane-bound vesicles

called transport vesicles. The Golgi apparatus is an organelle consisting of stacks of flattened pockets called

cisternae (singular, cisterna) usually 4—8
cisternae per Golgi in a multicellular
organism), held together by matrix
proteins and microtubules of the cell’s
cytoskeleton. As proteins progress
through the cisternae of the Golgi
apparatus, they are modified by enzymes
that may add or remove components until
the protein is in its mature, functional
form. In the last stage of progression
through the Golgi apparatus, the
proteins are concentrated and further
packaged into secretory vesicles,

which are then shuttled to the plasma
membrane of the cell. Here, the secretory
vesicles fuse with the plasma membrane
to export their protein cargo into the
extracellular environment (Figure 2.30).
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Figure 2.30 The protein secretory pathway packages proteins
to be exported from the cell.
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Proteins that have transmembrane domains or chemical attachments that allow them to be joined

to plasma membranes stay membrane-bound through the process and end up tethered to the plasma

Plasma cells and
antibodies will be
further discussed

membrane at the cell’s surface. Some specialised cells secrete high concentrations of certain proteins.
For example, plasma cells produce and secrete large numbers of antibody molecules that help to destroy

pathogens. Plasma cells have abundant rough endoplasmic reticulum, which allow them to shuttle large in Chapter 7.
amounts of antibodies through the protein secretory pathway.
Proteins are tagged with molecular labels so that they get to the right place in the cell to be secreted.
This is analagous to how a letter is labelled with a postal address that is recognised by the post office so it
gets sent to the right place.
O—vr KEY CONCEPTS
»  Proteins destined for secretion can enter the protein »  The rough endoplasmic reticulum, the Golgi apparatus
secretory pathway. and secretory vesicles modify, sort and package

proteins for secretion from the cell and expression on
the outside surface of the cell.

Concept questions 2.5

1 Starting at the ribosome construct a flow chart to show = HOT challenge —mdl
the steps of a protein that is secreted from the cell.

2 Describe how the endoplasmic reticulum and Golgi
apparatus differ functionally.

BRANCHING OUT

Biological knowledge and society: the speed gene

3 Secretory vesicles fuse with the plasma membrane to
enable protein secretion as part of a protein secretory
pathway. Interpret what this ‘fusion’ entails.

Shutterstock.com/sportpoint

Shutterstock.com/FCG

Figure 2.31 Studies reveal genetic differences between a elite sprinters and b marathon runners.

The ACTN3 gene on chromosome 11 has been called the ‘speed gene' because it is correlated with elite athletic ability
in sprint events. A controversy has arisen around genetic screening for the speed gene and concerns that it may lead to
discrimination and the potential for ‘designer athletes’ and gene doping.

The genetiCS For more

informati
The protein product of the ACTN3 gene is alpha-actinin-3. It is expressed in fast-twitch muscle fibres L::rr;;a;z:v::ys

where it connects actin protein chains to coordinate fast, repetitive and powerful muscle contractions used by cells, go
to Chapter 5.

®
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Chromosome 11

Actin chain in fast- twitch Alpha-actinin-3 links
muscle fibre actin chains

¢ c
X c

ACTN3 gene - > S
R —

Alpha-actinin-3
protein

Figure 2.32 Expression of the ACTN3 gene in fast-twitch muscle fibres

(Figure 2.32). These fast-twitch muscle fibres are powered by glucose and use anaerobic glycolysis pathways to provide
energy in the form of ATP.

In 1999, Australian geneticist Professor Kathryn North and a team of scientists discovered a common mutation in the
ACTN3 gene. Two alleles for the ACTN3 gene exist in the population: allele 577R codes for functional alpha-actinin-3,
but a second allele, 577X, has a mutation that results in a premature stop codon so the protein is truncated (shortened).
This mutant alpha-actinin-3 protein is not functional.

Having just one 577R allele means you can produce functional protein. This R variant codes for the dominant
phenotype, while the X variant codes for the recessive phenotype. Inheriting two copies of the X variant means you
cannot make functional alpha-actinin-3, as seen in 20% of the Australian population. There is no obvious effect if you do
not make alpha-actinin-3; it does not cause disease.

5%

‘ ‘ 25% 22% —
55%  45% 45% 50%
35%

55% 47%
Sprint Olympians Sprint athletes Controls Endurance athletes Endurance Olympians
(n = 32) (n =107) (n = 436) (n = 194) (n =18)

| RR RX M XX |

Figure 2.33 The ACTNS3 allele status of Olympian sprint and endurance athletes, non-Olympian sprint
and endurance athletes, and the general population (controls)

A genetic test can be carried out to determine the ACTN3 allele status of individuals. In 2003, Professor North
collaborated on a study with the Australian Institute of Sport. The study involved determining the ACTN3 allele status for
436 people in the general population as a control, 32 sprint Olympians, 107 sprint athletes, 194 endurance athletes and
18 endurance Olympians. The results are shown in Figure 2.33.

Alpha-actinin-3 influence on athletic performance

To study the effect of alpha-actinin-3, scientists generated a strain of ACTN3 knock-out mice that could not produce
the protein. The knock-out mice produced higher amounts of the protein alpha-actinin-2. This closely related protein is

®
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produced to replace the missing alpha-actinin-3. Table 2.6 shows results of further tests comparing the knock-out strain
with controls.

Table 2.6 An overview of results comparing knock-out mice that cannot produce alpha-actinin-3 with control mice that do
produce this protein (summarised from a paper by Berman and North, 2010)

Test Knock-out mouse strain (no alpha-actinin-3) compared with control mouse strain
Weight Slightly reduced

Muscle mass Significantly reduced

Muscle fibre composition Shift from fast muscle fibres towards having more slow oxidative fibres
Grip strength Reduced by an average 6%

Endurance running Run an average 33 % further before exhaustion

Glycolysis enzymes Elevated

Converting pyruvate to lactate through activity of lactate Decreased

dehydrogenase (anaerobic pathway)

Mitochondrial enzymes associated with aerobic respiration | Elevated

Oxidise fats for energy Increased capacity

Many countries, including Australia, invest large amounts of money in programs to identify and train athletes. The
Australian Institute of Sport provides programs to adolescents based on physical and psychological tests.

Many parents are also willing to invest in their children’s sporting futures. Similar results to those seen in Figure 2.33
have been replicated in a number of independent studies around the world, so they are considered reliable. Companies
such as 23andMe and Atlas Sports Genetics offer genetic tests to consumers. Atlas first recommends parents test
children aged 0-8 years in order to provide early information on genetic predisposition for success in speed/power or
endurance events. Critics are concerned that these companies are misrepresenting the science. Professor North cautions
that the ACTN3 gene in isolation is a poor predictor. The traits of successful athletes are complex, with hundreds of genes
involved and the environment also playing an important role.

The Australian Law Reform Commission and the National Health and Medical Research Council released advice on
the use of genetic information in sport (2013). They advised that ‘there are concerns about the effect of genetic testing
on individual athletes, especially when this involves children or young people. Inappropriate interpretation of test results
could at best lead to incorrect advice about placement in sporting activities, and at worst could be detrimental to the
physical or psychological health of an individual.’

Questions

1 Identify the bioethical issues.

2 Identify the biology that relates to these issues.

3 How can the results of the North (2003) study shown in Figure 2.33 be explained by the results of the Berman and
North (2010) study shown in Table 2.6?

4 Refer to the results in Table 2.6. Discuss the altered muscle performance in knock-out mice and then formulate a
hypothesis as to why an absence of alpha-actinin-3 leads to increased endurance performance and decreased sprint
and power performance.

5 How ethically acceptable is it to select althletes based on genetic information? Frame your response in terms of one
or more of the following ethical concepts: integrity, justice, beneficence, non-maleficence, respect.

References
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Online Key Concepts
Chapter 2: Summary
of key concepts

2 Summary of key concepts

Nucleic acids

O=vr KEY CONCEPTS

»  Nucleotides are monomers that are made up of a five-carbon Sugar—phosphate backbone
pentose sugar, a phosphate group and a nitrogenous base. V

»  Nucleotide monomers make up the nucleic acids DNA and RNA. P,

»  There are four different types of nitrogenous bases in DNA:
adenine (A), cytosine (C), guanine (G) and thymine (T). Base p

»  Nucleotides make up the strands of DNA, which are held together
by hydrogen bonds between complementary bases.

»  Bases pair according to the complementary base pairing rules: A
always bonds to T; C always bonds to G.

»  The two strands of DNA are antiparallel.

» In cells, DNA is organised into chromosomes.

»  RNA is single-stranded.

»  RNA nucleotides contain ribose sugar.

»  RNA contains the base uracil (U) instead of the DNA base
thymine (T).

»  RNA strands are shorter than DNA strands.

»  RNA plays a major role in gene expression.

»  There are three main types of RNA: mRNA, tRNA
and rRNA.

p. 39

The DNA helix is a double-
stranded molecule. Two strands are held
together by hydrogen bonding between
complementary nitrogen bases. An A-T
pair is held together by two hydrogen
bonds, whereas a G-C pair is held
together by three hydrogen bonds

Nuclear

m Gene expression P

p >
O—vr KEY CONCEPTS / NG 'l~
»  Information in DNA is coded into groups of three p-47 " \%NA \‘\‘
nucleotides, or triplets, and each triplet corresponds | " l \
to a specific amino acid. mRNA //‘
»  During transcription, mRNA is copied from template DNA. . o y
»  Pre-mRNA is processed by cutting, splicing and capping to G y
become mature mRNA before it leaves the nucleus. \\“\“\\»n\.\\P°',y”,effif‘f/
»  Pre-mRNA can be alternatively spliced to generate
different mRNA transcripts. Gene expression relies on the
»  mRNA is translated into a polypeptide by ribosomes in the processes of transcription and translation. During

transcription, DNA is copied into pre-mRNA, which
is processed into mature mRNA for export from the
nucleus. During translation, the ribosome ‘reads’
the nucleotide sequence in the mRNA and forms
the amino acid sequence of a polypeptide

cytosol or ribosomes bound to the endoplasmic reticulum.

»  Translation is accomplished with the assistance of tRNA
molecules that bring amino acids into position for
incorporation into the polypeptide.
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E Gene regulation

O—vr KEY CONCEPTS

»  Gene regulation is the process of switching gene Repressorfor o pemeran fuot
expression on or off. The trp operon is an example — > / ; /ff,‘,’i,';;";e‘;’,‘gfjgﬁf“e
of gene regulation in prokaryotes. ey,

» In the trp operon, a regulatory gene codes for a Regon
repressor protein that blocks RNA polymerase from ,
transcribing the trp operon. 7 operen

»  Tryptophan acts as an inducer that activates the Figure 2.20 The structure of the trp operon, including the
repressor and consequently switches off expression  operator (the binding site for the repressor protein), the
of the trp operon genes. promoter (the binding site for RNA polymerase) and

» If there are low levels of tryptophan in the cell, the  the five structural genes that code for proteins involved in
repressor will not bind to the operator, so the RNA  tryptophan synthesis. The regulator gene trpR encodes the
polymerase will bind to the promoter and the five  repressor protein and is located at another position on the
structural genes will be expressed. chromosome of E. coli

m Proteins

O—vr KEY CONCEPTS

»  Proteins are a class of biological molecules with a diverse
range of functions vital to cell structure, organisation and
operation.

»  Proteins consist of linear polypeptide chains of amino acids.

»  There are 20 different amino acids that can be grouped
according to their properties.

»  Proteins fold into shapes that are defined by their amino acid
sequence, and they exhibit four levels of structure in the course
of folding into their proper shape.

» A protein's function depends on its shape.

» Heating proteins can cause them to unfold irreversibly.

» A proteome is the complete set of proteins in a cell, an organ
or a tissue.

Secondary structure

Figure 2.27 The four levels of organisation
that give rise to the final protein structure of
haemoglobin. a The primary structure consists
of four chains of amino acids (two chains of
141 amino acids and two chains of 146 amino
acids); b the secondary structure results from
folding and coiling of the chains; c the tertiary
structure is the conformation of the protein
and d the quaternary structure consists of four
polypeptide chains

m The protein secretory pathway

O—vr KEY CONCEPTS

»  Proteins destined for secretion can enter Nucus
the protein secretory pathway.

»  The rough endoplasmic reticulum, the
Golgi apparatus and secretory vesicles
modify, sort and package proteins for
secretion from the cell and expression on T e
the outside surface of the cell. o

Plasma membrane

p. 64

Protein packaged
into vesicle

Transport
vesicle

Figure 2.30 The
protein secretory
pathway packages
proteins to be exported
seceiarfid— from the cell

Golgi apparatus
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2.6.2 2.6.1
KEY TERMS SPOT THE ERRORS
PAGE 53 PAGE 53

o-helix a type of secondary protein structure in which the
polypeptide chain folds into a tight coil

allele a different version of the same gene (at the same
locus) determined by small differences in the DNA sequence
of the gene

alternative splicing a process in which one or more exons
are removed with the introns to produce mRNA molecules
of different length and sequence

amino acid a nitrogen-containing compound that is the
monomer from which proteins are built

anticodon the three nucleotides in tRNA that bind to the
complementary codon in mRNA according to base-pairing
rules, resulting in the addition of a specific amino acid to
the polypeptide chain

antiparallel parallel but orientated in the opposite direction
B-pleated sheet a type of secondary protein structure in
which segments of the polypeptide chain bond side by side
into a flattened assembly

base pair two complementary nitrogen bases linked by
hydrogen bonding

biological functionality the function of a protein

catalyse to speed up a biochemical reaction by using an
enzyme

chromosome a thread-like structure made of nucleic acids
and proteins that encode genetic information

cisterna a flattened membrane disc that makes up the Golgi
apparatus and endoplasmic reticulum

codon a group of three nucleotides in mRNA that specifies
an amino acid

complementary base pairing the linking together of
complementary nitrogen bases by hydrogen bonding;

A pairs with T (or U in RNA) and C pairs with G
condensation polymerisation a reaction in which
monomers are linked together into a polymer with the
release of a small molecule, such as water, as a by-product
conformation the proper or functional shape of a protein
degenerate a property of the genetic code in which most
amino acids are encoded by two or more codons

denature to permanently change the molecular structure of
a protein or DNA

deoxyribonucleic acid (DNA) the information molecule
that is the basis of an organism’s genetic material

DNA polymerase the enzyme that catalyses the bonding of
nucleotides to form new strands of DNA

VICscience Biology VCE Units 3 & 4
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endoplasmic reticulum an organelle made up of a network

of membranous tubules involved in protein synthesis and
folding for secretion

enzyme a specific protein catalyst that increases the rate
of a biochemical reaction within the cell by lowering the

amount of energy required for the reaction to proceed

exon a segment of DNA or RNA containing information
that codes for a polypeptide or part of a polypeptide

functional proteomics the study of how proteins work
together in different cells or tissues, or under different
circumstances

gene a segment of DNA in a chromosome that codes for a
polypeptide; comprises the promoter, exons and introns

gene expression the process by which the information in a
gene is turned into a polypeptide

gene regulation the process by which gene expression is
switched on or off

genetic code the complete set of mRNA codons and the
corresponding amino acids they specify

genome the complete sequence of DNA in a single (haploid)
set of an organism’s chromosomes, including nuclear,
mitochondrial and chloroplast DNA

Golgi apparatus a collection of membranes that package
and store substances into vesicles in preparation for their
release from the cell

histone a protein that binds and packages DNA in
eukaryotic chromosomes

hydrogen bond a weak chemical bond between a hydrogen
atom on one molecule and a more electronegative element,
usually an oxygen or nitrogen atom, on another molecule
hydrophilic describes substances such as polar molecules
and ionic compounds that dissolve readily in water
hydrophobic describes substances such as non-polar
molecules that are insoluble in water

inducer a signalling molecule that switches on expression
of a gene

intron a segment of DNA within a gene or pre-mRNA that
does not code for a polypeptide and interrupts the sequence
of a gene

messenger RNA (mRNA) RNA copied from DNA that
conveys the instructions needed for polypeptide synthesis
from the nucleus to the cytoplasm

non-coding region DNA that does not encode a protein
sequence
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non-template strand the DNA strand that has the same
sequence of nucleotides as the mRNA (except it has T
instead of U)

nucleic acid a large, linear polymer built from nucleotide
monomers bonded together; includes DNA and RNA

nucleosome a histone with a length of DNA coiled around it

nucleotide the monomer, or building block, of DNA and
RNA, consisting of sugar, phosphate and a nitrogen base

operator a segment of DNA to which a protein binds,
usually to switch off gene expression

operon a group of genes that are expressed as a single unit
peptide bond a chemical bond that links two amino acids in
a chain

phosphodiester bond a chemical bond that links two
nucleotides in a growing chain

plasmid a small, circular DNA structure independent of the
chromosome in prokaryotic cells

poly-A tail a chain of 100~200 adenine nucleotides added at
the 8’ end of an mRNA strand

polypeptide a linear polymer built from amino acid
monomers

polyribosome a chain of ribosomes formed by attaching to
and translating from a single mRNA strand

pre-mRNA an unprocessed RNA strand that is transcribed
directly from the DNA

primary structure the linear sequence of amino acids that
makes up a polypeptide chain

product the outputs of a chemical reaction that are formed
from the reactants or inputs

promoter region a segment of DNA to which RNA
polymerase binds to begin transcription

protein a polymer made up of amino acid monomers; may
consist of a single polymer chain or many polymers bonded
together into a functional molecule

protein secretory pathway the pathway through which
cells package proteins into vesicles for release into the
extracellular environment

proteome the complete set of proteins produced by a cell, a
tissue, or an organism

proteomics the study of proteomes

quaternary structure the structure formed when two or
more polypeptides associate into a mature protein

random coil a secondary protein structure in which the
polypeptide chain does not fold into a specified arrangement
regulatory gene a gene whose product switches on or
switches off expression of one or more other genes

9780170452533

repressor protein a protein that binds DNA to prevent
RNA polymerase attaching or transcribing; essentially
shuts off gene expression

ribonucleic acid (RNA) a type of nucleic acid consisting of
a single strand of nucleotides; has essential roles in protein
synthesis

ribosomal RNA (rRNA) an RNA strand that serves as a
structural component of a ribosome

ribosome a small structure consisting of RNA and proteins
where amino acids are joined to form polypeptides

RNA polymerase the enzyme that catalyses the synthesis
of RNA

rough endoplasmic reticulum endoplasmic reticulum with
ribosomes attached

secondary structure the localised folding of a polypeptide
chain when neighbouring amino acids bond to each other to
form o-helices, B-pleated sheets or random loops
semi-conservative replication the replication of DNA

in which the product contains one original and one newly
made strand

structural gene a gene that codes for tRNA, rRNA or a
polypeptide other than a regulatory molecule

substrate the substance that an enzyme acts on

subunit a distinct component of a biological particle; in
proteins, it refers to each polypeptide that contributes to the
quaternary structure

template a pattern that can be used for making many more
copies

template strand a strand of DNA that is copied during
DNA or RNA synthesis

tertiary structure the overall three-dimensional shape of a
completely folded polypeptide

transcribe to copy DNA into mRNA

transcription the process by which DNA is copied into
mRNA

transcription factor a protein that binds to DNA to
control the rate of transcription from a gene

transfer RNA (tRNA) an RNA molecule that transports an
amino acid to the ribosome for assembly into a polypeptide
translation the process of turning the nucleotide sequence
of mRNA into the amino acid sequence of a polypeptide
transport vesicle a small membrane-bound sac containing
protein that is transported from the Golgi apparatus to
the plasma membrane for release into the extracellular
environment

triplet a set of three nucleotide codes
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Remembering

Why is nitrogen (N) considered to be an essential element for all living things?
2 List two ways that different tRNAs are the same, and two ways they are different.

On an A3 sheet of paper, outline the main steps in protein synthesis. Include transcription, translation, gene regulation,
primary and secondary structures of a-helices, B-pleated sheets, or random coils, tertiary and quaternary formation of
proteins and final examples of product.

4 Structural genes and regulatory genes have different functions.
a  Define the main functions of the different types of genes.

b Explain how the genes operate to affect the processes that they are involved in.
What are the 5" and 8’ caps, and what do they achieve for the mature mRNA?
How are DNA and RNA related?

How does the antiparallel structure of DNA determine the template strand?

00 N o6 O

Do all codons code for an amino acid? Explain your answer.

Understanding

9 Explain the relationship in the sequence between the triplets in the non-template strand of DNA, the mRNA codons
and the tRNA anticodons.

10 All amino acids contain the same two functional groups. How do the 20 amino acids differ from one another?
11 How many different types of polypeptide can be constructed from just five amino acids?

12 Polymers result when bonds between monomers are formed with the removal of water. Suggest a way that the bonds
between monomers could be broken. Justify your answer.

13 Explain how some proteins are located in the cytosol, whereas others are secreted by the cell.

14 Explain why the ability to control which genes are expressed is important:
a  during cell differentiation
b in mature cells.

Applying
15 Egg white is rich in the globular protein albumin. When heated, this liquid becomes a white opaque solid. Use your

knowledge of protein structure to explain this observation.

16 Antibodies are proteins of the immune system. Antibodies contain many disulfide bridges, which are strong bonds
between two sulfur atoms within a protein. Suggest why this feature of antibodies might be beneficial during a fever.
17 Histones are predominantly made of positively charged amino acids.
a2 Would these proteins be soluble or insoluble in water? Explain why.

b Describe the properties of histone proteins that enables them to package DNA into chromosomes.
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18 The ara operon of E. coli contains three genes that import and digest the five-carbon sugar arabinose (Figure 2.34).

Direction of transcription

Promoter locus

for ara-C protein Inducer locus
Regulatory gene Operator locus Promotor locus Structural genes

for ara BAD mRNA
Figure 2.34 Structural elements of the ara operon

The ara operon is under the control of a protein called ara-C. Gene expression from the operon is normally switched

off. If arabinose is present, gene expression from the operon is switched on.

a  Use your understanding of the Zrp operon (pp. 55—56) to describe the mechanisms regulating gene expression at
the ara operon.

b Use annotated diagrams to demonstrate the ara operon of E. coli and this system of gene regulation in the absence
and presence of arabinose.

19 Figure 2.85 shows diagrams of two mammalian cells: a spermatid (a sperm in the process of development) and a mature
sperm cell.

Golgi Acrosomal
apparatus

Acrosomal A

head

Nucleus

A

B B

C

Spermatid Mature sperm cell

Figure 2.35 Immature and mature sperm cells

a  Name the organelles labelled A, B and C.
b The Golgi apparatus and the ribosomes no longer exist in the mature sperm cell. Explain why.
c i What is the function of the ribosomes in this process of development?

il 'What is the function of the Golgi apparatus in this process of development?

iili  What is the function of structure C in this process of development?
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Analysing

Figure 2.36 A calcium channel protein

20 Figure 2.36 shows a calcium channel protein embedded in the membrane of the endoplasmic reticulum. The protein
transports calcium ions from the cytosol side of the membrane to inside the lumen of the endoplasmic reticulum.
a  What sort of technique might have been used to determine the structure of the protein?

b What type of secondary structure dominates the protein?
¢ What properties might the amino acids have that are on the face of the protein embedded in the membrane?
d  What properties might the amino acids have that line the inside of the channel?
e  Each polypeptide chain in the protein is coloured differently. How many polypeptides make up the mature protein,
and what level of protein structure is this?
Evaluating

21 Rats have two forms of the muscle protein troponin T. One form comprises four exons, called W, X, Alpha and Z. The
other also comprises four exons, called W, X, Beta and Z. However, rats have only one copy of the troponin T gene
with five exons. What might explain these observations? Draw an annotated diagram to support your explanation.

22 Figures 2.37 refers to a type of protein called an enzyme. Evaluate the graphs in Figure 2.38 in terms of what is being
depicted by Figure 2.37.

"M Heat

/ Alcohol

LT ’)—»w%
— U | §3Acids and bases

Loss of specificity
Reducing agents

Alpha helix Heavy metals

Figure 2.37

VICscience Biology VCE Units 3 & 4 9780170452533



CHAPTER 2 / The relationship between nucleic acids and proteins [rg=3

w
o
(AN

Temperature
increases activity +*
’
-

.

N
o
|

N
o
|

Rate of reaction

o
-

AY
Denaturation®
decreases \
activity \

A\

30 40
Temperature (°C)

Percentage active enzyme

w
o
[HAN

Temperature

increases activity decreases

activity

N
o
|

N
IS
1
Percentage
active enzyme

Rate of reaction

o

30 40
Temperature (°C)

Figure 2.38

Creating

23 Scientists are concerned with identifying proteins involved in the progression of liver cancer. What sort of
methodology could they use, and how might the results inform their research?

24 The nucleotide base sequence of a strand of DNA that codes for a specific amino acid is GGAATGCTCGACATC.
a  What is the base sequence of the complementary strand of mRNA?
b How many amino acids are coded for by the strand of mRNA? List them.
¢ What does the last codon code for and what does this mean?

Splicing joins two exon sequences. The following are steps in the production of a mature mRNA. Place them in the
correct order and put them in a flow chart.

»  Addition of 5" cap

»  Transport to cytoplasm

»  Initiation of transcription

»  Splicing

» Addition of poly-A tail




DNA manipulation techniques
and applications

By the end of this chapter you will have covered the following material.

Key knowledge

DNA manipulation techniques and applications
» the use of enzymes to manipulate DNA, including polymerase to synthesise DNA, ligase to join DNA and
endonucleases to cut DNA, pp. 84-86

the function of CRISPR-Cas9 in bacteria and the application of this function in editing an organism's genome,
pp. 87-92

amplification of DNA using polymerase chain reaction and the use of gel electrophoresis in sorting DNA
fragments, including the interpretation of gel runs for DNA profiling, pp. 92-104

the use of recombinant plasmids as vectors to transform bacterial cells as demonstrated by the production of
human insulin, pp. 105-15

the use of genetically modified and transgenic organisms in agriculture to increase crop productivity and to
provide resistance to disease, pp. 115-118

Key science skills

Develop aims and questions, formulate hypotheses and make predictions
» identify, research and construct aims and questions for investigation, pp. 96-98; 109-111

»  predict possible outcomes, pp. 96-98; 109-111

Plan and conduct investigations

» determine appropriate investigation methodology: case study; classification and identification; controlled
experiment; correlational study; fieldwork; literature review; modelling; product, process or system development;
simulation, pp. 96-98

design and conduct investigations; select and use methods appropriate to the investigation, including
consideration of sampling technique and size, equipment and procedures, taking into account potential
sources of error and uncertainty; determine the type and amount of qualitative and/or quantitative data to be
generated or collated, pp. 96-98; 109-111

work independently and collaboratively as appropriate and within identified research constraints, adapting or
extending processes as required and recording such modifications, pp. 96-98; 109-111

Comply with safety and ethical guidelines
» demonstrate safe laboratory practices when planning and conducting investigations by using risk assessments
that are informed by safety data sheets (SDS), and accounting for risks, pp. 96-98; 109-111

®
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» apply relevant occupational health and safety guidelines while undertaking practical investigations,
pp. 96-98; 109-111

» demonstrate ethical conduct when undertaking and reporting investigations, pp. 96-98; 109-111

Generate, collate and record data

»  systematically generate and record primary data, and collate secondary data, appropriate to the investigation,
including use of databases and reputable online data sources, pp. 96-98
organise and present data in useful and meaningful ways, including schematic diagrams, flow charts, tables, bar
charts and line graphs, pp. 96-98; 109-111

»  plot graphs involving two variables that show linear and non-linear relationships, pp. 96-98

Analyse and evaluate data and investigation methods
» evaluate investigation methods and possible sources of personal errors/mistakes or bias, and suggest
improvements to increase accuracy and precision, and to reduce the likelihood of errors, pp. 96-98

Construct evidence-based arguments and draw conclusions
»  use reasoning to construct scientific arguments, and to draw and justify conclusions consistent with the
evidence and relevant to the question under investigation, pp. 102-104; 117

Analyse, evaluate and communicate scientific ideas

» use appropriate biological terminology, representations and conventions, including standard abbreviations,
graphing conventions and units of measurement, pp. 96-98; 109-111
discuss relevant biological information, ideas, concepts theories and models and the connections between them,
pp. 109-111
analyse and evaluate bioethical issues using relevant approaches to bioethics and ethical concepts, including the
influence of social, economic, legal and political factors relevant to the selected issue, pp. 102-104; 117

© (2021). The Victorian Curriculum and Assessment Authority (VCAA). Used with permission.

m To access resources below, visit www.nelsonnet.com.au
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n.| DNA manipulation techniques
and applications

Chapter 3 map

The structure of DNA and the processes of transcription and translation have led to DNA
manipulation techniques to make new combinations of genes within a genome.

. 81
3.1 P

Genetically
modified organisms

Genetically modified organisms
have had their genomes modified
by genetic engineering. Transgenic

or knock-in organisms have had
4 genes from other species added to

o their genomes, and knock-out

organisms have had genes
removed or inactivated.

3.4
Amplifying
DNA
DNA polymerase is a
bacterial enzyme that can make
Enzymes for p. 84 many copies to amplify DNA.

modifying DNA The polymerase chain reaction

increases the amount of DNA for
analysis in techniques such

as gel electrophoresis.

p. 92

3.2

Endonuclease cuts DNA at
known sites to make sticky
or blunt ends, ligase glues
DNA back together and
polymerase makes new 3.3 p. 87

copies of DNA. SEURES
The CRISPR-Cas9

enzyme makes precise cuts
in DNA so segments or single
bases can be replaced. CRISPR AT

is a technique widely used

in cancer treatment, gene
therapy and agriculture.

R YR A

R LR ST
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Gel electrophoresis sorts e DNA profiling is used
DNA into fragments according to identify people by their
to size. Unique patterns emerge DNA. This is used in criminal
by running DNA through a investigations, identifying human
charged gel. This DNA profile remains and disaster victims
is unique to every individual and establishing parentage
except identical twins of children. DNA does
and triplets. not lie!

- Sy,
' [‘Ew-.i
.....
Victim Crime Scene Suspect 1 Suspect 2 N
Human insulin gene Plasmid (loop of bacterial DNA)
(DNA)
. p. 105
Recombinant
’ plasmids and human
insulin
Recombinant DNA technology
3.8 is used to insert the human insulin
Genetic gene into the E. coli bacteria
engineeringin | P 15 genome. So, we can use
agriculfure bacteria rather than animals
Genetic engineering can to produce insulin for
increase yield and disease human use.
resistance in crops to help
the world prepare for an
increasing global &%
. %o ()
population. &0 0 %% o
[ X J

Do humans have the right to alter the genomes of other organisms? If genetic modification
of other organisms aids human survival, does it make it acceptable? These are some of the
bioethical questions you need to consider.
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Know your key terms

agarose gel
annealing
antibiotic selection
bacteriophage
bioethics
biotechnology
blunt end

Cas9 protein
CRISPR-Cas9

crRNA
(CRISPR RNA)

DNA ligase

DNA profiling
DNA sequencing
frameshift mutation
gel electrophoresis
gene cloning
genetic engineering
genetically modified
organism (GMO)
guide RNA
knock-in organism
knock-out organism

molecular size marker

polymerase chain
reaction (PCR)

polymorphism
primer
recombinant DNA
technology
recombinant plasmid
reporter gene
restriction digest
reaction
restriction
endonuclease

restriction enzyme
restriction fragment
restriction site
short tandem repeat
(STR)
sticky end
transformation
transgenic organism
vector

wild type

Remember

This chapter will build on the following concepts that you will have already met. Take the time to refresh
these concepts before you start this chapter.
1 DNAis an information molecule that is the basis of an organism's genetic material.

2 DNA is made up of two strands of nucleotides linked together through complementary

base pairing.

w

VICscience Biology VCE Units 3 & 4

Genes are segments of DNA that code for proteins.
4 DNA is copied into two identical copies in the process of DNA replication.
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Less than a century after the discovery of the structure of
DNA by Watson and Crick in 1953, the ‘gene revolution’
has completely changed agriculture, medicine, global health
and scientific research. Researchers now have an extensive
toolkit of technologies to modify DNA. The current and
potential applications of these technologies are vast and
hold great promise. For example, rice has been nutritionally
enhanced to reduce malnourishment in developing countries
(Figure 3.1, insulin is now made in bulk so that type 1
diabetes is no longer a fatal disease, and scientists now

have hundreds of animal models to study diseases and their
potential treatments. In this chapter, you will explore basic
and more recently developed techniques such as CRISPR-
Cas9, which have been borrowed from Biology for use in a
wide range of technological and medical applications, such
as changing the genetic sequence of organisms.

Science Photo Library/US Deparﬁnent of Agriculture/Scott Bauer

Genetically modified
organisms

The term genetic engineering means changing the genetic

Figure 3.1 Genetically modified rice
(left) compared to normal rice (right) has
been developed to aid the digestion of its
nutrients for humans and animals, as well
as reduce the amount of phosphate run-
off on the surrounding land, reducing the
negative effects on the environment.

sequence of an organism through human use of modern
biotechnology techniques. Such genetically engineered
organisms are called
genetically modified
organisms (GMOs).

The term ‘genetic
engineering’ applies to a range of techniques and processes for
investigating and modifying DNA, genes and genomes of species.
Scientists can use genetic engineering to switch genes on or off, remove
genes and introduce genes from one species into another (Figure 3.2).
Common genetic modifications include knock-out, knock-in and
transgenic organisms.

Transgenic organisms

Inserting DNA from one organism into the genome of another unrelated
organism produces a transgenic organism.

Genes inserted into transgenic organisms are inserted into a locus
that is known to be available for transcription all the time, allowing
strong, constant expression across different tissues and not disrupting

Johns Hopkins Medicine/Se-Jin lee

other genes. Scientists may also insert genes randomly, although by
chance this may sometimes affect tumour suppressor genes, proto-

Figure 3.2 A comparison of body  oncogenes (genes involved in cell growth that promote cancer when
size between normal mice (left),

and mice genetically engineered
(right) so that the gene myostatin
is deleted and the gene follistatin
is overproduced. These genes
control muscle growth.

mutated) or other genes that are important for normal development
or function. The genes may be inserted with a promoter that drives
strong expression, or a promoter or extra domain that allows gene
expression to be manipulated (switched on or off); for example, by
treatment with a drug.
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3.1
GENETICALLY
MODIFIED
ORGANISMS
PAGE 59

Figure 3.3 summarises transgenic, knock-out and knock-in organisms.

L Genetic engineering (—‘

! ! ]

Insertion '.I'arge.ted . Targetgd
insertion inactivation
Transgenic Knock-in Knock-out

Figure 3.3 Genetically modified organisms include knock-out,
knock-in and transgenic organisms.

Knock-out organisms

Knock-out organisms are produced by cutting out genes or gene segments to prevent their expression or
the proper functioning of particular gene products.

This technique is commonly used in research laboratories to study the functions of the knocked-out
gene in animal models, especially mice. Scientists can study biological processes or disease models in
the knock-out animals and infer the functions of the gene from the differences between the knock-out
animals and control (called wild type) animals. Studies of this type can provide information about the
activities of homologous genes in humans that cannot usually be gathered from 7z vitro tissue culture
techniques, but instead can only be studied accurately when the gene is acting in the context of the
whole animal.

Knock-in organisms

Knock-in organisms are produced by inserting genes into a specific locus so that they are controlled by a
particular promoter in the organism’s genome.

Scientists use this technique to insert a reporter gene, such as that for green fluorescent protein,
into the locus of a gene whose pattern of expression is unknown. The reporter gene will be expressed
under the control of the promoter of the gene of interest and its characteristics are easily identified in the
organism. Organisms that express green fluorescent protein show bright green fluorescence (Figure 3.4)
when exposed to ultraviolet light. The green fluorescence can be measured in cells and tissues to give
information about the location and timing of expression of the gene of interest. Inserting the reporter gene
can sometimes inhibit the activity of the gene of interest, in which case the knock-in organism is also a
knock-out organism for the gene.
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palatogenesis mediated by the interaction between
Sox9 and mediator subunit 2, Figure 1 ©, Yukio

Reprinted by permission from Springer Nature
Nature Communications: Wwp2 is essential for
Nakamura et al, © 2011

Expression of Sox9, which is important for normal skeletal development, in mouse
embryos at different days of embryonic development (for example, E9.5 = embryonic day 9.5),
measured by knocking green fluorescent protein into the Sox9 locus. The expression of green
fluorescent protein is therefore under the control of the Sox9 promoter.

O=vr KEY CONCEPTS

»  Genetic engineering refers to the use of living thingsto = »  Knock-out organisms have had a gene deleted or its

make new products or systems by switching genes on function interrupted.
or off, removing genes or introducing genes fromone ~ »  Knock-in organisms have had a gene or fragment
species into another. of DNA inserted into a particular locus in the

»  Organisms that are altered or produced by genetic genome.
engineering techniques are known as genetically »  Transgenic organisms have had a gene or fragment of
modified organisms (GMOs). DNA inserted into a non-specific locus.

»  Genetically modified organisms include knock-
out organisms, knock-in organisms and transgenic
organisms.

Concept questions 3.1

1 List three types of genetic modification.
How has genome sequencing made genetic
modification possible?

3 What type of genetically modified organism is a
knock-in mouse and is this the same as a transgenic

transgenic organism
gene locus
promoter gene
reporter gene.

HOT Challenge —mil

-~ 0o Q o

organism?

4 What does switching genes on or off mean? 8 Figure 3.4 demonstrates expression of the Sox9

5 Define 'knock-out organism'. Give three examples. locus in embryonic skeletal development of mice.

6 What is the difference between a specific locus and Why have the researchers used a reporter gene that
a non-specific locus when discussing transgenic codes for green fluorescence protein and how does
organisms? this relate to the promoter gene in operation at

7 Define: this locus?

a genetic engineering
b genetic modification
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ENZYMES FOR
MODIFYING DNA
PAGE 59

The polymerase
chain reaction is
discussed in detail
on page 93.
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m Enzymes for modifying DNA

Genetic engineers use different tools for specific purposes. Genetic engineering, also called biotechnology,
has its own set of specialised tools, which are mostly derived from other organisms. Some of the
fundamental tools in biotechnology are enzymes for synthesising, cutting and pasting DNA.

Polymerase to synthesise DNA

All life forms must be able to produce identical copies of DNA. The class of enzymes that is responsible for
this is the DNA polymerases, which catalyse the formation of new DNA molecules from free nucleotides
and a template DNA strand. In biotechnology, polymerases are used to:
»  make copies of DNA
» read the sequence of DNA fragments
» detect single nucleotide differences
» amplify whole genomes
»  diagnose medical conditions
» artificially synthesise new DNA fragments without a template strand.

The polymerase chain reaction (PCR) is a common biotechnology technique that has been in use since
1985. The key enzyme used in PCR is polymerase. PCR produces billions of copies of a section of DNA, which
can subsequently be manipulated by other enzymes such as endonucleases for cutting and ligases for joining,

Endonucleases to cut DNA

One of the essential requirements in genetic engineering is the ability to cut segments of DNA at known

sequences. The cutting tools used are enzymes known as restriction endonucleases (‘endo’ within, ‘nuclease’

an enzyme that cleaves or cuts nucleic acids) or restriction enzymes. These are like molecular scissors,

cutting DNA molecules into smaller pieces, called restriction fragments, in a controlled way. DNA cut

with restriction enzymes is often said to be ‘digested’ by the enzymes. Restriction enzymes only cut specific

sequences of DNA, known as restriction sites or recognition sequences. Different restriction endonucleases

have different restriction sites, although some endonucleases do share restriction sites with other endonucleases.

Most recognition sequences are palindromes of their complementary sequence; that is, the sequence of the non-

template strand in the 5-8” direction is the same as the sequence from 5" to 8" on the complementary strand.
Endonucleases occur naturally in bacteria, where they cleave ‘foreign” DNA that enters from invading

viruses, thus destroying any potential threat. They are an important mechanism of immunity for

bacteria. Endonucleases are named according to the bacterial strain from which they are derived. The

first endonuclease isolated from Escherichia coli strain RY13 was thus named EcoRI. Table 3.1 identifies a

number of common endonucleases and their bacterial sources.

Table 3.1 Common endonucleases and their restriction sites

Enzyme Bacterial source Restriction site After cutting
!
EcoRl Escherichia coli 5'GAATTC3’ 5'G AATTC3’
3'CTTAATG5' 3'CTTAA G5’
1
Hindlll Haemophilus influenzae 5’ AAGCTT3’ 5A AGCTT3
3'TTCGAA5’ 3'TTCGA A5’
T
1
Alul Arthrobacter luteus 5 AGCT3’ 5'AG T3
3'TCTGA5’ 3'TC GA5’
BamHI Bacillus amyloliquefaciens H 5 GGATCC3 5G GATCC3’
3'CCTAGG5’ 3'CCTAG G5
T
9780170452533
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To date, about 3000 different endonucleases have been identified. Although each endonuclease
recognises a specific sequence of 4—8 nucleotide base pairs (bp) of the double-stranded DNA, multiple
enzymes isolated from different organisms can recognise the same sequence. Endonucleases bind
to their restriction site and cut the double-stranded DNA at that point. The cuts may form either
overhanging steps, called sticky ends, which leave some nucleotides exposed (Figure 3.5a), or blunt
ends (Figure 3.5b), in which the cut has occurred at the same position in each strand of the DNA and
there are no overlapping strands. Spontaneous hydrogen bonding between overhanging nucleotides
helps restriction fragments with sticky ends bind to other DNA fragments with complementary
sticky ends.

In molecular biology, endonucleases are used in restriction digest reactions, in which the substrate
may be a plasmid, genomic DNA or a PCR product.

Sticky end restriction enzyme Blunt end restriction enzyme

CGETTCGC GCGECTTT

GTCTTEGCG TCTGTCEG
ﬁ—" ﬁ_z
Recognition site Recognition site

v v
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>
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Sticky ends
@ G )
I~ h Blunt ends
G C T T A A

Figure 3.5 a Sticky ends produced by cutting DNA with the endonuclease
EcoRl. b Blunt ends produced by cutting DNA with the endonuclease Alul.

Ligase to join DNA

Sometimes, molecular biologists want to combine two samples of DNA; for example, they might want to
insert a piece of DNA into a plasmid (a small circular piece of bacterial DNA). DNA ligase is an enzyme
used to join different pieces of DNA together. DNA ligase acts by forming a phosphodiester bond between
the two fragments of DNA. It joins the 8" end of one nucleotide with the 5” phosphate end of another
nucleotide. DNA ligase requires magnesium ions and ATP for its activity, so DNA ligation is an energy-
consuming reaction.

The process of joining two strands of DNA together using DNA ligase is more successful if the

The application of
these techniques
to make insulin

is discussed on
page 105.

two strands can be brought together. If the restriction enzymes used to cut the DNA generate sticky
ends, two DNA fragments that have been cut with the same enzyme will have identical sticky ends and
thus the complementary bases will be exposed. This means that if the ends of the two strands come
into contact with each other by chance, their nucleotides will form hydrogen bonds at the sticky ends
and remain in place, leaving just a nick in the DNA backbone to be ligated. DNA ligase can then be
used to recombine these two fragments by creating a covalent phosphodiester bond between them, even
if they are from two unrelated organisms. For example, EcoRI can be used to cut both human DNA
and bacterial plasmid DNA, leaving sticky ends that are complementary and able to bond to each other
(Figure 3.6).
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— Human DNA has
been cut by EcoRl,

- . — DNA segment inserted
producing sticky ends

into plasmid and joined
by DNA ligase

— Sticky end

— Plasmid cut by
the restriction
endonuclease EcoRI

Bacterial plasmid Recombinant plasmid

Figure 3.6 DNA ligases join DNA inserted from a foreign source that has complementary sticky ends.

Fragments with blunt ends can also be joined by DNA ligase, but this process is much less efficient.
Sticky end ligation also ensures the joined DNA fragments are the right orientation when joined.
The technology that recombines DNA from different sources to modify the DNA sequence is called
recombinant DNA technology.

O—vr KEY CONCEPTS

»  DNA polymerases catalyse the formation of new DNA ' »  Endonucleases can generate blunt or sticky ends.

molecules from free nucleotides and a template DNA »  DNA ligase is an enzyme used to join different pieces
strand. of DNA together.

»  The technology that recombines DNA from different »  Complementary sticky ends help DNA strands bind to
sources to modify the DNA sequence is called each other via hydrogen bonding.

recombinant DNA technology.
»  The cutting tools used are enzymes known as
restriction endonucleases, or restriction enzymes.

Concept questions 3.2

1 State the function of: 5 DNA ligases act by forming phosphodiester bonds
a  DNA polymerase between fragments of DNA. Explain how the following
b restriction endonuclease. terms are connected: ligase, phosphodiester bond,

2 What is the difference between sticky and blunt ends 5" phosphate end, 3" hydroxyl end, nucleotide, DNA
created by restriction enzymes? fragment and hydrogen bonds.

3 What process completes the formation of restriction
fragmsnts? P HOT Challenge =

4 Which restriction enzymes listed in Table 3.1 ‘cut’ 6 Restriction endonucleases were first isolated from
fragments with sticky ends and which ‘cut’ fragments bacteria. What is their specific use in bacteria? Why
with blunt ends? are they applicable for use in different species of living

organisms?
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EE] CRISPR-Cas9 we

New biotechnological tools are continually being developed as our understanding of biological mechanisms ?é':|spR.CAs9
grows. An example is the recent development of the CRISPR (clustered regularly interspaced short palindromic PAGE 60

repeats) (pronounced ‘crisper’) genome editing system, which is based on a bacterial defence mechanism.

. . : Video
- .. a : 4 g X CRISPR
-

-

Getty Images/Miguel Riopa

Figure 3.7 Professors Emmanuelle Charpentier (left) and Jennifer Doudna (right) demonstrated how the
bacterial immune defence mechanism CRISPR-Cas9 could be applied to precisely edit the genome.

In 2012, scientists Professor Jennifer Doudna and Professor Emmanuelle Charpentier (Figure 3.7)
demonstrated for the first time that a bacterial antiviral immune defence mechanism could be harnessed
to apply breaks in specific sites of double-stranded DNA to edit genomes. The resulting CRISPR-Cas9
genome editing system has revolutionised the capacity to modify DNA. Charpentier and Doudna were
awarded the Nobel Prize in Chemistry in 2020 for their work.

Function of CRISPR-Cas9 in bacteria

On infection by a virus (bacteriophage), bacteria collect small fragments of the viral DNA and integrate
(insert) them into certain regions of their bacterial genome. These regions are called CRISPR loci.
Throughout the CRISPR loci, viral sequences derived from previous exposure to viruses are interspersed
with short repeats of host bacterial DNA. Every time the bacterial strain is exposed to a new viral
infection, a new piece of viral DNA is integrated at the 5" end of the CRISPR locus within the bacterium’s
genome. Therefore, if you read the CRISPR locus from the 5" end to the 8" end, you will get a chronological
record of previous viral infections that the bacteria has encountered. Transcription of the CRISPR locus
produces crRNAs (CRISPR RNAs) that are complementary to the integrated fragments of viral DNA.
crRNAs form a complex with CRISPR-associated 9 proteins (Cas9 proteins), which can cleave DNA. The
crRNA sequences in the complex act as molecular guides that direct the complex to bind to viral DNA
within the bacterium, where the Cas9 proteins embedded in the complex can then cleave and destroy

the complementary viral DNA. Much like receiving an immunisation, the CRISPR system provides the
bacterial cell with a ‘memory’ of previous viral infections that it uses to defend itself against reinfection.
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Biotechnology applications of CRISPR-Cas9

In biotechnology applications of CRISPR-Cas9, the bacteria-derived Cas9 enzyme (the molecular
scissors) is directed by a short piece of RNA called a guide RNA to a complementary target site in
genomic DNA, rather than the crRNAs generated from transcription of the CRISPR locus that occurs
in the bacterial CRISPR-Cas9 system. Here, it creates a double-strand break (which would naturally

target bacteriophage DNA for destruction inside infected bacterial cells). The eukaryotic host cell’s
u machinery tries to repair the break. The repair mechanism is error prone and this often results in
nucleotides being inserted or deleted, which causes a frameshift mutation that interferes with translation
Online Weblink of the targeted gene and results in a knock-out organism. If a donor DNA fragment has been added to
atmodesona - the reaction, the DNA repair machinery may incorporate it at the target site, resulting in a knock-in
CngSg:"'?h‘Z?];k:l:s;ttool organism (Figure 3'8)‘

that modifies DNA

CRISPR-Cas9 in bacterial defence system

Virus (bacteriophage) 1 Virus infects
bacterial cell
s TR

L Bacteria integrates
short segments of viral
\ DNA into CRISPR locus

A LIRS K=

3 crRNAs are transcribed
Viral nucleic acid

4 crRNA guides Cas proteins to
target and cut viral DNA
complementary to the crRNA

CRISPR-Cas9 in biotechnology Target site; Guide RNA

e.g. in genomic DNA

Cas9
Basic CRISPR reaction
components:

Cas9 enzyme

Guide RNA (gRNA)
Optional donor DNA
fragment for insertion

Double-stranded
DNA segment

TTT Donor DNA
L fragment

m TTTTTTTIT I T T IrIIrr
Uses of CRISPR in biotechnology: AT IRER RS RN R RERT) TR ERETERRERR R RN R RRE T
® Gene knock-out N

¢ Gene knock-in T

oG diti " | For example: For example:
e I (s (a0 1) e Create a knock-out organism o Insert healthy allele into diseased
gene sec?uenlce b)é replacing (usually mouse) individual
. izt [Tl es)b knocki o Silence expression of a gene that e Insert a gene for reporter protein
e atcifiattlon (2,5 [0y Mzeans plays a role in driving disease (e.g. green fluorescent protein)

out a regulatory region that

v ¢ Insert one gene under the control
represses transcription)

of a promoter of a different gene

Figure 3.8 The CRISPR-Cas9 system in bacteria and its application to genetically modify
DNA. A short molecule of RNA (guide RNA) binds to the target gene and guides the Cas9
enzyme to the gene. The Cas9 enzyme breaks the DNA and the bacterial cell tries to repair
the break. This can result in a frameshift mutation - deletion or insertion of a gene - if a
donor DNA fragment is incorporated.
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The CRISPR-Cas9 system is a revolutionary biotechnological tool because:

» its use of specific guide RNA sequences (around 20 bases long) can direct the complex to exactly the

desired location in the genome
» it can cut double-stranded DNA at any desired site.

This technique has greatly simplified the processes involved in genetically modifying organisms.

Applications of CRISPR technology

The CRISPR-Cas9 system has revolutionised the capacity for scientists to modify DNA of previously

intractable organisms. Imagine being able to apply precise gene editing to awaken the immune cells of

a patient with an aggressive form of cancer that switches the immune system off. This approach would

transform cancer treatment and is an intense subject of scientific research using mouse models of cancer.

The CRISPR-Cas9 system can also be applied to create a knock-out mouse to decipher the function

of a gene. Using CRISPR-Cas9, a new mouse strain takes around three months to make, instead of one or

two years.

Current and potential applications of the CRISPR-Cas9 genome editing system are extensive. Some

examples are described here.

Editing faulty alleles in genetic diseases

Sickle cell anaemia is a blood disease caused by a genetic mutation that produces an abnormal form of

haemoglobin (the molecule that carries oxygen around the body, Figure 2.28, p. 61). The red blood cells
are distorted. They are shaped like a sickle, rather than the smooth disc of healthy red blood cells. The
rigid sickle cells clump together and obstruct blood flow in small blood vessels, causing organ damage and

severe pain. Sickle cell anaemia can cause stroke, organ failure and sometimes death.

Gene therapy is a promising approach for treating the disease. Researchers have applied CRISPR-Cas9

using two different approaches to try to cure the underlying genetic cause. Both approaches are based on

the same overall idea. First, blood from the patient is taken into the laboratory where the haemopoietic

stem cells (the precursor cells of blood cells) are edited by using the CRISPR-Cas9 system. After careful

tests to ensure the genetic modification is correct, the edited cells can then be transfused back into the

patient’s bloodstream.

The first approach was developed at Stanford University in
the United States. CRISPR-Cas9 was used to induce a double-
stranded break in the B-globulin gene of haemoglobin. A donor
fragment of DNA containing the normal healthy version of the
gene was added into the reaction and the DNA repair machinery
incorporated it into the target site. The edited cells then
transcribed the normal version of haemoglobin and had healthy
disc-shaped red blood cells. This method of applying CRISPR-
Cas9 to cure sickle cell anaemia is still in the preclinical stages
of research.

The second approach uses CRISPR-Cas9 to introduce
a mutation in a gene encoding a transcription factor called
BCL11A. BCL11A represses haemoglobin F, a form of
haemoglobin expressed in foetuses but repressed in adults. By
silencing BCL11A, the ‘molecular handbrake’ is released and
haemoglobin F is transcribed. Haemoglobin F interferes with
the polymerisation of the sickle haemoglobin molecule, thus
preventing the formation of sickle cells (Figure 3.9). This
approach was inspired by the observation that carriers of the
sickle cell mutation who also had a mutation in the BCL11A
gene were resistant to sickle cell disease.

9780170452533
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Figure 3.9 In adults, foetal
haemoglobin is not expressed
because it is repressed by the
repressor protein BCL11A. Scientists
used CRISPR-Cas9 to target BCL11A,
silencing its expression and allowing
foetal haemoglobin to be produced

in adult cells.
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Getty Images/Jose A. Bernat Bacete

The steps involved in
CRISPR technology
are explained

on page 88.

In 2019, two companies, CRISPR Therapeutics and Vertex Pharmaceuticals, performed clinical trials
together on this CRISPR-Cas9 therapy (called CTX001). The initial four-month trial assessed safety and
efficacy in one patient with sickle cell anaemia. The preliminary results were encouraging. The patient did
not experience any vaso-occlusive crises (when sickle cells get stuck in blood vessels) and expressed 46%
foetal haemoglobin (25—30% foetal haemoglobin is considered to cure a patient with sickle cell disease). In
the next stage of the clinical trial, more patients will be enrolled in the study and will be followed for a
longer time after the treatment (two years) to assess safety and efficacy.

CRISPR in agriculture

CRISPR-Cas9 enables scientists to quickly and precisely insert or delete the desired traits to improve
yield, tolerate environmental stress and resist disease. Since 2013, CRISPR-Cas9 has been applied to
crops such as rice, wheat, corn, tomatoes and
mushrooms. In the US, plant biologist Yinong
Yang from Pennsylvania State University
applied CRISPR-Cas9 to the white button
mushroom genome, knocking out one of the
genes that encodes polyphenol oxidase (PPO).
PPO is an enzyme that causes browning. By
deleting one of the genes that encodes PPO,
the activity of the enzyme was reduced by
30%. Therefore, the CRISPR-edited white
button mushrooms have a longer shelf life and
are resistant to browning commonly caused by
mechanical handling (Figure 3.10).

In 2016, a letter addressed to Yinong Yang
from the US Department of Agriculture (USDA)
made headlines about genetically modified

Figure 3.10 White Agaricus bisporus mushrooms that
have been modified by CRISPR to reduce browning

organisms. In the letter, the USDA confirmed
that they did not require the genetically edited
mushrooms to pass through the agency’s regulatory process because the CRISPR-mushrooms did not contain
any foreign DNA integrated into the mushroom genome. Therefore, the USDA did not consider it necessary to
regulate the mushrooms, and gave permission for the mushrooms to be grown and sold in the US. This opened
public debate and dialogue about newer technologies that make GMOs and prompted the US government to
review the regulatory process to consider newer technologies such as CRISPR-Cas9.

Using CRISPR to make new mouse strains

The mouse genome is similar to the human genome and many symptoms of human disease can be replicated
in mice. This makes the mouse a useful animal model in the laboratory. Scientists commonly knock out
genes in mice to study the function of the deleted gene. Traditional methods of making a knock-out mouse
were laborious and time consuming. Despite this, at the time, the technique of genetically modifying
embryonic stem cells and injecting them into mouse embryos was groundbreaking. This technology led

to the 2007 Nobel Prize in Physiology or Medicine being awarded to Mario Capecchi, Martin Evans

and Oliver Smithies. In 2013, the discovery that the CRISPR-Cas9 system could be harnessed to edit the
mammalian genome meant that efficient, targeted modifications of the mouse genome were now possible.
‘What would take one or more years with traditional approaches now would take only a few months.

Keeping up with CRISPR

The sudden arrival of CRISPR technology, and its vast potential applications, has thrown up major ethical
considerations about its use. Organisms, including humans, with heritable genome alterations can be
produced relatively easily, but specific legal frameworks and a clear pathway towards translation of the
technology have yet to be established.
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Controversial use of CRISPR on human embryos

In November 2018, Chinese scientist He Jiankui announced to the international scientific community that
he and his colleagues had applied CRISPR-Cas9 to edit the genome of twin baby girls born that month.
The scientists used CRISPR-Cas9 to target the gene CCRS to inhibit its expression. Edited embryos were
produced by n vitro fertilisation (IVF) and then implanted into a woman, who gave birth to the baby girls.
CCR35 is a protein expressed on the surface of immune cells. The human immunodeficiency virus (HIV)
uses CCR5 as a receptor to enter T cells (a type of white blood cell), where it replicates and then goes on
to infect other T cells. Therefore, CCR5 can be considered a ‘door handle’ for HIV entry into T cells. He
Jiankui targeted CCR5 because the father of the girls had HIV. Silencing CCR5 meant that HI'V had no
‘door handle’ to allow the entry into the babies’ T cells and they could not become infected with HIV.
Effectively, the genome modification conferred resistance to HIV.

The announcement of the world’s first ‘CRISPR babies’ made news headlines around the world.
It sparked intense controversy and in many cases horror. Immediately following the announcement, a
World Health Organization (WHO) expert Advisory Committee on Human Genome Editing examined
the ethical and technical consequences of editing the human genome, particularly germline cells (eggs
and sperm and their precursors, responsible for passing on genetic material to the next generation). The
committee recommended that all countries inhibit any application of human genome modifications until
they could vigorously consider the ethical and biological implications of such work.

In late 2019, He Jiankui was sentenced to three years in prison and a fine of 3 million yuan for
practising medicine without a license, fabricating ethical review documents and violating Chinese law

regarding assistive reproductive technology.

Policies and laws lag behind the pace of CRISPR technology

A US National Academies of Sciences, Engineering, and Medicine committee, which consisted of
bioethicists, scientists, lawyers and patient advocates, suggested that strict regulations were needed to
monitor CRISPR-Cas9 technology. However, both the WHO committee and the US committee made
their recommendations after the announcement of the CRISPR babies. This highlights how policies and
regulations lag behind the pace of CRISPR technology.

In agriculture, CRISPR-Cas9 modified plants, such as Yinong Yang’s white button mushrooms,
were not subject to the same regulatory process as plants genetically modified by traditional methods.
Additionally, they did not have to be labelled ‘transgenic’ because foreign DNA had not been introduced
into the mushroom genome. Should CRISPR-Cas9 modified plants be subject to regulation like other
DNA manipulation approaches? Or is it reasonable that because foreign DNA is not inserted, they should
be allowed to be grown and sold without approval? These are questions being considered by different
regulatory bodies around the world. For instance, in 2018, the Court of Justice of the European Union
ruled that CRISPR-edited crops should be subject to the same regulations as traditionally genetically
modified organisms.

Bioethical considerations for CRISPR-Cas9 technology

CRISPR-Cas9 technology holds enormous promise and potential for developing new treatments for
disease, improving crops in agriculture and developing new mouse strains and disease models for scientific
research, but it also raises serious ethical questions. In the case of the CRISPR babies, the genetic change
to the germline (sperm and egg cells) means that the edited genetic material will be passed down from
generation to generation. In this situation, the genetic change was intended to benefit human health and
prevent disease. Therefore, it could be considered beneficial to pass on a genetic change that will confer
resistance to a disease such as HIV. By this logic, it might be possible in the future to cure human disease,
if it is deemed safe. However, we do not know if it is possible to predict the full implications and perhaps
unanticipated consequences of such a genetic change over a whole human lifespan, or several generations.
We need to consider whether editing the human genome is altering the human species. Consider
the potential application of CRISPR-Cas9 gene editing to enhance a desired trait for a non-therapeutic
purpose. We need to consider that genome editing might only be available to the wealthy and would
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therefore increase the disparity in access to health care between the rich and poor. Could these issues be
managed through policy and laws?

There is a long list of ethical considerations surrounding CRISPR-Cas9 technology. Bioethics is
the study of such ethical issues that arise from advances in biology, such as CRISPR-Cas9. Bioethics
committees examine bioethical issues that emerge because of advancements made in biological research.
These committees are made up of experts and people from various disciplines, including ethics, philosophy,
genetics, politics, psychiatry, law, medicine, scientific research and teaching. Together, they consider the
ethical questions that emerge as a result of biological and medical research, aiming to inform policy and
public debate.

O—vr KEY CONCEPTS

»

»

»

The CRISPR system is a bacterial immune defence agriculture and making new mouse strains for
mechanism against viral infection. scientific research.

CRISPR-Cas9 is applied to edit genomes to precisely »  The use of CRISPR-Cas9 technology raises serious
create knock-out or knock-in genetic modifications. bioethical questions.

Applications of CRISPR-Cas9 technology
include editing faulty alleles in disease, improving

Concept questions 3.3

1

w

CRISPR is an acronym. What does each letter Interpret this statement by explaining each of the
stand for? terms and the overall meaning.

Define ‘palindromic repeat’ and provide an example.

What is the CRISPR locus? HOT Challenge

crRNAs are complementary to the integrated 6 CRISPR-Cas9 technology raises many issues that need
fragments of viral DNA in a bacterium. Where did this to be resolved. Choose one of the biotechnology
viral DNA come from? applications of this form of 'DNA scissors' and discuss
‘crRNAs form a complex with CRISPR-associated 9 the reasons why the application is useful for humans
(Cas9) proteins, which are able to cleave (cut) DNA.' but is ethically complex.

(—

WB m Amplifying DNA

34

ampurving  Each eukaryotic somatic cell has only two copies of a gene of interest and prokaryotic cells have only one
et s copy. This small amount of DNA poses a problem for scientists wishing to work with it. Similarly, only a
small sample of DNA may be available for analysis; for example,
at a crime scene or in preserved bones. The first step in DNA
analysis or in genetic engineering is to make enough copies of
the DNA to be able to work effectively. Biotechnologists have
an important tool to do this: the polymerase chain reaction
(PCR). PCR is used to amplify, or make many copies of, a
specific sequence of DNA. It uses DNA polymerase that is
usually derived from Thermus aquaticus, a thermophilic species
of bacteria that thrives in hot conditions such as the geothermal
g AN springs of the Yellowstone National Park, US. T. aquaticus has
evolved to withstand these hot conditions, and so its DNA

polymerase (called Taq polymerase) remains stable during the

Alamy Stock Photo/Agence Opale/Basso

Cannarsa

A

Figure 3.11 Kary Mullis was awarded the .}, invented PCR, Kary Mullis (Figure 3.11), was awarded the

high temperature cycles of the PCR process. The US biochemist

1993 Nobel Prize in Chemistry for his work

1993 Nobel Prize in Chemistry for his work.
inventing the polymerase chain reaction.
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Polymerase chain reaction

A number of components are required for PCR:

»  the DNA that is to be copied (the template)

»  DNA polymerase (the enzyme)

»  a buffer solution that contains salts and other chemicals that help the polymerase to function (called
cofactors)

»  asupply of the four nucleotides (A, T, C, G) from which to build the new DNA molecules

»  two primers — short sequences (about 20 nucleotides) of single-stranded DNA, complementary to the
nucleotide sequences at either end of the DNA section that is to be copied.

The primers are necessary as a starting point from which the DNA polymerase can add new
DNA nucleotides. DNA polymerase can only extend a DNA strand from an existing nucleotide; it
cannot create a new complementary strand without primers to begin extending from. The nucleotide
composition of the primer determines its annealing (joining) temperature because it determines
the number of hydrogen bonds that form between the primer and template strand. Because G—C
complementary nucleotides pair with three hydrogen bonds, they require more kinetic energy (a higher
temperature) to separate than do A-T nucleotides, which pair with two hydrogen bonds.

PCR has three steps (Figure 3.12).

Double-stranded DNA

1 Denaturation Heat to 95°C. l
DNA strands separate as hydrogen bonds are broken.

TEEN OO0 O EER

2 Annealing Cool to 50-60°C. l
Primers anneal to template DNA strands.

"TEON Loy uumewimmmm
- HCN

Forward primer

3 Extension Heat to 72°C.
Taq polymerase synthesises new DNA strands.

"TE-EN ROUCh U

New nucleotides
are added.

Reverse primer

Forward primer

5’ 3’
) = = A - O ey B S S B
clclalel | = mA A B m

G||C|T
5

3/

Cycle is repeated many times.

Figure 3.12 Amplifying DNA using PCR
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1 Denaturation: the double-stranded DNA is heated to 95°C. This breaks the hydrogen bonds
between the bases and causes the two strands to denature.

2 Annealing: the temperature is reduced to 50—-60°C, allowing the primers to join to complementary

Weblink

Polymerase Chain Reaction sequences on opposite ends of each strand: either genomic DNA in the first cycle or PCR products

Online Worksheet generated during the previous cycle. The reduced temperature is necessary to allow base pairing and

Polymerase Chain Reaction

the formation of hydrogen bonds.

3 Extension: the temperature is raised to 72°C, the optimum temperature for the particular DNA
polymerase used in PCR. Starting from the primers, new DNA strands are synthesised in the 5" to 8’
direction, using DNA polymerase and the available nucleotides. At the end of this phase, there
are two copies of the double-stranded DNA. Each copy consists of one 'parent' strand and one

new strand.

This cycle is repeated until enough DNA

eecccccccccccccce

EXAM TIP
Read the question
carefully and

has been produced. Each cycle doubles the

number of DNA strands; therefore, in just 20

answer what

is being asked.
Only discuss the
specific aspect

of PCR that

the question is
asking about. The

LLis

number of marks
will indicate the
depth required
in the answer.

Science Photo Library/Philippe Psaila

cycles more than one million copies of target
DNA will be produced (2*° = 1048 576 copies of
DNA). There are usually 80—35 cycles in a PCR
program (to produce 2°° = 3.44: X 10" copies of
DNA), which take place in instruments called
thermal cyclers (Figure 3.13).

Figure 3.13 A thermal cycler, in which the PCR

is carried out as a programmable automated

process. The thermal cycler raises and lowers
the temperature of the samples, which allows
denaturation, annealing and extension to take place

in a controlled way.

O—vr KEY CONCEPTS

» PCRis a process that amplifies a specific DNA
sequence for analysis.

»  The sequence of the primers determines the DNA
sequence to be amplified.

Concept questions 3.4

1 What does DNA amplification mean and why is it used

in biotechnology?

2 State the components of a PCR reaction.

List the three main steps of PCR.

4 What specific task in this process do primers
perform?

5 If you start with five copies of a DNA region, how
many copies will be produced if your sample goes
through 30 cycles of PCR?

w

VICscience Biology VCE Units 3 & 4

»  The steps involved in PCR are denaturation, annealing
and extension. These steps are repeated many times to
yield a large number of identical DNA molecules.

HOT Challenge <mil

6 At each stage of the PCR process, the temperature is
adjusted to enable certain steps to occur.

a Draw up a table that summarises the name of
each step, the temperature at which the step
occurs, and the actual process facilitated.

b Inyour table, state where and how the properties
associated with hydrogen bonding are vital and
how the optimal temperature for operation of the
DNA polymerase is 72°C and not 95°C.

9780170452533



CHAPTER 3 / DNA manipulation techniques and applications H

m Gel electrophoresis wB

DNA molecules are too small to see. One way to visualise them is to separate the fragments according to §L5E CG'IFIIQ_OPHORESIS
size by gel electrophoresis. Alternatively, scientists use a DNA probe to identify fragments, or analyse the PAGE 67

nucleotide sequence by DNA sequencing.

Gel electrophoresis method

Gel electrophoresis separates fragments of DNA
according to their size and charge. DNA has an overall
negative charge due to the phosphate groups on its
backbone. Gel electrophoresis makes use of this property
to separate DNA fragments within an agarose gel. The
agarose gel is melted and poured into a flat mould to cool.
Wells are formed by placing a plastic comb into the gel as
it sets, creating indentations into which DNA samples can
be loaded.

The gel is placed in a tray filled with buffer solution
(Figure 3.14), and positive and negative electrodes are
attached at each end of the gel. When the electric current
runs, the DNA fragments are repelled from the negative
electrode and move towards the positive electrode at the other
end. The gel acts as a large sponge through which the DNA

Science Source/Sigrid Gombert

strands move while under the influence of the electric current.
Smaller strands can move faster than the larger strands
through the gel matrix. Therefore, this method separates
DNA strands based on their size.

DNA itself will not be visible in the gel. To view the
separated DNA fragments, a fluorescent DNA-binding dye

Figure 3.14 A researcher loads genetic
material from coral into an agarose
electrophoresis gel apparatus.

such as ethidium bromide is added to the agarose gel before
it sets. The dye binds to DNA and fluoresces under

3
ultraviolet light, showing a pattern of bands that can then E?
be photographed. Each band on the gel contains millions 5 c 8o
of pieces of DNA of the same size. The bands can also be % s 2 =
cut out and the DNA purified to yield a solution of DNA = 4 & &
fragments of the required size. - electrode
The position of bands on an agarose gel depends I [ [ - wells where the
on the size of DNA fragments in each band; the smaller DNA is loaded
the fragments, the further they move in a given 1700 bp i =1 If‘;rgg:::n?NA
time. To determine the size of a given piece of DNA, —
molecular biologists use standards called molecular 1000 bp — Direction the
size markers, or molecular weight ladders. These are — DNA travels
pieces of DNA with a known number of base pairs. They 500 bp I
are used to determine the size of the separated DNA —_
fragments by comparing their location along the gel.
Figure 3.15 shows four markers in the molecular marker 200 bp — — | ?gglllf;t]tDNA
(calibration) lane: 1700 bp, 1000 bp, 500 bp and 200 bp + electrode

(bp = base pairs).

Figure 3.15 Standards are molecular markers of known size that
are run alongside samples and allow estimation of the size of the
DNA fragments migrating through the gel.
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O=rr KEY CONCEPTS

»  Gel electrophoresis separates DNA molecules by size. »  The sizes of DNA fragments can be estimated by

»  Negatively charged DNA travels through a gel matrix comparing their movement through the gel with that
towards a positive electrode. of fragments of known sizes, referred to as molecular

»  DNA is visualised with a DNA binding dye. size markers.

Concept questions 3.5

1 What gives DNA its negative charge? HOT Challenge =il
2 How can you estimate the size of a DNA fragment by

gel electrophoresis?
3  Whyis a standard used?
What does 700 bp mean?
5 Name two applications of DNA sequencing.

6 In gel electrophoresis, what is the main property of the
DNA fragments (not the negative charge) that is used
to separate the mixture into the different fragments?

N

Biological

SOUTHERN \’ Developed exclusively by Southern Biological

INVESTIGATION 3.1

Effect of restriction digestion enzymes on lambda DNA
Restriction digestion is the process of cutting DNA molecules into smaller pieces with special enzymes called restriction
endonucleases (or restriction enzymes). These enzymes recognise specific sequences in the DNA molecule (e.g. EcoRl
recognises GAATTC) wherever that sequence occurs in the DNA. Lambda DNA is a common DNA substrate extracted
from a bacteriophage.
Aims

1 To use restriction enzymes to cut DNA into respective fragments

2 To analyse your restriction digestion by gel electrophoresis
Time requirement

55 minutes

Materials

Restriction digestion

» Lambda DNA (1pg) (8pL) »  Variable (0.5-10pL) micropipette
»  Restriction digestion buffer (20 pL) »  Sterile pipette tips

»  EcoRI enzyme (1pL) »  Water bath

»  Hindlll enzyme (1 pL) »  Micro centrifuge (optional)

»  BamHI enzyme (1 pL) »  Lab coat

»  Sterile nuclease-free water (0.2 mL) »  Safety glasses

» 4 x0.5mL sterile microtubes »  Gloves

»  Variable (5-50pL) micropipette »  Ruler

»  Microtube rack

Electrophoresis

»  TBE buffer 25pL) »  Electrophoresis chamber (blueGel™)

» 0.8% agarose gel with 2L Midori Green »  Power supply 100V (if using an alternative to
safe stain (for pre-staining technique) blueGel™)

» Loading dye (50pL) »  Blue light transilluminator (optional)

Note: the above measurements are based on using a blueGel™ electrophoresis apparatus. If using an alternative
electrophoresis chamber, increase TBE quantities based on chamber size.
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What are the risks in doing this investigation? How can you manage these risks to stay safe?
TBE buffer can irritate the skin on contact. Wear appropriate personal protective equipment at all times,
including eye protection and gloves. Wash skin immediately
if contact does occur.

Disposable gloves can cause allergic reactions in sensitive Use a type of glove that has no allergy risk and is suitable to
people. use with the chemicals in this investigation.
Method

Restriction digestion
1 Label four 500 pL (0.5mL) microtubes H, E, B and C, as shown in Figure 3.16.

P Q P P
@-.-@ \, =) \, =) \,\,
Key
H = Hindlll
E = EcoRI
B = BamHI
C = Control

Figure 3.16 Label your microtubes H (Hindlll), E (EcoRI), B (BamHI) and C (control).

2 Using a variable micropipette, add 42 pL of nuclease-free water to each of the microtubes.

3 Add 2 pL of lambda DNA to each of the microtubes.

4 Using a fresh micropipette tip, add 5 pL of buffer to each of the microtubes.

5 Using a fresh micropipette tip for each sample, add 1 pL of Hindlll enzyme to microtube H, 1 pL of EcoRIl enzyme to
microtube E, 1 pL of BamHI enzyme to microtube B and 1 pL of nuclease-free water to microtube C.

6 Mix the samples thoroughly by pipetting up and down a few times until the solutions have an even consistency. Use a
fresh micropipette tip for each sample. To collect the liquid at the base of the tubes, close the lids and spin them with
a microcentrifuge.

7 Place the microtubes in a 37°C water bath for 10 minutes.

Analysing your digestion by gel electrophoresis

1 Remove the four microtubes from the water bath and add 10 pL of loading dye to each sample.

2 Mix the samples thoroughly by pipetting up and down a few times until the solutions have an even consistency. Use
a different pipette for each solution. To collect the liquid at the base of the tubes, close the lids and spin them with a
microcentrifuge.

3 Place the prepared 0.8% agarose gel into the gel electrophoresis chamber. Make sure that the wells are at the top or
negative electrode section of the chamber.

4 Pour TBE buffer into the gel electrophoresis chamber. Make sure you completely cover the surface of the gel.

5 Using a sterile pipette for each sample, load 10pL of each sample into the wells near the negative electrode and note
the specific lanes in which the different samples were loaded.

6 Carefully place the lid on the gel chamber, turn it on and let the gel run for 30 minutes. Turn on the built-in blue light
to visualise DNA band separation if using a blueGel™ electrophoresis chamber.

Note: If using a gel electrophoresis chamber that requires an external power supply, carefully plug the positive and
negative electrodes into the gel box without dislodging the gel. The negative end should be connected to the end
closest to the DNA samples. Plug in the power source (set at 100V), turn it on and let the gel run.
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7 After 30 minutes, turn the power supply off and visualise your results by either turning on the blue light or

transferring to a blue light transilluminator.

Note: If you did not use the Midori Green stain, then DNA will not be visible until the gel has been soaked in

methylene blue or equivalent for up to 24 hours.

Results

1 How many cuts did each restriction enzyme make?
2 Copy the results table into your logbook. Measure the distance in millimetres and fill in the results table.
3 Graph your results for the Hindlll digest to determine the sizes of the EcoRI and BamHI digests.

4 Do those fragments add up to the size of lambda DNA? If not, provide possible explanation(s) as to why not.

Analysis of restriction digests of DNA

Hindlll EcoRI BamHI

Distance (mm) Size (bp) Distance Calculated Size (bp) Distance Calculated
(mm) bp (mm) bp

23130 21226
9416
6557
4361
2322
2027

Discussion

1 Why was 1L of nuclease-free water added to microtube C in step 5?

2 Why did you incubate the restriction digests at 37°C?

3 What is the purpose of the dye?

4 What would occur if the gel electrophoresis chamber was filled with distilled water instead of TBE buffer?
5 Explain why DNA samples must be loaded at the negative end of a gel electrophoresis chamber.

6 What would occur if the electrodes in the electrophoresis chamber were reversed?

Conclusion

Write a conclusion for your investigation, including a short discussion of your results.

Taking it further sl

Investigate where restriction enzymes are used and how they assist in medical disease diagnosis.

Size (bp)

16841

= m DNA profiling

3.6

Most DNA is identical from one person to the next apart from the different alleles for characteristics

DNA PROFILING  such as eye and hair colour. However, some regions in our genome show high variability — called

PAGE 70

polymorphisms. Each of us inherits a unique combination of polymorphisms from our parents, which can

be examined to create a DNA profile. In DNA profiling, DNA is extracted from a sample of body fluid,

skin cells, hair root or blood. DNA profiling is used to help solve crimes, determine family relationships

and identify human remains and disaster victims.

Solving crimes

Television shows tend to oversimplify and exaggerate the scientific processes involved in forensic

investigations. However, DNA profiling is a crucial scientific technique applied to solve crimes. We leave

cells behind everywhere we go, so at a crime scene typical pieces of evidence include skin cells and hair.

VICscience Biology VCE Units 3 & 4
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DNA profiles from samples obtained from crime scenes, convicted offenders, items from missing
people and unidentified bodies are added to DNA databases. DNA databases can help to solve crimes,
including cold cases, and identify missing people, disaster victims or human remains. The first example of
a DNA database was in 1986, after a young woman, Dawn Ashworth, was murdered in Leicestershire, UK.
In the investigation, police collected blood samples from the males in the town (about 4000 men). At the
time, this was an informal database, and the police applied DNA fingerprinting to try and solve the crime.
No match was found. However, a man was overheard saying that he had been paid to provide false samples
for another man, Colin Pitchfork. When Colin Pitchfork’s DNA was collected and analysed, it matched
that found at the crime scene. He was arrested in 1987.

Today, most developed countries have a DNA database. The Australian National Criminal
Investigation DNA Database (NCIDD) managed by CrimTrac was established in 2001 and has more
than 1.2 million DNA profiles. Although DNA databases are valuable, especially in solving crimes, their
use raises ethical questions, especially about privacy. For example, do the benefits to society outweigh a
person’s right to privacy in having their DNA profile stored? Should everyone give a DNA sample? How
long should information from a person’s DNA profile be stored?

Determining family relationships

DNA profiling can be used to determine if people are related to each other. Paternity testing usually aims
to determine if someone is the biological parent of an individual. In New York, there are buses similar to
the one shown in Figure 3.17 — mobile units for collecting DNA samples from citizens wanting to establish
relatedness. Demand for tests in the US to establish parentage is estimated at 500000 per year. People
using the service have discovered that they have half-sisters or half-brothers in other parts of the country.
In other cases, men have discovered that they are, or are not, the fathers of their children.

There are no mobile clinics in Australia, but more people are having DNA tests to establish the
parentage of their children. Men may want to confirm that they are the father of their children. Women may
want to ensure they came home from hospital with the right baby or confirm the father of their child. More
than 10000 tests are ordered from laboratories registered in Australia every year. It is a simple process. A
DNA kit is ordered online so that DNA samples of parents and children can be collected in the home and
mailed to DNA testing laboratories. The results arrive in the mail a few weeks later.

There are concerns about using the tests, including the:

»  possibility of contamination when collecting DNA

» interested party not knowing how to
interpret the results of the test

» issue of consent if DNA is collected
without a child’s or parent’s knowledge.

Occasionally the issue of paternity
arises in cases where child support is being
sought from a man who claims he is not
the father of a child. In such cases, the
court orders a DNA test to be conducted
if paternity cannot be determined in
any other way and if evidence places the
paternity in question. Legal tests are
required to comply with the Family Law

Shutterstock.com/Tommy Liggett

Act, so samples must be collected and
tracked from a registered collection centre
and sent to specified testing laboratories. Figure 3.17 A DNA bus in New York is popular with people
The results of non-legal tests are not who want to establish relatedness, including legal paternity.
admissible in a court of law.
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Identifying human remains and disaster victims

After a disaster, such as an aeroplane crash, where there are unidentified victims, family members will
voluntarily submit a DNA sample of their own to reduce the time taken to identify bodies by DNA
profiling. This approach was used after the 2014 Malaysia Airlines plane crash in the Ukraine to identify

the bodies of victims from countries all over the world.

Short tandem repeats construct DNA profiles

In Chapter 2, you learned that not all your DNA codes for polypeptides — 99% of the genome is non-
coding. Non-coding regions of the genome contain inherited sequences of DNA that vary between
individuals (polymorphisms). The polymorphisms used to construct a DNA profile for an individual are
short tandem repeats (STRs). STRs are segments of DNA that contain repeats of 2—6 nucleotides in
tandem, such as AGATAGATAGATAGATAGAT. The human genome has many of these STRs at fixed
locations on our chromosomes.

The number of repeats we have at each STR region is how we vary from one another. Each person has
two copies (alleles) of each STR region, one inherited from their mother and one inherited from their father.
Each can have a different number of repeats at the same region, increasing the specificity of a person’s
profile. The information can be entered into a forensic database, and used to indicate the number of repeats
in two alleles. For example, in Figure 3.18, the numbers recorded would be 5, 10 and 12, 7. STR loci refers
to the STR locations on a chromosome. What makes DNA profiling such a powerful tool is that multiple
STR loci are examined simultaneously to obtain a profile, which is then compared with a reference sample.
For example, a profile obtained from the DNA at a crime scene would be compared with samples from a
database or a suspect. Similarly, a profile obtained from unidentified human remains could be compared
with a sample obtained from a family member.

Person A Person B

g

Maternal [AGAT[AGAT]AGAT|AGAT]AGAT]| [AGAT]AGAT]AGATIAGAT]AGAT|AGATIAGAT]AGAT]AGATIAGAT[AGAT]AGAT]
5 repeats 12 repeats

Paternal [AGAT[AGAT]AGAT]AGAT]AGAT]AGAT]AGAT]AGAT]AGAT]AGAT] [AGAT]AGAT]AGAT]AGAT]AGAT]AGAT]AGAT]
10 repeats 7 repeats

Figure 3.18 The number of repeats at each STR loci varies from person to person.

Different countries used different STR DNA profiling systems, based on the population size of
that country. For example, the US originally used 13 loci, while Australia used nine. In 2013, Australia
increased the number to 18. In 2017, the US added an additional seven STR loci for a total of 20 STR
markers. In both countries, this includes the Amelogenin gene (although it is not an STR), which is located
on the X and Y chromosomes and used as a gender marker. The gender of a person can be determined
from this marker because on the X chromosome the Amelogenin gene is six base pairs shorter than on the
Y chromosome. The STR loci used in Australia are shown in Figure 3.19.
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Figure 3.19 Chromosomal location of the 17 STRs (not including Amelogenin gene) used to construct a DNA
profile in Australia. Those shaded in pink are the original nine STR loci used in Australia. Those shaded in
yellow are the eight STR loci added in 2013. Green shading represents the additional STR loci used in the US
but not in Australia.

How DNA profiles are produced today

Today, DNA profiling does not use restriction enzymes as in the original DNA fingerprinting method.
Rather, it uses the PCR reaction to generate many copies of specific STR regions for analysis.

Type of DNA used to obtain profiles

First, DNA is extracted from the samples, usually skin cells, hair roots, cheek swabs (from the inner

cheek) or blood. Two types of DNA can be used for DNA profiling. Commonly, genomic DNA is used
(chromosomal DNA, making up most of a person’s DNA). However, if there is not enough nuclear DNA
available to create a profile, mitochondrial DNA (mtDNA), which can be more resistant to degradation, is
used. Mitochondria are the cell organelles responsible for energy production. They contain a single circular
chromosome inherited from the mother. There are several hundred mitochondria in each cell and so there
might be hundreds or thousands of copies of mtDNA per cell. Because it is maternally inherited, mtDNA is

identical between siblings and maternal relatives.

Amplification and visualisation of STRs

Once DNA has been extracted from a sample, PCR is used to amplify the specific STR sequences. PCR
amplification is useful when analysing DNA from crime scenes, where only a small amount of DNA might
be recovered.

As you learned on page 93, primers bind to complementary sequences of DNA and mark the starting
point from which DNA polymerase will add new nucleotides. The primers used in the PCR reaction are
designed to amplify the STR sequences of interest for profiling. Primers for each STR are tagged with a
specific fluorescent molecule.
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DNA sample (e.g. blood, skin cells, hair root, cheek swab)
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Figure 3.20 1-3: The steps involved in obtaining an
electropherogram: DNA extraction is followed by PCR and
electrophoresis. 4: The vertical axis (fluorescence) of the
electropherogram is a measurement of the amount of DNA present.
The horizontal axis (time) identifies the size of the STR alleles.

Once the STR sequences have been
amplified, they are separated according to size by
electrophoresis. Lasers are then used to excite the
fluorescent molecules attached to the primers. This
enables visualisation of the PCR-amplified DNA
fragments that have fluorescent primers incorporated.
Fluorescence measurements are collected by a
detector and converted to a series of coloured peaks
called an electropherogram. From this, the length
of each STR sequence can be determined to give
the DNA profile. This process is illustrated in
Figure 3.20.

An example of an electropherogram is shown
in Figure 3.21. Each peak represents an allele and,
because there are two chromosomes, each individual
has two alleles at each STR locus. For example, in this
individual, at the STR locus D5S818, one allele has

11 repeats and the other allele has 12 repeats. This individual has two identical alleles of 11 repeats at

D16S539. As the two alleles of 11 repeats at D16S539 are exactly the same length, they occur at exactly

the same position on the electropherogram. The height of the peak (amount of DNA) is double the height

as if only one allele was present because there is twice the amount of DNA present.

D5S5818 D13S317 D75820 D16S539 CSF1PO
RFU 100 200 300
80000 -
40000:
N | R I .
B

Figure 3.21 An electropherogram of five STRs

ACTIVITY 3.1

DNA profile analysis

Aim

Task 1: Paternity case study 1

To analyse DNA profiles and consider issues surrounding use of this technology

A legal paternity test was ordered by a judge to determine whether a man should pay child support. A DNA sample was
collected from the mother, the child and the man. Each DNA sample was treated separately to produce a DNA profile

for each individual. DNA was extracted from cells and PCR was used to amplify chosen STR regions, using sequence-
specific primers. These primers are complementary to sequences of DNA that flank the STR region. Figure 3.22 shows
the THO1 alleles inherited by an individual. Each individual has two alleles for each STR, one inherited from each parent.
This individual has inherited the alleles THO1-6 (THO1 allele with 6 repeats of TCAT) and THO1-5 (THO1 allele with five
repeats of TCAT). This individual's genotype can be written as THO1-5,6.
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Forward primer

THO1 STR allele ..... T .
inherited from mother  [GI[G] T ....| Ul DRk REEE (R R R (R ....EEH.

6 repeats of TCAT

Forward primer

THO1 STR allele [cllA [€][c] 7 [€] >
inherited from father E T ﬂnl T EH T|Fn EH T E“ T EH TT EH T EEI

5 repeats of TCAT

Figure 3.22 The THO1 alleles for an individual can be amplified using polymerase chain reaction (PCR). Forward and reverse
primers are designed to complement sequences flanking the STR region so the specific STR region is amplified. Forward
primers are shown here.

After PCR has been performed, the DNA samples are subjected to gel electrophoresis. Table 3.3 provides results
for the STRs inherited by the child, mother and possible father. Only three STR regions have been amplified for each
individual. Table 3.2 lists the STRs used in DNA profiling and the known alleles of these STRs. This information can be
compared with the STRs inherited by the child, mother and possible father to determine paternity.

Use the data in Tables 3.2 and 3.3 to calculate the length of DNA fragments generated after PCR for each individual.
Then construct an image of the resultant gel electrophoresis run for each individual. Label your gel to indicate which
individual's DNA profile is shown in each lane.

Questions

1 What can you tell the judge presiding over this court case?
2 Can you be certain of the results of paternity using this test?
3 What might increase the certainty of these results?

Table 3.2 Variations found in STR loci used in DNA profiling

STR name Locus Repeat Number of known | Variation in number of repeats that can Variation in length of DNA
alleles of this STR | be found (known alleles of this STR) fragments (nucleotides)
TPOX 2p25.3 GAAT 15 4-16 12-64
D55818 5q23.2 AGAT 15 7-18 28-72
CSF1PO 5g33.1 TAGA 20 5-16 20-64
D75820 7921.11 GATA 30 5-16 20-64
THO1 11p15.5 TCAT 20 3-14 12-56
D13S317 13g31.1 TATC 17 5-16 20-64

Table 3.3 The STR alleles inherited by three individuals (results shown for three STR regions only)

Individual STR alleles inherited

Child TPOX-4,12 D5S818-7,7 THO1-5,14
Mother TPOX—12,16 D55818-7,12 THO1-3,14
Man who the mother claims is the father TPOX-4,9 D55818-7,10 THO1-5,6
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Task 2: Paternity case study 2

A man (male 2) returned home to Australia after working
overseas for 10years. On his return he became aware that
the girlfriend he had dated up until leaving had a 10-year-

of this child. However, the mother was happily married to
another man (male 1), who she claimed was the biological
father of the child. Male 2 ordered a DNA testing kit and
managed to secretly collect a DNA sample from the child,
mother and husband. He sent these for testing, along with
his own DNA. A gel with seven STR regions is shown in
Figure 3.23. The STRs inherited by the son from his mother
are highlighted.

Questions

1 Use the gel results to determine which male is the
biological father.

2 s it ethically sound to order DNA tests without the
consent of all individuals concerned?

3 Can you think of issues that may emerge given the
results of this test?

old son. He suspected that he might be the biological father

Mother Child Male 1 Male 2

Figure 3.23 This gel electrophoresis run reveals the DNA
profiles of the four individuals in case study 2. Primers for
seven STR regions were used to generate these DNA profiles.

O—vr KEY CONCEPTS

»  DNA profiling is used to solve crimes, determine family
relationships and identify human samples.

Concept questions 3.6

1 What samples of human organisms can be collected
for DNA profiling?

2 Polymorphisms are regions in our DNA of high
variation. What does this mean?

3 STRis an acronym. What do the letters stand for and
what do STRs mean?

4 How are STRs used to perform the process of DNA
profiling?

VICscience Biology VCE Units 3 & 4

» By examining STRs in non-coding regions of DNA,
a profile can be obtained that can be compared to a
database of samples given by family members.

5 There are standard STR markers used for DNA profiling
in various countries. How does this enable DNA
profiling to occur if the whole genome is not being
examined?

HOT Challenge —mi

6 How easy is it to challenge DNA profiling? List the
reasons for and against as to how one could do it or not.
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Recombinant plasmids and human insulin

Biotechnology applications are used to produce recombinant insulin to treat people with diabetes. Insulin
is a peptide hormone that promotes uptake of sugar from the bloodstream and its storage in muscle or
adipose tissue. Insulin is essential for normal metabolism; without insulin, the body relies on fat as an
energy source. This can result in the build-up of dangerous substances in the blood, which can be life-
threatening.

Type 1 diabetes is an autoimmune disease in which the insulin-producing cells of the pancreas come
under attack from the body’s own immune system and are unable to produce sufficient insulin (Figure 3.24).
People with type 1 diabetes must inject insulin up to four times a day. Before insulin became available,
people who had diabetes would likely die.

In 1889, German researchers Oskar Minkowski and Joseph Von Mering discovered that when they
removed the pancreas from dogs, the dogs developed symptoms of diabetes. In the years that followed, the
chemical responsible for diabetes, insulin, was described. In 1921, Canadian scientists Frederick Banting
and Charles Best removed insulin from the pancreas of a dog, and used this insulin to keep another dog
with diabetes alive. Soon after this striking observation, Frederick Banting and Charles Best worked
together with another Canadian scientist, John Macleod, to purify insulin. Insulin was further purified by
James Collip. In 1922, a 14-year-old boy in Toronto dying from diabetes became the first person to receive
insulin injections, which was eventually successful. This work led to the 1928 Nobel Prize in Physiology or
Medicine being awarded to Frederick Banting and John Macleod.

a Healtl e 1 diabetes
Healthy b Type 1 diab
Insulin A O
A A @) A O A O Bloodstream Bloodstream O OOO OO OO
© Glucose A O O O
1 Insulin binds to 3 Glucose is removed L
Insulin insulin receptor 1 Insulin is
DD receptor P from bloodstream not produced
II Glucose Cell
transporter >
2 Triggers glucose O 2 Glucose transporter is not
transporter to open opened and glucose cannot

be removed from bloodstream

Figure 3.24 a Under healthy conditions, insulin binding to the insulin receptor activates glucose
transporters to uptake glucose from the bloodstream into cells, maintaining healthy glucose levels.
b In type 1 diabetes, insulin is not produced and glucose cannot be taken up by cells from the
bloodstream (right).

Recombinant DNA technology: a game changer
for insulin production

The first synthetic human insulin was produced in 1978 by using L. coli bacteria. Bacteria can be grown
quickly and in large batches in controlled environments. Bacterial cells can be lysed (ruptured) and
proteins extracted from their cytosol. Genetic engineering of E. colz has allowed the human insulin gene
to be inserted into bacteria, replicated to vast numbers as the bacteria replicate, and expressed by the
bacteria to produce the functional insulin protein. Insulin is then extracted, purified and distributed

as the injectable therapy that is a lifesaver for many people worldwide. This process is summarised in
Figure 3.25.
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Figure 3.25 The steps involved in producing insulin in bacterial cells

In 1982, Humulin became the first approved product made by
recombinant DNA technology. Today, three kinds of Humulin are used
to manage diabetes (Figure 3.26). Each kind acts over a specific amount
of time, which is affected by factors such as diet and exercise. Humulin R
U-100 (100 units of insulin per millilitre) provides a short-acting insulin
peak, which manages increased blood sugar levels that occur after a meal
(within 30minutes). Humulin N has a longer period of activity, and is used

to manage blood sugar levels between large meals (e.g. breakfast and Iunch)

or overnight. Humulin 70 combines the short effects of Humulin R U-100 Figure 3.26 Humulin N and

with the longer lasting ‘intermediate’ Humulin N to manage blood sugar Humulin R U-100 are two of
levels after meals, throughout the day and during the night. People with the three kinds of Humulin

diabetes work with their doctor to find the best type of insulin to manage that are used to manage type
their blood sugar levels. 1 diabetes. The other kind is

a mix of the two.

— . .
— Recombinant plasmids

b Before the human insulin gene can be used in genetic engineering, it must usually be copied, or amplified,

RECOMEINANT - to produce enough to work with; for example, by PCR. Short linear DNA fragments produced by PCR

PAGE 73 or cut out from a chromosome by restriction endonucleases are unstable. They do not survive long in

cells or a test tube and can lose base pairs from the ends through enzymatic or mechanical degradation.
They are also often too small to manipulate in the laboratory. For this reason, scientists use bacterial
plasmids — circular pieces of DNA that reproduce independently of the bacterial chromosome (Figure 3.27).

2] Chromosome Plasmid b

Alamy Stock Photo/Science Photo Library

Figure 3.27 a A bacterial cell containing bacterial DNA and plasmids; b a transmission electron
micrograph of bacterial plasmids from Escherichia coli
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Bacterial cell ~ Plasmid

Bacterial chromosome

Bacterial replication

@D @D @

Figure 3.28 Plasmids are copied when bacterial cells replicate.

DNA fragments, such as PCR products amplified from a gene of interest, can be inserted into plasmids that
have been cut open, and then the plasmid can be closed again by ligases, incorporating the DNA fragment.
A plasmid that has incorporated a DNA fragment is called a recombinant plasmid.

In biotechnology, plasmids are ideal for DNA fragment vectors (the plasmid will carry the DNA or
gene into a bacterium). Plasmids are copied many times within the bacterial cells and are copied when
the bacteria replicate, and this also copies any DNA fragments inserted into them (Figure 3.28). Because
they are circular, plasmids are much more stable than linear fragments. Their stability also allows them
to survive the harsh conditions that are used to rupture the bacterial cells and purify the plasmid DNA.
They are small enough to be distinguished from the main bacterial chromosome, but large enough to be
extracted and manipulated in the laboratory. Plasmids can also be easily engineered to carry a number
of different genes or DNA elements such as promoters and restriction sites, making them ideal tools
for manipulation of DNA fragments. Promoter regions on plasmids can allow genes to be expressed in
prokaryotes or eukaryotes depending on the application.

An alternative to using PCR to generate many copies of a DNA sequence is to insert the DNA into bacteria.
This process is called gene cloning and it has many advantages. Gene cloning allows replication of larger
segments of DNA, and it permits the analysis of any gene and associated proteins encoded in the DNA sequence
in an environment where they are active.

Plasmids are used to insert DNA into the bacteria. The key to using plasmids as DNA copiers lies in
our ability to incorporate foreign genes into plasmid DNA and in their ability to replicate in bacteria. A
number of steps are involved in this process (Figure 3.29).

1 Plasmids are extracted from bacteria by rupturing the cell walls. A restriction enzyme is used to cut
the plasmid DNA to produce sticky or blunt ends.

2 The same restriction enzyme is used to cut the DNA of the gene to be inserted so that both pieces of
DNA have complementary sticky ends.

3 DNA ligase binds the ‘foreign” DNA fragment into the plasmid DNA. After binding, the DNA
fragment becomes a permanent part of the recombinant plasmid.

4  The recombinant plasmids are added to a bacterial culture. They are taken up by some bacteria, in
which they replicate. In the normal process of growth and division, bacteria replicate the plasmid, and
thus numerous copies of the incorporated foreign DNA are made.

Only a small percentage of the bacteria take up the recombinant plasmids; others simply seal up
without taking up the plasmid. The process of bacteria taking up the plasmid is called transformation.
After transformation, the bacterial cells that contain recombinant plasmids have to be isolated from most
of the cells in the colony, which have not taken up plasmids.
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Figure 3.29 Transformation: a foreign gene is inserted

into plasmid DNA to produce a recombinant plasmid. This

is introduced into bacteria, where it can make multiple
copies of itself. When bacteria take up the plasmid, they

are transformed. Note: the plasmid is not normally as large

as shown here. It has been magnified in this diagram.

fragment and plasmid DNA.
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Figure 3.30 Antibiotic selection of transformed
bacteria. a Non-transformed bacteria cannot
grow on media supplemented with ampicillin,
but grow well on normal media. b Transformed
bacteria can grow equally well on either medium.
The plate without ampicillin provides a positive
control condition.

Plasmid DNA often contains genes for resistance to an antibiotic, such as ampicillin. Bacteria that

have been transformed with the plasmid can grow and multiply on a medium that is supplemented with

ampicillin because they are resistant to it. The bacteria without the plasmid do not grow because they are

sensitive to the antibiotic ampicillin (Figure 8.30). This process is called antibiotic selection and is an

important component of many biotechnology techniques.

Plasmids are very useful vectors in genetic engineering. Vectors in this context are agents that can

deliver a piece of foreign DNA into a host cell. Other types of vectors include recombinant viruses and

liposomes, which are synthetic spherical vesicles encased by a phospholipid bilayer that can encapsulate the

DNA to be delivered.

The bacteria with antibiotic resistance are then selected and grown in culture. To study the gene of interest,

scientists isolate and analyse the plasmids. This technique of bacterial transformation is also used to insert genes

that code for useful proteins into bacteria so that the bacteria will then make the protein for human use.

Transformation is also used to produce human growth hormone, which is used to treat people with a

certain form of dwarfism. Before this technique, the hormone was extracted from the pituitary glands of

human corpses.
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SOUTHERN \‘ Developed by Southern Biological

INVESTIGATION 3.2

Bacterial transformation

DNA can mutate spontaneously or after an error occurs in DNA replication. Biotechnologists have developed methods of
controlled DNA mutation, such as intentionally mutating DNA to alter how the cell behaves. It is also possible to transfer
DNA from one organism into another. This method, called genetic transformation, uses an engineered molecule of DNA
to transfer a gene or genes from one organism to another so that the organism is capable of producing the protein

encoded by the transformed gene.

Aim

To perform a bacterial transformation using the green fluorescent protein plasmid pGreen

Time requirement

50 minutes

Materials

» E. coli MM294

»  pGreen plasmid (10pL)

» 2 agar plates containing Luria broth

» 2 agar plates containing Luria broth with ampicillin
»  Sterile Luria broth (10mL)

»  Sterile 50 mM CaCl, (10mL)

»  Sterile water (20mL)

» 2 sterile transformation tubes

» 3 sterile 1 mL transfer pipettes

»  10pL micropipette

» 3 sterile disposable inoculation loops

» 4 sterile disposable inoculation spreaders
»  Sterile tips for 10 yL micropipette

What are the risks in doing this investigation?
Some bacteria may cause disease, so assume them to be

pathogenic.

(Note: E. coli MM294 is a commonly used laboratory strain of

E. coli and is safe to use in schools.)

Micro-organisms will grow on the agar plates.

Disinfectants or bleach may leave a corrosive residue.

Method

Note: To use aseptic technique, wipe your bench down with ethanol (or bleach), and
keep your work near the Bunsen burner to waft potential contaminants away from

your materials.

Preparing the transformation solution

Water bath

Ice bath

Fine point marker pen
Stopwatch

Test-tube rack
Adhesive tape (to seal plates)
Thermometer
Incubator

Lab coat

Safety glasses

Gloves

Disinfectant

UV light

How can you manage these risks to stay safe?

Wear appropriate personal protective equipment at all times,
including eye protection and gloves. Wash your hands
thoroughly at the end of the investigation.

Decontaminate benches before and after the investigation.
Flood any spills with bleach.

Do not open agar plates once they are securely taped.
Dispose of agar plates appropriately after autoclaving.

After wiping the bench clean with bleach, wipe off the residue.
Ensure your lab coat sleeves are rolled down and wear gloves.

1 Label the transformation tubes ‘+' (+ plasmid) and ‘~' (- plasmid) (Figure 3.31).

Keep the tubes cold by placing them upright in the ice bath. Keep the tubes

capped at all times except when in use.

Figure 3.31 Label the
transformation tubes ‘+" and '—'.
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2 Add 250pL (0.25mL) of ice cold CaCl, solution to each transformation tube, using a sterile transfer pipette. Maintain
the temperature by placing the tubes back into the ice bath.

Suspending the bacteria

1 Use a sterile inoculation loop to transfer a single colony of E. coli from the starter plate to the ice cold CaCl, solution
in the '+ plasmid’ transformation tube. To dislodge the E. coli cells from the loop, spin the loop rapidly in the solution.
Check whether your E.coli has transferred successfully — it should be visible in your tube.

2 Suspend the E. coli in the CaCl, solution by drawing the solution in and out of a pipette by squeezing and releasing
the bulb several times. Do not incorporate air bubbles in the liquid or allow any liquid to splash up the sides of the
tube. The solution should start to become milky white as the cell mass is suspended. To check that there are no lumps
or particles in the tube, hold it up to the light; then return the tube to the ice.

3 Repeat steps 1 and 2 to transfer a single colony of E. coli from the starter plate to the ice cold CaCl, solution in the
'~ Plasmid" transformation tube.

Adding the plasmid

1 Your teacher or lab technician will bring the plasmid to your workstation. Using a micropipette, transfer 10 uL
(0.01 mL) of plasmid solution to the ‘+ plasmid’ transformation tube. Add the plasmid directly to the liquid in the tube
without allowing it to touch the sides.

2 Immediately return the tube to the ice bath and mix the plasmid into the bacterial suspension by placing a sterile
inoculation loop into the liquid and rapidly spinning it. Incubate the two tubes on ice for 15 minutes.

3 Label the two agar plates containing Luria broth ‘LB + plasmid’ and ‘LB — plasmid'. Label the two agar plates
containing Luria broth with ampicillin ‘LB/amp + plasmid' and ‘LB/amp — plasmid’ (Figure 3.32).

Heat shock

1 After 15 minutes of incubation, remove the two tubes from the ice bath and LB LB/amp
transfer both of them to a warm water bath (42°C). Hold them in the bath for + plasmid + plasmid
90 seconds and make sure the tube caps do not become fully submerged in the
water. Gently agitate the tubes while they are warming up in the water.

2 Immediately transfer the tubes to the ice bath when the time is up. Allow the tubes

LB LB/amp
to rest in the ice bath for at least 1 minute before continuing. — plasmid — plasmid
Recovery
1 Using a sterile plastic pipette, transfer 250 uL (0.25mL) of Luria broth to each tube.
Figure 3.32

Mix the liquids at the base of each tube by gently grasping the top and tapping the
base with your finger.
2 Allow the tubes to recover for 10 minutes in a microtube rack at room temperature.

Plate inoculation

1 Use a sterile plastic pipette to transfer two drops of liquid from the “+ plasmid’ tube to the ‘LB + plasmid’ plate. Use a
sterile spreader to quickly spread the liquid evenly over the plate.

2 Use a sterile plastic pipette to transfer two drops of liquid from the '+ plasmid' tube to the ‘LB/amp + plasmid’ plate.
Use a sterile spreader to quickly spread the liquid evenly over the plate.

3 Use a sterile plastic pipette to transfer two drops of liquid from the ‘— plasmid’ tube to the ‘LB — plasmid’ plate. Use a
sterile spreader to quickly spread the liquid evenly over the plate.

4 Use a sterile plastic pipette to transfer two drops of liquid from the '~ plasmid’ tube to the ‘LB/amp — plasmid’ plate.
Use a sterile spreader to quickly spread the liquid evenly over the plate (Figure 3.33).
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LB LB/amp
+ plasmid + plasmid

= =
LB ) LB/amp
— plasmid — plasmid

Figure 3.33

5 Secure the lid of each Petri dish to its base with tape. Leave the plates to rest on the bench for 5 minutes and then
place them upside down (agar on top) in a 33°C incubator for 24-36 hours. Inspect the growth after this time. You
should see either a bacterial lawn, single colonies, or no growth on the individual plates. Take the plates into a dark
room to observe evidence of fluorescence in the transformed colonies. Use of a UV light may enhance the fluorescence.

6 To count the number of individual colonies, mark the lid of the Petri dish above the colony with a marker as you count it.
If cell growth is too dense to count individual colonies, mark that plate as a lawn. Record your results in the results table.

Results
1 Copy the results table into your logbook. Record the results of your experiment in the table.

Bacteria colony results

Plate Result
LB + plasmid

LB — plasmid

LB/amp + plasmid

LB/amp — plasmid

2 What growth and phenotypes can you observe?
3 Describe what you see on your plates when you look at your plates under UV light.

Discussion

1 Why is the plasmid solution placed on ice for 5 minutes?

2 Which plate is the control in this experiment? Explain your answer.

3 Explain the function of the Luria broth.

4 What is the purpose of incubating the cells at room temperature?

5 Explain what a plasmid is.

6 Explain how the DNA plasmid is put in the bacteria. What is the advantage of being able to do this? (Consider what
the plasmid DNA allows the bacteria to do.)

7 Explain how we are able to identify that the plasmid DNA is in the bacteria.

Conclusion
Write a conclusion of your investigation, including a short discussion of your results.

Taking it further .l

Investigate how genetic engineering and bacterial transformation enables the advancement of medical treatments for
example in insulin creation.
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Synthesising the human insulin gene

Before inserting a DNA fragment containing the insulin coding sequence into a plasmid, the human insulin

gene must be copied and produced in adequate quantities to be manipulated. This can be done by PCR, but

first some alterations need to be made to the PCR template sequence so the gene can ultimately be expressed

in bacteria. Bacterial DNA does not contain introns, and bacteria do not have the machinery to splice them out

of mRNA. For a eukaryotic gene such as the insulin gene to be expressed in E. colz, the inserted DNA must

1 Cut the plasmid and gene.

Digest the PCR product (human insulin gene coding region)
with two different endonucleases.

EcoRI Hindll

Insulin gene

f

Overhanging sticky end

Digest the plasmid with the same two endonucleases.
EcoRI  Hindll
Plasmid

_ — ——=

2 Insert the gene into the plasmid.

Incubate the cut insulin coding region and the cut
plasmid together with DNA ligase.

Insulin gene

Plasmid DNA ligase

e

Recombinant plasmid

Figure 3.34 Inserting the human insulin gene into a plasmid

contain the exons (coding regions)
only. In this situation the nucleic
acid template for PCR amplification
is mRNA molecules (exons only).
These are first converted back into
DNA strands, now called copy
DNA (cDNA). Primers for PCR
must be designed so that they bind
on either side of the cDNA region
to be amplified. One primer binds
to the template strand and the other
to the complementary strand of
the cDNA. The PCR reaction then
proceeds and produces billions of
copies of the insulin gene.

Creating a
recombinant plasmid
with the insulin gene

Once the human insulin gene has
been amplified by PCR, it can be
inserted into a plasmid vector.
The PCR product (the insulin
gene) is cut with two different
endonucleases that give it different
sticky ends at either side. The
plasmid can be cut with the same
endonucleases, and so the sticky
ends of the insulin gene hydrogen
bond with the complementary

ends of the plasmid and the gene slots into the plasmid in the correct orientation. Then, DNA ligase seals

the nicks in the DNA backbone and the recombinant plasmid is complete. The steps involved in creating a

recombinant plasmid with the insulin gene are summarised in Figure 3.34.

Quality control of the recombinant plasmid

DNA ligation in the laboratory is not usually 100% efficient. Following the restriction digest reaction and

the ligation reaction, four possible DNA fragments may be found in the tube. These are the:

»  plasmid with the insulin gene incorporated into it (the recombinant plasmid that is the desired product)

» cut PCR product (insulin gene), which has not been inserted into the plasmid

» cut plasmid, in a linear conformation
»  plasmid, with cut ends re-ligated to themselves.
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The recombinant plasmid containing

the insulin gene will be used to insert the . é 5 :

gene into bacteria. This is separated E s E = 2

from the other DNA fragments by g E :; (_% g

DNA gel electrophoresis. The digested 3 ‘% ‘% *g %

PCR product, digested plasmid and = 3 = 5 =z

uncut plasmid are run in parallel wells S R [ R

as controls to compare sizes. The —

circular plasmid runs slightly further — A

than the linear plasmid because it — M=J— Cutouttheband.

is more compact. The recombinant — = —

plasmid travels the shortest distance — e Y

because it is the longest fragment. It Purify the DNA from the agarose.
can be cut out of the gel and purified =

out of the agarose. The DNA sequence — —

of the region of the plasmid containing — \d

the inserted insulin gene 1s checked Sequence the region of the plasmid

. . L. taining the PCR product.
to ensure the insulin gene is inserted containing the produc

in the correct orientation and no
Figure 3.35 Isolating the recombinant plasmid by gel

mutations have arisen during the PCR .
electrophoresis

reaction used to amplify the gene. The
sequence is compared to public genomic
databases to check that it aligns and that there are no mismatches.

Sequencing the regions where the DNA fragment joins the plasmid can show whether the DNA
fragment has been inserted in the correct orientation. This is especially important when the ligation
reaction has joined blunt ends. Together these steps ensure that the DNA being cloned is correct. A single
base pair mismatch can completely change the function of a gene product.

Scaling up production

Once the recombinant plasmid containing the human insulin gene is purified, it is ready to be
inserted into E. coli cells. Bacteria are kept ice-cold to halt their metabolism, and their cell walls are
compromised by chemicals or electrical pulses so that DNA can be taken up more readily. The cells

are then ‘shocked’ by a rapid increase in temperature to close the cell walls and to kick-start the cell
cycle. The cells are put in a selection medium containing an antibiotic. Because the plasmid encoding
the insulin gene also codes for a gene for antibiotic resistance, only cells that have taken up the

plasmid can survive in the presence of the antibiotic, and these selected cells rapidly reproduce in large
fermentation tanks. While growing, the transformed bacteria containing the recombinant plasmid
express the insulin protein. Once the cells reach an optimal density in the tanks, they can be filtered out
and lysed to rupture their walls and release the insulin protein. These steps are summarised in Figure 3.36.

Purified recombinant plasmid A few bacteria take
up the plasm|d.

containing human insulin
Heat shock Bacteria are
. : Plasmid Colony

triggers bacteria to placed on an

‘ Cells are

O take up plasmid. antibiotic plate lysed and
Oo i o (m insulin is
l Only bacteria that purified.

Plasmid is added have taken up the plasmid
to bacteria % ‘ Chromosome will survive. Each reproduces A colony is
to make a colony. grown to make
identical bacteria.

Figure 3.36 The steps involved in transformation of E. coli bacteria with the plasmid containing the human insulin gene
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The protein is harvested and purified, and then
packaged into insulin pens for medicinal use
(Figure 3.37).

Islet transplantation:
a cell-based therapy for
type 1 diabetes

The production of recombinant human insulin has
meant that type 1 diabetes is no longer a fatal disease.
However, ongoing research aims to lower or completely
remove the need for insulin injections. In Australia,
islet transplantation is a cell-based treatment for type
1 diabetes. Pancreatic islets are groups of cells in

the pancreas. They include beta cells, which produce
insulin. In islet transplantation, islets are purified from
the pancreas of a deceased donor, then infused into the
recipient (the patient) through the portal vein into the
liver by using a catheter (a thin, flexible tube). X-rays
and ultrasound help to guide the catheter from an

age-fotostock/N. Aubrier

incision in the upper abdomen to the portal vein into
the liver. The islets establish in the liver and, in the

following weeks, new blood vessels form and connect

Figure 3.37 A person with diabetes using an

the transplanted islets to the recipient’s blood vessels.
insulin pen to deliver a dose of insulin

The beta cells produce insulin and release it into the
bloodstream.

People with type 1 diabetes who want an islet transplant need to satisfy certain criteria. For example,
they must have had diabetes for 5 years or more and be over the age of 18. The major criterion is that the
person has severe hypoglycaemic unawareness. This means that they are unable to detect when they have
a large drop in blood sugar, because they do not secrete the hormone epinephrine (which generates the
characteristic symptoms of low blood sugar).

Although islet transplantation is very successful at managing type 1 diabetes, it also has
several challenges. For example, recipients must take immunosuppressants (drugs that suppress the
immune system) to prevent their immune cells from attacking and destroying the transplanted islets.
Immunosuppressants have side effects that affect quality of life. Current research aims to find ways to
suppress the immune response without the need for immunosuppressive drugs.

O=vr KEY CONCEPTS

»  Gene cloning is an alternative to PCR for generating »  Recombinant plasmids can be used to produce insulin
many copies of DNA. It uses bacterial plasmids to for use by people with type 1 diabetes.
produce many copies of a gene. »  Recombinant plasmids usually have an antibiotic

» A DNA fragment can be inserted into a plasmid and resistance gene added that allows them to be selected.
replicated as the bacteria carrying the plasmid divide. Only the plasmid-carrying bacteria can grow in the
The plasmid is then called a recombinant plasmid. presence of the antibiotic.
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Synthesise the human insulin gene.

1 List the steps involved in synthesising a recombinant
P|a$mid- Insert the gene into bacteria.
2 Recombinant plasmids are called 'vectors'. What does
. o . heck th is ly.
this mean in this application? Check the gene is inserted properly
3 Define 'transformation’ in the context of genetic Grow only the bacteria that contain the insulin gene.
engineering.
S . Lyse bacterial cells.
4  Gene cloning is used as an alternative to PCR. How are yse Dac e cets
they different? Extract and purify the human insulin protein.

5 The gene for human insulin can be inserted into a
plasmid and replicated as the bacteria carrying the
now recombinant plasmid divide. The following flow
chart summarises the steps in making insulin for use in
humans. Copy the flow chart and add notes describing
each step.

HOT Challenge —mil

6 Transformation is not 100% effective. What can
biotechnologists do to ensure that the plasmids of
transformed bacteria they are dealing with are only
the ones that have taken up the foreign DNA (e.g. the
insulin gene)?

m Genetic engineering in agriculture wB

One of the most common applications of genetic engineering is the use of GMOs in agriculture, such as E——
growing crops, managing the pasture of livestock, and aquaculture (farming fish). Genetic engineering REVIEW
P77

provides ways to meet the great, and growing, global demand for food and other agricultural products by:
» increasing yield

»  decreasing pesticide use

» improving food quality

»  providing disease resistance

»  increasing shelf life

»  increasing nutritional value

» increasing tolerance to environmental stress (such as drought).

The process used for most of these applications is transformation — the process of transferring a gene
from one species and into another to obtain a desired characteristic, producing knock-in or transgenic GMOs.
The use of GMOs is controversial and, before their widespread use, there are extensive investigations into
their potential impacts on the environment, and the possibility they may be toxic or cause allergies. Ethical
considerations are important, particularly animal welfare. Here we will discuss some examples of GMOs
currently used or being developed for use in agriculture to increase yields and provide resistance against disease.

Inserting genes to protect crops against pests
and disease: Bt crops

The United Nations estimates that 20—40% of global crops are lost to insects pests each year. Insecticides
are widely used to kill insects and improve crop yields (Figure 3.38). However, insecticides are a potential
risk to humans and the environment.

In the mid-1990s, new GMO crops gave plants intrinsic resistance to insects and avoided the need
for insecticides. These crops, including cotton, corn, sweet corn and potatoes, were engineered to express
genes taken from the bacterium Bacillus thuringiensis (Bt), which encode toxins harmful to a range of
common crop pests. The Bt genes were engineered to be controlled by promoters from the plants that
resulted in the Bt genes being expressed in the appropriate plant tissues, at the appropriate stage of plant
development. The US Environmental Protection Agency found that the Bt protein behaves like a normal
dietary protein and is not toxic when ingested, even in high doses. Over time, with increased use of Bt
corn, insecticide use in the US decreased (Figure 3.38a).
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After 20 years, patents expire and generic brands using the same technology begin to appear. Because
the Bt technology is so commercially important, the company that sells it (Bayer) has developed new
improvements to the genetic modifications, which produce new intellectual property and new patents,
preventing generic copies from taking a significant share of the market. Bt cotton, in its third iteration,
now contains three transgenes from Bacullus thuringiensis: crylAc, cry24b and vip3A. The proteins encoded
by these genes are lethal to common Lepidopteran pests (moths and butterflies) when ingested. Resistance
of the pests to the Bt crops is minimised by having the three proteins, as the chances of the pests
developing resistance to all three is much lower.
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Figure 3.38 Pesticide application in agriculture. a In the US, insecticide use (blue) is inversely correlated with the use of Bt corn
(red) i.e. insecticide use decreased over time as Bt corn use increased. b Insecticide being applied to crops.

Inserting genes to improve growth and yield:
AquAdvantage salmon

In 1989, a US company created the genetically modified AquAdvantage salmon, which grows twice as
fast as wild salmon (Figure 8.39). This was achieved by introducing a growth hormone gene from a
Pacific Chinook salmon into the salmon genome, under the control of a promoter sequence from another
fish, the ocean pout. The promoter
sequence switches on the growth
hormone permanently, rather than only
in the spring and summer, the normal
growth periods for wild salmon. It would
normally take 8 years for salmon to grow
big enough for consumption, but the
genetically modified salmon reaches the
required size in 1.5 years.

This has commercial advantage for
the company, but caused concerns that if
AquAdvantage salmon escaped into the

Headpress/New York Times/Paul Darrow

wild they may out-compete their smaller
wild counterparts. AquAdvantage
salmon are housed in land-based farms

Figure 3.39 The genetically modified AquAdvantage
salmon is twice the size of non-genetically modified salmon
at the same age.

far from streams or the ocean and
enclosed by a series of dam barriers.
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AquAdvantage eggs are also treated with high pressure to produce triploid eggs (containing three sets
of chromosomes rather than the usual two). This makes the salmon sterile (unable to reproduce because
their cells cannot achieve homologous pairing of chromosomes in meiosis) and redirects metabolic
energy into growth instead of reproduction.

ACTIVITY 3.2

GMOs in science and society

Before genetically modified salmon was permitted to be grown and sold in the US and Canada, the US Food and Drug
Administration investigated whether this new GMO met strict safety requirements. This comprehensive analysis was
based on scientific evidence and determined that the genetically modified salmon was safe to eat and that the genetic
modification was a safe intervention to the fish itself.

In Australia, the CSIRO has an extensive selective breeding program to improve Atlantic salmon. This involves
analysing the performance of salmon to select which fish to breed for the next generation. The program aims to select
key performance traits such as growth, resistance to disease and carcass quality.

You are policy makers, and have been appointed to a food and safety regulatory board to advise whether genetically
modified salmon should be imported and sold in Australia, or if the selective breeding program should be given more
funding. Your task is to critically compare and evaluate the AquAdvantage salmon strategy and the CSIRO breeding
program and construct an argument to support your opinion. (Remember that when you compare, you look at how they
are similar and different.)

Aim

To determine whether the genetically modified salmon should be imported and sold in Australia, or if the selective
breeding program should be prioritised by critically analysing reasons for and against both strategies

You will need

»  Whiteboard
»  Whiteboard markers

What to do
1 In your group, allocate who will argue for AquAdvantage salmon and who will argue for the selective breeding
program.

2 Summarise the AquAdvantage or selective breeding program with a paragraph and diagram.

3 Compare and debate AquAdvantage salmon versus the selective breeding program. Aspects to consider include:
»  benefits of genetically modified salmon
»  potential environmental impact
» impact if genetically modified salmon escaped into the wild
»  containment facility required.

4 After a discussion, evaluate the arguments on both sides to make your own choice.

5 As a personal reflection activity, go through the same process to evaluate Bt crops, Golden Rice and Roundup
Ready crops. You may need to do some research on the Internet.

O=vr KEY CONCEPTS

»  GMOs are used frequently in agriculture. They canbe  »  Ethical issues surround the use of GMOs and must be
engineered to have increased yield, reduced need for specifically evaluated in each case.
pesticides and increased nutritional value.
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Concept questions 3.8

1 What type of GMO is the fast-growing salmon? HOT Challenge g |

2 GMOs have been controversial since their introduction.
What might be some of the benefits and risks of using
GMOs?

3 Bacillus thuringiensis (Bt) has genes that are toxic to a
number of crop pests. How has this information been
harnessed by the agricultural community to improve
crops?

4 Large chemical companies patent the intellectual
property associated with a number of GMOs.
Eventually these patents expire.
Why do companies patent GMOs?

b What happens when the patents expire?

¢ How can chemical companies limit the resistance
of the pests to the GMO crops?

BRANCHING OUT

CRISPR-Cas9 reveals we don't know cancer drugs like we thought we did

Cancer is a major cause of death in Australia. Intense medical research aims to discover the genes that cancers depend on
to aggressively grow and spread. These discoveries can reveal potentially druggable targets to treat cancer (Figure 3.40).

Most cancer drugs target proteins that are essential for
cancer cell division and survival.

US scientists were trying to find genes involved
in regulating cancer growth. They included a positive
control in their experiment. This was a gene called
MELK, which is important for cancer cell growth. The
researchers used CRISPR-Cas9 to disable the genes
they were studying. Strikingly, they didn't see any
effect of knocking out MELK on cancer cell growth.

To double check this effect, the researchers tested
a drug developed to inhibit the protein encoded by
MELK. Even without MELK, the drug was still very
effective at killing cancer cells.

This perplexing result suggested that the drug
interacted with other molecules than that which it
was designed for, to kill cancer cells. Puzzled, the
researchers proceeded to test other cancer drugs, most
of which, like the MELK inhibitor, showed effectiveness
in preclinical studies and had entered into clinical trials.
Each drug gave the same result — when the specific
target protein was knocked out using CRISPR-Cas9, the
drug still killed cancer cells. These results demonstrated that the mechanism by which researchers thought most cancer
drugs worked was incorrect. How is it possible that this new research so strongly contradicted previous findings? Before
CRISPR-Cas9, most scientific evidence for the drug targets was collected from experiments that used a technique called
RNA interference (RNAI), which silences gene expression by inhibiting mRNA molecules. However, this technique can
have off-target effects, altering the expression of other genes that could potentially explain the difference in results.

This research has many implications for cancer drug development. The process of getting a cancer drug to the clinic is
long. There are strict and robust tests that a drug needs to pass to show that it is safe and effective. Clinical trials are the
last, major part of this long process of tests, involving testing of the compounds in people who have consented. Consider
the clinical trials in which drugs from this study were used. These drugs alone were used in 29 clinical trials, with each
trial aiming to have up to 1000 volunteers. Unfortunately, many drugs do not make it through a clinical trial for reasons
that are often unclear, despite large amounts of promising research before the trial. Perhaps this research might provide
some explanation as to why most drugs don't make it through clinical trials.

Alamy Stock Photo/Science Photo Library

Lung cancer cells. Cancer drugs aim to inhibit
cancer cells from growing and spreading.
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Questions

1 Describe how applying the CRISPR-Cas9 system for genome editing has contributed to understanding the actions of
new drugs to treat cancer.

2 The cancer drugs in this experiment were tested on isolated, cultured cells in vitro (in the laboratory) that were
genetically modified using the CRISPR-Cas9 system.

a  Why might the findings differ in 2 human subject?
b Outline a process to define the drug target; that is, the protein to which the drug binds, beginning in the
laboratory and confirming the target in human tissues.

3 Imagine you are a decision maker in Therapeutic Goods Australia (TGA), the body that regulates the pre-market
testing, supply and manufacture of drugs in Australia. You have been tasked with updating the guidelines for the
assessment of the preclinical research studies of new drugs that are submitted to the TGA for approval for use in
cancer.

a List some new guidelines you might include in the new era of CRISPR.

b  Consider a drug that shows effectiveness in clinical trials for cancer treatment, but which CRISPR studies later
show not to work through its previously defined target protein. As a TGA decision maker, what new information
would you need to decide whether or not to approve the new drug?
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ﬂ 3 Summary of key concepts

Online Key Concepts
Chapter 3: Summary of key concepts

Genetically modified organisms

O—+r KEY CONCEPTS

»  Genetic engineering refers to the use of living things to make new
products or systems by switching genes on or off, removing genes

or introducing genes from one species into another. \_} - J
»  Organisms that are altered or produced by genetic engineering senetcenneens
techniques are known as genetically modified organisms (GMOs). { l 1
»  Genetically modified organisms include knock-out organisms, eerion Targeted Targeted
knock-in organisms and transgenic organisms. e rechten
»  Knock-out organisms have had a gene deleted or its function l l |

interrupted.
»  Knock-in organisms have had a gene or fragment

of DNA inserted into a particular locus in the
genome. Genetically modified

organisms include knock-out,
knock-in and transgenic organisms
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