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PREFACE

This third edition of Nelson Biology VCE Units 3 & 4 has been structured to meet the
requirements of the VCAA VCE Biology Study Design 2017-2021.

The text has been written to promote a high level of understanding while also presenting
content in easy-to-understand language. The rationale and aims of the VCAA VCE Study Design
have formed the basis of the approach for all of our authors. We are proud to have gathered a
team of highly experienced subject experts from research, academia and secondary teaching.
Our authors have been chosen for their comprehensive knowledge of biology and best teaching
practice in biology education at secondary and tertiary levels. They are all dedicated to science
communication and lifelong learning, and together they have produced an outstanding series.

One of the goals of this text is to help students gain a wide perspective on the breadth and
depth of Biology in both theory and practice. To understand the living world around us is the key
role of a biologist, and a key goal of this text is to make that understanding possible. It is hoped
that, through the study of living things, students will gain an appreciation of the complexity of life
from the cellular level to the expansive ecosystems of the world, that they will better understand
difficult bioethics situations, and will better evaluate and discuss scientific issues.

Unit 4, Area of Study 2 requires students to analyse the interrelationship between scientific
knowledge and its applications in society. These important skills have been scaffolded in
context throughout the text in Biological Knowledge and Society boxes. When students come to
complete the assessment task they will have built up and practised the critical thinking, analysis
and communication skills that they need for success.

Scientific investigation is a key skill in biology. Activities and experiments included in the text
introduce, reinforce and enable students to practise the science skills. The dedicated Scientific
investigations chapter thoroughly examines each of the key science skills and outlines how to
develop, plan, conduct, analyse and communicate the results of a practical investigation task
as required in Unit 4, Area of Study 3. Detailed information on how to develop and present a
scientific poster according to VCAA requirements is also provided in this chapter.

Chapters 1-11 each conclude with a concept summary that pulls together all the ideas in the
chapter in an easy-to-understand visual format. This summary will be invaluable to students as
they try to assimilate all the concepts in the Biology course.

The third edition of Nelson Biology VCE Units 3 & 4 provides students with the tools and
knowledge to prepare fully for assessments, exams and future studies in the area. It will also
give them a deeper understanding of the precious living world around them, whether or not they
pursue further studies in any of the various fields of biology.

9780170368360 Vil
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USING NELSON BIOLOGY

Nelson Biology VCE Units 3 & 4 has been crafted to enable you, the student, to achieve
maximum understanding and success in this subject. Each page has been carefully considered
to provide you with all the information you need without appearing cluttered or overwhelming.
You will find it easy to navigate through each chapter and see connections between chapters
through the use of linking icons. Practical work has been integrated within the text so you can
see how conceptual and practical aspects of Biology are closely connected.

Each chapter begins with a Chapter opener. This presents the key knowledge, including
Biological knowledge and society key knowledge and key science skills from Unit 3 and Unit 4
of the Year 12 VCE Biology curriculum, which will be covered in the chapter. The text has been
written and reviewed by experienced biology teachers, academics and researchers to ensure
up-to-date scientific accuracy for learners.

To optimise comprehension, a number of strategies have been applied to the preparation
of our text to improve literacy and understanding. One of these is the use of shorter sentences
and paragraphs. This is coupled with clear and concise explanations and real-world examples.
New terms are bolded and highlighted as they are introduced, and appear in end-of-chapter
glossaries as well as a consolidated end-of-book glossary.

Throughout the text, important ideas, concepts and theories are summarised in Recall
boxes. This provides repetition and visual enhancement for improved assimilation of new ideas.

After each Recall box in a chapter, a Recap box appears. Recaps are a set of questions that
review the recent concepts learned in the previous section.

In the study of Biology, you need to be given the opportunity to explore and discover the
living world through practical activities. Activity boxes provide the opportunity for short, hands-
on tasks to clarify or reinforce a concept. The activity can be performed either individually or
in groups.

The Experiments introduce and reinforce the key science skills. Experiments contain
guided instruction on the materials, procedure, collection and analysis of results and discussion.
In some cases, open-ended investigations are presented in the experiments. You have the
opportunity to design and carry out your own scientific investigation, either individually or in a
group. You are prompted to consider ideas for improvement and further investigation to illustrate
that science is an ongoing and improving process.

The Risk assessment table occurs within the experiment boxes. The table highlights the
risks of the experiment and provides suggestions on how to minimise these risks but it is not
comprehensive. Teachers are expected to amend this table in the case of substitutions or in the
case of any additional risks. This may mean obtaining and following Material and Safety Data
Sheets (MSDS) 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.

9780170368360
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Biological knowledge and society boxes occur in relevant chapters to address the key
knowledge outlined in Unit 4 Area of Study 2. The scaffolded skills in each of these boxes will
enable students to confidently complete the associated assessment task.

Full understanding of a concept is often constructed from many pieces of information. Due
to the sequential nature of a book, this information cannot always be presented together as it is
best placed in other chapters. Links between concepts that occur on other pages and chapters
are indicated using the Margin notes.

The end-of-chapter review provides a number of features.

e A concept summary, a visual and text-based summary of the most important concepts
presented within the chapter, will be useful when you are revising for tests and exams.

e The chapter glossary provides definitions for all the highlighted terms introduced in
the chapter.

e The chapter review questions revise understanding of concepts from the chapter, grouped
under the headings Remembering, Understanding, Applying, Analysing, Evaluating, Creating
and Reflecting.

Questions are ordered from lower to higher order thinking skills.

Biological knowledge and society: An issue in the.

Margin note

NelsonNet

NelsonNet is your protected portal to the premium digital resources for Nelson textbooks,

CMAPTER REVIEW GUESTIONS

located at www.nelsonnet.com.au. Once your registration is complete you will have access to a

helpful suite of digital resources for each chapter to further enhance and reinforce learning.
The textbook is supplemented with the following digital resources for teachers.
e Labnotes
e Study design mappings for Unit 3 and Unit 4
e Teaching programs for Unit 3 and Unit 4
e Answers to questions from the textbook
Please note that complimentary access to NelsonNet and the NelsonNetBook 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.

X 9780170368360



STUDY DESIGN GRID

Unit

Area of Study

Chapters

6 | 7

10

n

12

1 How do cellular processes work?

Students focus on the cell as a complex
chemical system.

2 How do cells communicate?

Students focus on how cells receive specific
signals that elicit a particular response.

1 How are species related?

Students focus on changes fo genetic
material over fime and the evidence for
biological evolution.

2 How do humans impact on biological
processes?

Students examine the impact of human

culture and technological applications on

biological processes.

3 Practical investigation

Students design or adapt an investigation
related to cellular processes and/or
biological change and continuity over time
undertaken in either Unit 3 or Unit 4, or across
both Units 3 and 4.

v All the AOS descriptions are taken directly from the Study Design.

* Indicates chapters with Biological knowledge and society boxes related to Unit 4, Area of Study 2.

9780170368360
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CELLS
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LIFE?

How do cellular processes work?

How do cells communicate?
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CHAPTER 1

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

KEY KNOWLEDGE Analyse and evaluate data, methods and

scientific models

Plasma membranes

+ the fluid mosaic model of the structure
of the plasma membrane and the
movement of hydrophilic and hydrophobic
substances across it based on their size
and polarity

+ the role of different organelles including
ribosomes, endoplasmic reticulum, Golgi

organise, present and interpret data using
schematic diagrams and flow charts,
tables, bar charts, line graphs, ratios,
percentages and calculations of mean
explain how models are used to organise
and understand observed phenomena
and concepts related to biology,
identifying limitations of the models

apparatus and associated vesicles in the Communicate and explain scientific ideas

export of a protein product from the cell o
through exocytosis

+ cellular engulfment of material by
endocytosis. o

KEY SCIENCE SKILLS

Conduct investigations to collect and
record data

+ systematically generate, collect, record
and summarise both qualitative and
quantitative data

© (2016). The Victorian Curriculum and Assessment Authority (VCAA). Used with permission.

discuss relevant biological information,
ideas, concepts, theories and models and
the connections between them

use clear, coherent and concise
expression
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Figure 1.1

Teen affected by cystic |
fibrosis. Thick mucus 3
collecting in the airways
needs to be dislodged.
This is often done by
physical therapy.

-
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As small as it is, a cell in your body
must be able to respond to the
environment around it. At all times,
water, gases, simple molecules and
large macromolecules must be
moved in one or both directions
across the delicate yet strong plasma
membrane. The membrane must
be selective, keeping conditions
favourable for individual cells and
ultimately survival of the organism.
The consequences of even just
one type of change in membrane
transport can be life-threatening.
Cystic fibrosis is a disease caused
by a genetic mutation to the CF gene.
This mutation causes abnormalities
in the production and function of
a protein called the cystic fibrosis
transmembrane conductance regulator
(CFTR), a type of protein channel. A
change to CFTR disrupts the function
of the chloride channel in the plasma
membrane, preventing the usual flow
of chloride ions and water into and out

of cells. In this situation more water is absorbed into the cell, with less on the surface. Mucus
is a slippery substance that lubricates and protects surfaces. With less volume of water on the
surface of lung cells, mucus gets dried out, thick and difficult to displace. The result of this
is that bacteria and other particles get trapped in the mucus and are
not able to be swept away easily. Bacterial infections are common.

Cystic fibrosis highlights the importance of proper membrane
function. When the membrane functions efficiently, critical life-
sustaining processes are carried out. The cell is able to respond
appropriately to its surroundings.

Figure 1.2 A
Escherichia colicell
showing infernal structure

4 NELSON BIOLOGY VCE UNITS 3 & 4

The plasma membrane

Escherichia coli (E. coli) is a bacterium that inhabits the large
intestines of humans. It is used as an indicator of faecal
contamination at beaches. When you hear that a beach is
unfit to swim in, it is usually because the E. coli count is over
an accepted level. Being a bacterium, E. coli is prokaryotic in

structure (see Figure 1.2).

The prokaryotic cell is surrounded by a membrane. The term
‘membrane’ is often used to describe any thin layer, whether in
relation to living things or not. The membrane of cells is correctly
called the plasma membrane.

As a protective boundary, the plasma membrane keeps
internal contents confined in one area, preventing them moving
away from each other. The plasma membrane is also important in
keeping out foreign molecules that could damage or destroy the
cell’s components and molecules.

9780170368360



While the plasma membrane serves the functions mentioned, cells must also
communicate with their environment to continuously monitor the external conditions
and adapt to them. For example, if an E. coli bacterium detects a high concentration
of the sugar, lactose, in the surrounding environment it responds by making proteins
to take in and break down the lactose. But if the E. coli detects a high concentration
of glucose in the environment, it responds by making different proteins to take in
and break down the glucose and not waste energy producing the lactose-digesting
enzymes. It also needs to release the toxic products of its metabolism. How does the
E. coli detect these environmental differences? It depends on its proteins attached
to or embedded in the membrane to gather information about the environment in
various ways.

Like prokaryotic cells, eukaryotic cells are enclosed by a plasma membrane.
But unlike prokaryotes, eukaryote cells have many different membrane-bound
organelles. This type of organisation allows eukaryote cells to perform many
different chemical processes at the one time and allows them to grow much larger
than prokaryotic cells.

Specialised and unique chemical processes occur within specific cellular
organelles. Mitochondria, for example, contain the enzymes for cellular
respiration and ribosomes for protein synthesis. Each organelle therefore requires
different inputs and outputs. The membranes of each organelle are also specialised,
having different properties to regulate which substances enter and leave the
organelle.

Multicellular organisms are made up of eukaryotic cells. These cells also need to
exchange substances with the external environment. Each of the cells in our tissues
communicates with many other types of cells about a variety of important issues,
such as when it should change its behaviour, grow or differentiate to a specialised
cell, or die.

Structure of plasma membranes

As early as the 1890s, Charles Overton understood that cells had an outer layer that
allowed some substances into the cell and kept other substances out. He found that
lipid-soluble substances readily entered the cell, which was a clue that lipid molecules
may have been part of the structure of the membrane.

It was not until the invention of the electron microscope in the 1950s that details
of the plasma membrane’s structure were able to be seen. Since then, our knowledge of
membranes and what they do has expanded.

The plasma membrane is a flexible structure so the cell can change shape easily. It is
also able to grow and expand as the cell contents increase, especially during cell division.
If damaged, the plasma membrane needs to be repaired quickly.

What makes up the plasma membrane to allow it to act as a regulatory
boundary between the inside of the cell and the outside? How is material selected
to move across the membrane? How does it reseal a puncture? To answer these
questions, we need to look at the properties of the chemicals that make up the
plasma membrane.

One remarkable property of plasma membranes is their ability to change shape,
expand and contract. During cell division and vesicle formation, membranes can break
and reassemble themselves. This is because membranes are actually two-dimensional
fluids, constantly flowing and changing shape.

The plasma membrane and all membranes surrounding organelles within the cell
are made up of many small phospholipid molecules and this gives the membranes great
flexibility.

9780170368360 UNIT 3, CHAPTER 1: PLASMA MEMBRANES
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Hydrophilic
head containing
phosphate

Hydrophobic tail
made of fatty acid
side chains

Figure 1.3 A

A phospholipid
molecule. The
hydrophilic head is
attracted to water and
the hydrophobic tails
repel water.

Hydrophilic

head
HydrophoblcI mm i T A S ﬂ
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Figure 1.4 A
Representation of the
way phospholipids form
a bilayer in membranes

Figure 1.6 ¥

Puncturing and
resealing the membrane
of a cell. Microscopic
sequence of removal of
the nucleus of an egg

The fluid mosaic model

The plasma membrane is composed of a double layer of phospholipid molecules, each
of which can be represented by a head and two tails, as shown in Figure 1.3. The head
is a hydrophilic phosphate group and the tail is a hydrophobic fatty acid. This means
that the head can dissolve in water, whereas the tails are repelled from the aqueous
intracellular (internal) and extracellular (external to the cell) solutions and forced to face
inwards towards each other (Figure 1.4), forming a phospholipid bilayer.

Individual phospholipid molecules are capable of sideways movement and are highly
mobile within the membrane. The lipid bilayer of the membrane is like a liquid crystal,
neither solid nor liquid. A single lipid molecule can travel rapidly from one place to
another. For instance, one lipid molecule in a bacterium can move from one end to the
other (approximately 3.5 pm) in a second. This feature gives the membrane important
flexibility, allowing the cell to change shape easily and to expand and contract without
losing its integrity. It also allows the plasma membrane to break and reassemble itself
during cell division.

Carbohydrate chain Glycolipid

Water

Phospholipid ”’ I“’ | “""" " ll l” l

— bilayer

Water . .
Phospholipid Glycoprotein Cholesterol

Figure 1.5 A
Three-dimensional view of a plasma membrane based on
the fluid mosaic model

Specialised protein molecules are also embedded in the bilayer in various
patterns, forming ‘mosaics’. Some of these proteins can move laterally but others
are fixed in position. Proteins and lipids can also flip around in the membrane.

As a result of the work of S] Singer and Garth Nicolson in the 1970s, the structure
of the plasma membrane can be understood by using a ‘fluid mosaic model’
(Figure 1.5).

It is the lipid components of all membranes, whether from plants, animals or
bacteria, that provide membranes with the unique properties of being flexible and being
able to repair themselves, change shape and grow. If the plasma membrane is punctured,
some of the cytoplasm will leak out but the hole will quickly seal. Biotechnological
procedures make use of this property when the inside of a cell needs to be accessed
(Figure 1.6).

6 NELSON BIOLOGY VCE UNITS 3 & 4 9780170368360
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Fluidity is reduced because of this. When cholesterol is inserted between some
of the phospholipid molecules, fluidity increases due to the greater distance
between the molecules and their increased freedom of movement.

At high temperatures, there is more space between the phospholipid molecules
because of their greater energy level. Fluidity is increased. When cholesterol is inserted
between some of the phospholipid molecules in this case, the motion of the phospholipid
molecule tails is reduced. This in turn decreases fluidity.

Cholesterol therefore regulates plasma membrane fluidity and acts as a buffer against
fluctuations in temperature.

RECALL

* The plasma membrane forms a barrier between the internal and external
environments of cells. Organelles in eukaryotic cells are surrounded by
membranes.

* The plasma membrane is composed of a phospholipid bilayer. Hydrophobic tails are
sandwiched between hydrophilic heads.

* The structure of the plasma membrane is explained by a fluid mosaic
model.

* Cholesterol (animals) and phytosterol (plants and bacteria) increase membrane
flexibility.

1 List three functions of plasma membranes. 4 Describe how cholesterol makes membranes
2 List three features of plasma membranes. more flexible.

3 Recount why plasma membranes can be
described by a fluid mosaic model.
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Membrane proteins

Associated with each membrane is a set of membrane proteins that enable the membrane
to carry out its distinctive activities. The types of proteins attached to a membrane vary
depending on the cell type and its location. Even the two surfaces of the same bilayer,
that is, the interior and exterior surfaces, differ considerably. There is also variety in

the way proteins are associated with the membrane. Some proteins are bound only to
the membrane surface whereas others are embedded in the phospholipid bilayer, with
many penetrating from one side to the other (Figure 1.8). Surface proteins enable cell—
cell interaction and communication and the exchange of substances with the external
environment. Proteins on the external plasma membrane surface can be involved in
signalling and communication between cells and can help to keep a cell anchored

in its appropriate place. Proteins that span the membrane (called transmembrane
proteins) can regulate the movement of substances across the membrane. For example,
the concentration of ions, including sodium (Na”), potassium (K*), chloride (CI-) and
calcium (Ca?"), is very different from one side of the membrane to the other (Table 1.1).
These differences are maintained by transmembrane ion pumps and ion channels.
Some transmembrane proteins relay messages from one side of the membrane

to the other when the molecule conveying the message cannot pass through the
membrane.

Table 1.1 Comparison of the concentration of various ions inside and outside the cell

Type of ion Extracellular Intracellular
concentration (mmol/L) | concentration (mmol/L)
Sodium 145 15
Potassium 4.5 120
Chloride 116 20
Calcium 1.2 10
Figure 1.8 p Extracellular environment

Examples of proteins

Omsesomcbl(l?glizsw i plasme Protein }( Exterior surface of
Carbohydrate \( A cell membrane
Cholesterol A ']
- O..O‘ ’O‘*'a > : 3

Transport Receptor Recognition Adhesion Phospholipid
protein protein protein protein bilayer

Intracellular environment
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Receptor proteins

Membrane proteins are essential for regulating cell behaviour and the organisation of
cells in tissues. Proteins are also important for cellular communication. Some proteins,
collectively called receptors, have receptor sites on their surface that detect molecules
such as hormones. Each receptor is specific for a single molecule or a small number of
molecules with a related structure to which the receptor binds. Molecules that bind to
receptors are called ligands and they can include proteins, lipids, ions, carbohydrates —
virtually all types of molecule. Each receptor-ligand pair is specific for each other and
binds with a lock-and-key fit. Once they have bound their ligand, receptor proteins
can become activated (or inactivated), usually by a change in their conformation. This
may lead to various outcomes such as enzyme activation, ion channel opening or the
availability of a new ligand binding site, and these outcomes can eventually control the
transmission of messages within and between cells and change the behaviour of the cell.

Some membrane receptor proteins carry a carbohydrate molecule, giving them their
collective name of glycoproteins. The addition of the carbohydrate group can give the
receptor protein its particular function. It can also protect the protein core to increase
the longevity of the protein in the rough extracellular environment.

Different types of cells have different receptor proteins, enabling them to carry out
different functions. The specific set of receptor proteins that a cell carries is determined by
the genes the cell expresses — since receptors are proteins, they are genetically encoded.

Recognition proteins

Membrane recognition protein molecules, called MHC proteins, act as markers that
identify the cell as a normal body cell belonging to the individual. This is in contrast
to a cell that has become cancerous, belongs to an invading micro-organism, or a
transplant from an unrelated individual. For example, the immune system can recognise
recognition proteins on ‘self’ cells and leave them be, but identify an invader by the
non-self molecules it has and mount an immune response against it.

Each kind of organism has its own kind of recognition proteins (usually glycoproteins),
and even different individuals of the same species can be distinguished by the proteins that

they have on the surface of their cell membranes.

Adhesion proteins

In multicellular organisms, adhesion proteins link cells together to maintain both the
three-dimensional structure and the normal functioning of tissues. Most adhesion proteins
are distributed uniformly along the plasma membranes that contact other cells.

9780170368360

Adhesion proteins
(red)

Cytoskeleton proteins
(green)

Chapter 4 discusses
recepfor proteins
and cell signalling in
more detail.

More detail on self-
recognition and
MHC profteins in the
immune system is
found in Chapters 5
and 6.

< Figure 1.9

(a) Ahuman lung
cancer cell showing the
cytoskeleton, adhesion
proteins and anchor
points (b) Corresponding
schematic showing
location of the nucleus,
adhesion proteins (red)
and cytoskeleton proteins
(green)
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Cell signalling will
be discussed in
Chapter 4.

The cytosol-facing end of these proteins is usually connected to parts of the internal
cytoskeleton. The cytoskeleton is an internal skeleton of microtubules that extends
throughout eukaryotic cells, giving them their shape and their ability to move and to
arrange organelles (Figure 1.9). This helps to give the cell stability and to anchor the cell
strongly in its environment.

Transport proteins

Lipid bilayers are impermeable to many substances, including ions and water-soluble
molecules. Transport proteins allow movement of specific substances across a
membrane, typically by forming a channel through it. Some transport proteins are open
channels through which a substance moves on its own across a membrane. Others use
energy to actively pump a substance across. The way substances move across membranes
is important in cell signalling.

RECALL

* Embedded in the plasma membrane are a variety of membrane proteins that enable
the membrane to carry out its distinctive activities.

* Membrane proteins allow cells to function appropriately, respond to chemical
messages and recognise each other. They also link cells together and allow
substances to move through the membrane.

1T Name four types of membranes proteins. 2 State the functions of the different types of

membrane proteins.

Movement through membranes

The internal environment of a cell is regarded to be all the material contained within
its plasma membrane. Extracellular fluid bathes the outside of the plasma membrane,
providing the liquid medium through which nutrients are supplied and wastes removed.

The plasma membrane enables the cell to create its own intracellular environment
that is distinct and very different from the environment around it, the external
environment. This boundary must be opened somehow so that the necessary exchange
of substances can occur.

The plasma membrane is described as selectively or differentially permeable
because it allows some substances through and not others. Small molecules can pass
through very small openings or pores between the phospholipids, some molecules can be
helped through, and some molecules are held back. The plasma membrane’s permeability
properties ensure that essential molecules such as glucose, amino acids and lipids enter
the cell readily, necessary cell contents remain in the cell and waste compounds leave
the cell. The selective permeability of the plasma membrane keeps the concentration
of substances inside cells fairly constant, thus allowing the cell to maintain a constant
internal environment.
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Gases and small hydrophobic molecules diffuse directly across the phospholipid ‘
bilayer. Many molecules, however, are unable to move directly through. Size, charge and 0>
polarity matter.

Polarity /

5—

If we mix up a salad dressing before we pour it onto a salad, no matter how hard we

; -
shake the bottle, the oil component and aqueous (water-based) component always HY o

separate when we stop mixing. The oil sits on top and we end up with an oily dressing. A Figure 1.10
Water molecules
form hydrogen bonds

An explanation for this observation lies with the chemical concept of polarity.

SN o
o ™

Water molecules are highly polar; the oxygen atom (one pole) of the water molecule has with each other.

a negative charge and the hydrogen atoms (other pole) are positively charged. This results Each molecule forms
hydrogen bonds with

up to four neighbouring

in the oxygen being attracted to the hydrogen atoms of a nearby water molecule and

forming hydrogen bonds with it (Figure 1.10). A hydrogen bond is a weak intermolecular molecules.

chemical bond between a hydrogen atom on one molecule and a second, more
electronegative atom on another molecule or on a different part of the same molecule.

Hydrogen bonding explains many of the properties of water that are essential for life.
More substances dissolve in water than in any other liquid. This is due to the polarity of
water molecules; it means that water molecules can interact with other charged particles,
such as polar molecules or ions.

Polar molecules can form hydrogen bonds with water molecules (which are also
polar) and so dissolve — they are called hydrophilic (water loving). However, non-polar
substances will not dissolve in water because they cannot form hydrogen bonds with
water molecules — they are hydrophobic (water-fearing).

Polar solvent (e.g. water) + polar solute — solution

Lipids are non-polar, or hydrophobic substances. They do not dissolve in water but
they do dissolve in each other.

Non-polar solvent + non-polar solute — solution

Thus, for substances to form a solution, the rule is that ‘like dissolves in like’. Most
gases, such as oxygen and carbon dioxide, consist of very small molecules and dissolve
in water because they fit between the water molecules in the spaces that are created by
hydrogen bonding.

Movement of hydrophilic
and hydrophobic substances
across membranes

The plasma membrane bilayer can be thought of as a sandwich that surrounds the
cell. The bread of the sandwich is made up of the hydrophilic heads. The non-polar
hydrophobic tails of the lipid bilayer are like butter spread thickly between the pieces
of the bread. The butter does not mix with water, which is a polar substance. Therefore,
substances that dissolve in water cannot pass through the non-polar ‘butter’ of the
membrane (Figure 1.11). However, molecules that are non-polar can pass through the
membrane freely, as long as they are not too big.

Small polar molecules of substances such as water, ethanol and other small
molecules pass through the plasma membrane, although they do so quite slowly.
Simple diffusion of substances occurs when substances move from a region where

9780170368360 UNIT 3, CHAPTER 1: PLASMA MEMBRANES
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Figure 1.11 »

The relative permeability
of a lipid bilayer to
different classes of
molecules
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they are in a higher concentration to a region where they
are in lower concentration. Small non-charged molecules
such as carbon dioxide and oxygen are lipid-soluble and
therefore can diffuse (dissolve) across the membrane rapidly.
They are able to move between the hydrophilic heads of the
phospholipids and pass through the hydrophobic tails of
the membrane. The structure of the phospholipid bilayer
makes it essentially impermeable to most water-soluble
molecules, such as glucose and amino acids, and to charged
molecules (ions). They cannot diffuse across the membrane
because they are unable to enter the hydrophobic part of
the lipid bilayer. Transport of hydrophilic molecules and
ions across cellular membranes is assisted by transport
proteins. Glucose molecules and various ions can move
through channels in the membrane with assistance from

»  transport proteins, but macromolecules cannot pass across

Solubility in lipid phase of the bilayer the membrane because they are too large.

Figure 1.12 A

A graph showing the
relationship between
ability of a substance to
move through the lipid
phase of a membrane
and the membrane’s
permeability to the
substance

Other mechanisms move substances in bulk across the
plasma membrane. Exocytosis involves fusion of the plasma membrane with small
membrane-bound containers or sacs called vesicles that form inside the cytoplasm,
expelling the contents of the vesicle into the extracellular environment. Endocytosis
involves inward formation of a cavity or pouch of plasma membrane that encompasses
some extracellular contents and then seals back on itself to form a vesicle in the
cytoplasm containing the extracellular contents.

RECALL

* The phospholipid bilayer and embedded membrane proteins control movement
of substances into and out of organelles and between the cell and its external
environment.

* The plasma membrane is differentially (selectively) permeable — it allows some
substances through and not others.

* The physical and chemical nature of a substance determines the way in which
it will move across the plasma membranes — either freely or with assistance
required.

* Polarity allows polar (hydrophilic) substances to dissolve in water (polar) but not in
non-polar substances. Non-polar (hydrophobic) substances can dissolve in other
non-polar substances.
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1 Distinguish between intracellular and

extracellular.

2 Explain why the plasma membrane needs to
be able fo allow some substances to pass

through it.

3 Interms of polarity, explain the expression ‘like

dissolves in like',

4 Name two types of substances that can

diffuse through lipid bilayers and two types of
substances that cannot move directly through.

Membrane transport proteins

As seen in Figure 1.11, important large molecules such as glucose and amino acids are
usually electrochemically charged and are too big to pass through the phospholipid
layer directly. Even much smaller water-soluble (hydrophilic) compounds and charged
particles such as sodium and chloride ions also fail to pass directly through the
phospholipid layer of a membrane. How do these types of substances get through the
membrane? The answer lies in channels made of transport proteins that act like gates to
facilitate movement across the membrane.

Channel proteins

Channel proteins form narrow passageways through which small ions can diffuse
rapidly down their concentration gradient from a high ion concentration to a lower ion
concentration (Figure 1.13). Only ions of a specific size and shape can pass through

a particular channel protein. Many types of channel proteins are also receptors that
open only in response to a specific ligand (signal). Movement through channel proteins
is a type of assisted movement across the membrane, called facilitated diffusion.
Importantly, energy is not required for facilitated diffusion.

¥V Figure 1.13
Facilitated diffusion
through a channel

profein in the plasma
membrane of a cell.
Movement is down the
concentration gradient.

High concentration

Concentration
BRI gradient

v

Channel protein
closed

Low concentration

Channel protein
open

Facilitated diffusion

Carrier proteins (also known as transporters) bind to specific molecules on one side of
the membrane. After binding their ligand, the protein changes shape and releases the
substance on the other side (Figure 1.14). An example is the glucose transporter protein,
which is located in the plasma membrane of all mammalian cell types and carries
glucose in either direction, depending on the direction of the concentration gradient.
Because of the required change in shape of the carrier protein, the rate of movement is
lower than the rate of movement through channel proteins. Movement through carrier
proteins is another example of facilitated diffusion.
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Figure 1.14 A

Facilitated diffusion using
a carrier protein in the
plasma membrane of a
cell moves particles such
as glucose down the
concentration gradient.

ATP as a source of
cellular energy is
studied in more detail
in Chapter 3.

Figure 1.15¥

Active transport via a
carrier protein in the
plasma membrane of a
cell. Energy is tfransferred
to the carrier protein,
enabling it fo move

the particles against a
concentration gradient.
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Active transport

There are occasions when energy is needed to move substances across membranes.
Carrier transport proteins use energy released from adenosine triphosphate (ATP)

to power the movement of specific ions or small molecules against their chemical
concentration or electric potential gradient from a region where they are in a low
concentration to a region of higher concentration. As these ATP-powered pumps work
in only one direction, they effectively act as one-way valves. An example of this occurs
when ions move through the membrane of a nerve cell. This can cause a rapid change

in the electric potential difference (the difference in positive and negative charges)

across the membrane, and explains how the electrical charge of a nerve impulse is
transmitted between nerve cells. The importance of these pumps becomes apparent when
individuals, such as those suffering the disease cystic fibrosis, cannot produce them in
adequate amounts. As the input of energy is required to move molecules or ions through
a membrane against a concentration gradient, this movement is called active transport.

When energy is provided,
carrier proteins take up particles on
one side of the plasma membrane ...

Transport
direction
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00000
Energy Inside cell ... and release them
(ATP) on the other side.

Table 1.2 Summary of types of movement of substances through plasma membranes

Type of movement Movement through Example
plasma membrane

Simple diffusion Through phospholipid molecules Water, ethanol

Facilitated diffusion Through channel proteins and lons, glucose
carrier proteins

Active transport Through carrier proteins lons
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Membrane diversity

The internal environment of all cell types is not exactly the same. Different cell types
require and produce different compounds. It is the selective permeability of the plasma
membrane that allows the specific requirements of the cell to be met. Each type of cell
contains a specific set of transport proteins that determine which ions or molecules can cross
the membrane. There is a remarkable diversity between membranes. This diversity is due
primarily to the different types and functions of the proteins present in each membrane.

Not only do different cell types have different internal environments; within a cell,
organelles often have a different internal environment compared to the surrounding
cytosol. Eukaryotic cells contain several types of organelles, including mitochondria,
chloroplasts, the endoplasmic reticulum, the Golgi apparatus and lysosomes. Each of
these organelles performs a specific function critical to the cell’s survival.

Mitochondria are small, cigar-shaped organelles that are found in the cytosol of
eukaryotic cells. Each mitochondrion consists of an outer smooth membrane and
a highly folded inner membrane. The folds in the inner membrane, called cristae,
protrude into the inner space of the mitochondrion. This membrane arrangement is
important in the process of cellular respiration. Likewise, the outer and inner membrane
of chloroplasts are arranged to facilitate the process of photosynthesis.

Organelles are separated from the rest of the cellular space by a membrane. The
membranes that surround eukaryotic organelles are based on lipid bilayers that are
similar (but not identical) to the cell’s outer plasma membrane.

Like the plasma membrane, organelle membranes function to keep the inside ‘in’
and the outside ‘out’. This partitioning permits different kinds of biochemical reactions
to take place in different organelles. Because the lipid bilayer of organelle membranes is

Nucleus
Coordinates activities
of the cell

Cytoplasm

Mitochondrion
Site of cellular
respiration

Cytosol
Fluid surrounding
the organelles

Cellular respiration
and photosynthesis
are studied in depth
in Chapter 3.

V Figure 1.16
Eukaryotic cells, such
as this animal cell,
localise specific cell
functions in membrane-
bound organelles.
They have different
infernal environments.
The differences in

their membrane
proteins maintain these
differences.

Material outside the nucleus
that includes the cytosol
and other organelles

Endoplasmic
reticulum

Helps distribute
materials throughout
the cell

Vacuoles

Temporary ‘

storage sacs

Golgi apparatus
System of membranes
that package and store
substances before their
release

Nucleolus
Involved in the
manufacture of proteins
within the cell
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impermeable to most hydrophilic molecules, the membrane of each organelle must contain
specific membrane transport proteins that are responsible for the import and export of
necessary molecules unique to that organelle. The diversity of these proteins allows specific
substances to move into and out of the organelle, thus maintaining the difference in their
internal environment. Transport proteins in the lysosome membrane, for example, allow
amino acids generated inside the lysosome to cross into the cytosol, where they can be
used for the synthesis of new proteins. In plants, membrane proteins called aguaporins
that facilitate the transport of water are found in the vacuole membrane.

Together, the total area of a cell’s internal membranes (surrounding organelles)
far exceeds that of its plasma membrane. In terms of its area and mass, the plasma
membrane is only a minor membrane in most eukaryotic cells.

RECALL

» Transport proteins facilitate the movement of substances across membranes.

* Energyis not directly required for movement of substances through channel
proteins and carrier proteins. Energy is required for movement of substances
through ATP-powered pumps.

» The specific set of transport proteins determines which ions or molecules can cross a
membrane.

RECAP 1.4

1

Create a table naming the three types of is this analogy insufficient fo explain membrane
membrane fransport proteins. In the table, permeability?
describe their structure, the type of movement, 3 Explain how specific membrane transport

and if energy is required for movement. proteins maintain the diversity of the infernall
In what way can the permeability of a plasma environments of different cell organelles.
membrane be likened to a sieve? In what way

SELECTIVE PERMEABILITY AND TEMPERATURE
Aim
To investigate the effect of temperature on the plasma membrane

Materials

16

whole fresh beetroof
mounted needle

hot plate

thermometer

six small test tubes

10 mL measuring cylinder
tfwo 250 mL beakers

fruit knife

cork borer

stopwatch
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What are the risks in doing this experiment? How can you manage these risks o stay safe?

Hot plates can burn. Take care around hot plates. Place hot plates back
from the edge of benches when not in use.

Procedure
1 Use a cork borer to cut cylinders of tissue from the beetroot.
2 Using a knife, cut the beetroot cylinders into discs 3 mm thick. You will need 36 discs.
3 Wash the discs in a beaker of water for 5 minutes, changing the water every minute or so.
4

Label the six test tubes as 30, 40, 50, 60, 70 and 80, and using a measuring cylinder place 6 mL of cold tap
water in each.

5 Prepare a water bath by half filling a 250 mL beaker and heating it on a hot plate to 30°C, using a
thermometer fo test the temperature.

6 When the beetroot discs have been washed, thread six onto a mounted needle, leaving a 1 mm space
between the discs. Plunge the discs into the hot water for exactly 1 minute.

7 Push discs off the needle and drop them into the tube labelled 30.
Increase the heat of the beaker to 40°C, repeating the procedure with another six discs of beetroot.

9 Keep repeating the procedure, raising the temperature by 10°C each fime, until all of the discs have
been used.
10 After leaving the discs in the test tubes for at least 20 minutes, shake the tubes and record the colours
of the liquid, using a scale from 1-5, with 1T being a very pale shade of pink and 5 being a dark shade
of red.

-]

Results
Copy and complete the table to display your results.

Temperature (°C) |30 40 50 60 70 80
Colour

Analysis of results
1 Describe the pattern of your results.

Discussion

1 What evidence do you have that the living membrane is selectively permeable?
2 Explain why it was necessary to wash the discs thoroughly before heating.

3 Suggest how high temperatures affect membranes.

Importing and exporting
across membranes

At times, very large particles or even whole cells have to be moved into a cell across

its plasma membrane. In other circumstances, relatively large molecules have to be
exported from a cell. The large size of these particles makes their movement through the
membrane by diffusion or active transport impossible.

Cells make very small containers or sacs (called vesicles) within them from the
plasma membrane itself. These vesicles transport such things as solids or liquids
across the membrane, outwards in the case of exocytosis and inwards in the case of
endocytosis.
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The process of

a) exocytosis and . . .
Ebg endoycy‘rosis During exocytosis, a small membrane-bound vesicle moves through the cytoplasm

to the plasma membrane. The vesicle fuses with the plasma membrane and then releases
its contents to the exterior of the cell (Figure 1.17a). During endocytosis, the plasma
membrane is drawn inwards and engulfs particles and liquid droplets. It encloses the
material within it to form an endocytotic vesicle, which then stores or transports the
material within the cytoplasm (Figure 1.17b).

. These cases of are active processes, requiring energy to move vesicles
A scanning electron
micrograph of an around the cytoplasm and to change the shape of the cell.
Amoeba surrounding Figure 1.18 shows a unicellular Amoeba feeding on a smaller organism, illustrating

its prey (Tefrahymena)

for ingestion the process of endocytosis. The Amoeba changes shape by sending

out projections that surround the prey. Membrane fusion occurs
when the plasma membrane of the projections meet, resulting in
the formation of a vesicle. Two types of endocytosis are named
according to the type of material consumed. The process that
engulfs solids, like an Amoeba feeding, is called ,and
the process that takes in liquid is .

Human macrophages (a type of white blood cell) are called
phagocytes because, in defending the body against disease, they
engulf bacteria by phagocytosis (Figure 1.20). Macrophages use
recognition proteins in the plasma membrane of the cells they
encounter to discriminate between invading bacteria and body cells,
demonstrating that phagocytosis is a selective process.

Pinocytosis occurs when the plasma membrane engulfs
extracellular fluid in much the same way as phagocytosis. Fat
droplets found in the small intestine after a meal move into cells by
means of pinocytosis.

The process of . Extracellularofluid o - Cytoplasm Phagocytotic
phagocytosis 2o ~ Pseudopod vesicle
7
¢ o o ® & FoFJd or .other
solid particle
o o .
o o
o o
o o ° o
o o
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< Figure 1.20

A macrophage
engulfing cells by
phagocytosis

amanaimages/Visuals Unlimited/Dr. David Phillips

ACTIVITY 1.1

MODELLING ENDOCYTOSIS AND EXOCYTOSIS

Aim

To enhance your understanding of movements of plasma membranes during endocytosis and exocytosis
You will need

+ small object like a coin or eraser
+ two pieces of string, one Tm long and the other 30cm long

What to do

Form the outline of a cell using both pieces of string end to end: do not join the pieces of string.
Place the coin near the outer side of the short piece.

Use the shorter piece of string to form an endocytotic vesicle around the coin.

Move the vesicle info the cytoplasm, closing the plasma membrane behind it.

To simulate exocytosis, carry out these directions in reverse.

—

a b~ WOWDN

What did you discover?
1 What happened fo the amount of plasma membrane when the model cell carried out endocytosis?

2 Predict what action the cell must take to regulate the amount of plasma membrane when it carries out
endocyftosis.

RECALL

» Exocytosis and endocytosis move very large particles across a plasma membrane.

* Inexocytosis a cytoplasmic vesicle fuses with the plasma membrane, releasing the
vesicle contents outside the cell.

* Inendocytosis a small patch of the plasma membrane sinks inward and seals back
onitself, forming a vesicle inside the cytoplasm.
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1 Outline one similarity and one difference 2 Distinguish between endocytosis, phagocytosis
between endocytosis and exocytosis. and pinocytosis.

Organelles in action

The plasma membrane is an essential component of cells, holding the contents of cells
together. It does not function in isolation and its activities are directly linked with
those of other organelles. Within the cell, various organelles work in collaboration to
move substances from one part of the cell to another and prepare other substances for
export from the cell. Through observations and experiments such as labelling protein
cell products with fluorescent dyes or tracking radioactively labelled atoms, specialised
cell organelles that facilitate transport have been identified. To understand the role
played by various cell compartments we will follow the journey of protein molecules
in the secretory pathway.

Proteins are the workhorses of the cells. They are important in structures and
in moving molecules across the plasma membrane. Eukaryotic cells have elaborate
mechanisms to assemble, package and transport proteins within the cell.

The nucleus controls activities in the cell

The nucleus is one of the most prominent structures in the eukaryortic cell. It is the
information centre of the cell and it controls all activities of the cell because it controls
the production of proteins. The code that directs all activities of the cell is found in the
nucleic acid, DNA, in the chromosomes.

The nucleus is contained within a double membrane called the nuclear envelope.
The outer membrane is continuous with the endoplasmic reticulum (ER), another
membranous organelle that helps distribute materials throughout cells. The nuclear
envelope contains numerous openings, called nuclear pores. These pores are

Figure 1.21 ¥ channels through which water-soluble molecules can move between the nucleus and

(a) The features of the th toplasm
nucleus (b) Transmission € Cytoplasm.

electron micrograph
of the nucleus of a
pancreas acinar cell

Outer membrane
Inner membrane

a } Nuclear envelope

Chromatin
Nucleolus

Rough
endoplasmic
Nuclear pore Ribosomes reticulum

McGraw-Hill Botany Visual Resources Library,

adapted
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Structures known as nucleoli are present in the ;
nucleus. These are responsible for the synthesis of ¥ i, , RNA
ribosomal RNA (rRNA) and the assembly of ribosomes
from rRNA and proteins. Messenger RNA (mRNA)
molecules carry the coded instructions for assembling
proteins, which is catalysed by ribosomes.

Ribosomes synthesise
proteins

Ribosomes are extremely small organelles that exist free-
floating in the cytosol of cells or attached to membranes
of the endoplasmic reticulum. They are abundant in cells,

Protein

Small subunit Large subunit

reflecting the work that they do in producing a constant _
lv of diff kinds of : A Figure 1.22
supply of different kinds of proteins. - o RIbOSOMas are
Ribosomes consist of two subunits that are composed of the nucleic acid RNA composed of strands
and various proteins (Figure 1.22). In eukaryote cells, ribosomal RNA (xRNA) Thgftsvgéﬁggnﬁ;og?msé
molecules are synthesised in the nucleolus. They pass through the nuclear pores into fibosome lock around
the cytosol. There they begin the process of synthesising polypeptides from amino the messenger RNA
acids according to the instructions given by mRNA copied from DNA within the (MRNA) molecule.

nucleus.

Cells with high rates of protein synthesis have prominent nucleoli and many
ribosomes. For example, the liver is the industrial centre of the body so it is not
surprising that each liver cell has a few million ribosomes.

Endoplasmic reticulum

How do proteins produced in ribosomes move to other parts of the cell and towards
the membrane for export? The endoplasmic reticulum (ER) is an interconnecting
system of thin membrane sheets dividing the cytoplasm into compartments and
channels. The membrane of the ER is able to pinch off into small vesicles and
deliver proteins to all parts within the cell. The ER is therefore an intracellular

¥V Figure 1.23
transport system. Rough ER studded

Most of the ER in cells is studded with with ribosomes
ribosomes and thus is known as rough % SO : . : BN
endoplasmic reticulum (rough ER). Proteins
produced by ribosomes attached to the rough ER
can move directly into the ER lumen (internal
space) and move about the cell in vesicles that
bud off from the ER. Proteins produced in the
rough ER can also be exported, transported to
the extracellular side of the plasma membrane,

or secreted into other cells. Such proteins include
enzymes and hormones. Therefore, the ER is

also an intercellular transport system, helping

to move proteins from one cell to another. Only
proteins that are destined to remain embedded in
an organelle membrane or the plasma membrane,
or be exported from the cell, are produced by
ribosomes on the rough ER. Cytoplasmic proteins
are synthesised by free ribosomes in the cytosol.
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In certain parts of some cells, the ER has no ribosomes attached to it and is known
as smooth endoplasmic reticulum (smooth ER). The amount and function of this
smooth ER depends on the type of cell it is located in. Its main role is to transport
proteins, synthesise lipids and assist in the manufacture of plasma membranes. In liver
cells it also detoxifies drugs, and in adrenal cortical cells it produces steroid hormones.
Some carbohydrates are produced on smooth ER. It is also a place for storage of
calcium ions, which are necessary for muscle contraction and interactions between some
membrane proteins.

Golgi apparatus

Consider a grass-eating animal such as a
kangaroo. The cells in grass have a tough cell
wall. In order to be able to digest and absorb
the nutrients from inside the grass cell, the

cell wall must be broken down by enzymes.
Cells in the digestive glands of the kangaroo
produce such enzymes. Being protein, the
digestive enzyme is produced initially by the
ribosomes on the rough ER. It moves through
the channels within the ER where it is secreted
within the cytoplasm of the cell. From there it
moves into the Golgi apparatus (also known as
Golgi body), where different enzymes put the

Figure 1.24 A

Electron micrograph final touches to it and it is packaged and stored
of the Golgi apparatus before being secreted from the cell to move into
(magnification x80000) the intestines of the kangaroo. This is where it

) ) can begin its work of digesting the cellulose in
Vesicle fuses with plasma h 1 1l of th
membrane and releases the cell wa ‘O the grass. .
contents The Golgi apparatus consists of a system of
) — membranes within the cytoplasm. Parts of the
. Vesicle containing Golei ) b ble to pinch off
ot [ Golgi apparatus membrane are able to pinch o
~9 off flattened cavity into small vesicles. These vesicles can move to
s the plasma membrane, where they join to the

= Stack of flattened cavities membrane and discharge their contents to the

»
A

—Y lined with smooth ER outside of the cell.
Vet el eResl B Golgi apparatus are more numerous in cells
fuse to form flattened cavity that have a secretory function, such as pancreatic
cells, which produce digestive enzymes and the
DI hormone insulin.

Figure 1.25 A
The secretory pathway

Movement out of the cell

Exocytic vesicles are associated with transporting large molecules and particles
across the plasma membrane and out of the cell. During exocytosis, a small
membrane-bound vesicle moves through the cytoplasm to the plasma membrane,
where it fuses with the membrane and releases its contents to the exterior of

the cell (Figure 1.26).
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< Figure 1.26
Secretory pathways;
includes details of the
production, fransport
and secretion of

(blue squiggles) a proteins in cells
manufactured on

ribosomes embeddec
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the rough ER.

The protein forms a
folds inside the ER
lumen. Some additio
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protein may also take
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transport unfinished
proteins and lipids to a
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on final form in the
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RECALL

* Inthe secretory pathway, cellular products move through a cellular transport system,
are packaged and are then released from the cell through the plasma membrane.

* Organelles involved in the secretory pathway include the nucleus, ribosomes,
endoplasmic reticulum, Golgi apparatus and the plasma membrane.

RECAP 1.6

1 Explain the role of the nucleus in the secretory 3 Describe what the endoplasmic reficulum and
pathway. Golgi apparatus have in common and describe
2 Describe the structure and function how they differ functionally.
of ribosomes. 4 Distinguish between rough ER and smooth ER.
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Biological knowledge and society: An issue in the
fish oil industry

Children whose diets lack vitamin D and who do not get enough sunshine develop a bone disease
called rickets. Chemists in the 1920s developed methods of extracting vitamins from cod liver oil and
the production of synthetic vitamin D tablets began. These methods could be patented and the tablets
could be mass produced, generating large profits for companies.

Getty Images/Fox Photos
Shutterstock.com/skogit

Figure 1.27 A
(a) A spoonful of cod liver oil provided essential nutrients for developing children in the 1930s. (b) Fish oil tablets are
now one of the biggest markets in the dietary supplement industry.

Discovering the role of omega-3 essential fatty acids in the diet

In 1929 George and Mildred Burr fed rats a special diet of purified protein and sugar. The diet was devoid
of fats and oils and their rats became sick. However, when they infroduced omegao-3 fatty acids fo the
diet, the rats recovered. They discovered fatty acids were essential for rat diets. Fafty acids were later
discovered to also be essential for infants, when babies being fed skim milk developed a deficiency disease.
Essential fatty acids are now added fo infant formula. Omega-3 fatty acids are required for healthy cell
membranes, particularly membranes of neurons developing in the brain. They are long lipids that have a
kink in them; their incorporation into plasma membranes increases membrane fluidity, which enhances
membrane integrity and facilitates the movement of substances across the membrane (Figure 1.7). They
are also required for synthesis of a number of hormones involved in the immune response. There are three
types of omega-3 fatty acid: linolenic acid (ALA) found in plant oils, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) found in marine oils. DHA is essential for infants.

Discovering health benefits of omega-3 fatty acids

In the 1970s Bang and Dyerberg travelled to Greenland to conduct a study of Inuit people who had

a low incidence of heart disease. They tested the blood of 170 Inuit and found a high concentration
of omega-3 fatty acids. These fatty acids were not in high concentrations in the blood of a control
population of Inuit that had moved to Denmark and changed their diet. They proposed that eating oily
fish correlated with protection against heart disease. Since this time, omega-3 fatty acids have been
found to be associated with a number of health benefits in the areas of mental health, rheumatoid
arthritis, autism, cancer, stroke and Alzheimer’s disease. Many of these correlations arise from the
results of case studies rather than randomised controlled clinical trials. However, on the basis of such
associations, omega-3 fatty acids, especially DHA, came to be included in dietary recommendations
for adults. In response, companies began producing omega-3 dietary supplements and fish farms
concentrated on producing fish with high omega-3 fatty acid content.

24 NELSON BIOLOGY VCE UNITS 3 & 4 9780170368360



Producing fish oil dietary supplements

Getty Images/Christopher Swann

Getty Images/Visuals Unlimited, Inc./Patrick Endres

Figure 1.28 A

(a) Foraging fish swim in schools, providing protection in numbers from
predators such as dolphins. (b) Purse seine fishing fakes advantage of this
behaviour.

Omego-3 fafty acids originate in algae and pass along the food chain o foraging fish and then to
predator fish like salmon, tuna and shark. While these predatory fish have higher omega-3 levels in

their fat, they also accumulate higher levels of harmful mercury. The most common source of fish for
producing dietary supplements are foraging fish such as herring, mackerel, anchovies and menhaden,
which feed on plankton and algae and have lower mercury levels. These fish forage in schools, making
it easy to catch vast numbers in nets. Planes spot schools of fish and alert fishing ships to move info

the area. A wall of netting is cast around the school. A pump is then placed into the net and fish are
vacuumed into the hull. Predator fish feeding on the school or young predator fish that sometimes travel
with the school also end up in the hulls of these fishing boats.

Demand increases and overfishing emerges

Fish oil is a mulfibillion dollar business. It is used in feed for fish farming, to make dietary supplements
and to improve the shelf life of many food products. While supplements are still the smallest part of the
fish oil market, sales topped $1 billion in the US in 2011 and over $700 million in the UK, ranking them one
of the most popular dietary supplements taken in these countries. This increases the strain on ocean
ecosystems. Overfishing of foragers can result in predators starving, including fish, birds and marine
mammals that rely on foraging fish. In many highly fished areas, dead zones have emerged as foraging
fish no longer filter out enough of the algae.

>
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New studies raise questions about the health benefits of fish oil supplements

Not only is overfishing an issue but new studies are unveiling concerns relating to the health benefits of
omega-3 oils (Table 1.3).

Table 1.3 Outlines of recent studies and concerns of lobby groups questioning the efficacy and safety of fish oil supplements

Authors and
year or recently

formed lobby
group

Kwak et al. (2012)

Study conducted or concern raised

Meta-analysis of approximately 1007 studies
of the effect of omega-3 supplements on
preventing cardiovascular events. Of the
1007 studies, identified valid data drawn from
14 randomised blind (placebo-controlled)
trials, providing cumulative data from 20484
patients with a history of heart disease.

What was revealed

Omega-3 fatty acid supplements
did not reduce the overall risk of
cardiovascular events or stroke.

Further clinical studies required over
a longer time period to defermine if
supplements reduce risk.

Sydenham,
Dangour and Lim
(2012)

Systematic review of three randomised
placebo-controlled trials. Pre and post
cognitive data for 3536 cognitively healthy
older participants who either received
omega-3 supplements or placebo
sunflower oil for 6 or 24 months.

Direct evidence of the effect of
omega-3 on incident dementia
was not found. Trials showed no
benefit of omega-3 supplement
on cognitive function in cognitively
healthy older people.

Western diets may have enough
omega-3 so the effect of
supplements may not be noticed.

Benson Chiles and
Chris Manthey,
co-founders of
FishQilSafety.com,
are
environmentalists
who work fo promote
sustainable fishery

Mounted a court case against fish oil
supplement companies regarding labelling
of fish oil products that have been found

to contain varying levels of the pollutants
polychlorinated biphenyl (PCB) and
dioxins. Both are recognised as cancer-
causing agents and are known to interfere
with reproductive success.

While studies confirm there are
varying amounts of pollutants in
fish oil supplements, it is generally
accepted that the levels in farmed
fish fed on fish oil supplements are
higher. This varies depending upon
the feed given to farmed fish. Wild
caught fish are considered to have
the lowest levels of PCBs.

Brasky et al.
(2013)

A randomised placebo-controlled frial with
35500 participants to test whether selenium
and vitamin E reduce risk of prostate
cancer. Within this study a case-cohort
side study was carried out fo examine
associatfion between blood plasma fatty
acids and prostate cancer risk among
participants. The cohort consisted of

834 men diagnosed with prostate cancer
and a comparison group of 1393 men
selected randomly from the 35500
participants in the original study.

Reported an increased prostate
cancer risk among men with high
blood concentrations of omega-3
fatty acids. Suggested that these
fatty acids could be involved in
prostate tumour development.

In response a number of scientists
have cautioned against the validity
of these findings as the study was
not a randomised controlled study
for omega-3. A clinical frial would
be required to fest this correlation
for causation.
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Over to you

1 What are the issues?
2 Identify the relevant biology that relates to these issues.

3 ‘Alittle learning is a dangerous thing.” Write a 500 word argumentative arficle for a general audience
on this theme, discussing the interrelationship between the scientific knowledge of omega-3 fatty
acids in the diet (including the reliability of the science) and how this has impacted upon society and
the environment.
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CONCEPT SUMMARY

Phospholipid bilayer

» This flexible structure

allows the cell to grow,
expand, contract, break

and reassemble

+  The two-dimensional
fluid is made up of
a double layer of

phospholipid molecules.

Hydrophilic
head

Hydrophobic
tail 7

Hydrophilic
head containing
phosphate group

Hydrophobic tail
made of fatty acid
side chains

Water

|_Phospholipid
bilayer

Water

Phospholipid
bilayer

A LT

ll\llﬂ[lllll]ml

i

Phospholipid Glycoprotein Cholesterol

The fluid mosaic model

+  The phospholipid head is dissolvable in water,
whereas the hydrophobic fails are forced to face
inwards fowards each other.

+ Individual phospholipid molecules are highly
mobile within the membrane.

Transport
protein

Cholesterol A

» Specialised profein molecules are embedded in
the bilayer: fransmembrane proteins, receptors/
ligands, glycoproteins, proteins for recognition,
adhesion and transport.

+ Cholesterol (@animals) and phytosterol (plants)
increase membrane flexibility.

EXTRACELLULAR ENVIRONMENT

Protein

Receptor
protein

Carbohydrate

Recognition
protein

< Exterior surface of
3 cell membrane

Adhesnon
protein

Phospholipid bilayer

INTRACELLULAR ENVIRONMENT

Polarity: like dissolves like

Hydrophilic solutions: Polar solvent + polar solute — solution

Hydrophobic solutions: Non-polar solvent + non-polar solute — solutfion
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The plasma membrane is differentially
permeable. Size, charge and polarity
affect permeability.

Transport across membranes

+ Simple diffusion: Occurs through
phospholipid molecules, such as
water and ethanol

+ Facilitated diffusion: Occurs through

channel proteins and carrier
proteins, such as ions and glucose

+ Active transport: Occurs through
carrier proteins, such as ions;
requires ATP

Bulk transport

+  Exocytosis

+  Endocytosis - includes phagocytosis
(solids) and pinocytosis (liquids)

- 1 mRNA moves
from nucleus
to cytoplasm

apparatus

&
‘ Assorted e
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Plasma membrane

Cytoplasm

Cytoplasm

Exocytosis

2 Protein synthesis
by ribosomes

3 Entry of secretory
proteins into
ER lumen

4 Manufacture of
lipids in the
smooth ER

5 Transport of
proteins and
lipids from ER
to Golgi via vesicles

6 Proteins and lipids
take on final form
in the space inside

the Golgi apparatus.

7 Exocytosis of
contents of vesicles

Extracellular fluid

Endocytosis

‘Food’ or other
solid particle

Phagocytosis

The nucleus controls activities

in the cell. It consists of
chromosomes, nuclear envelope,
nuclear pores and nucleoali.

Ribosomes (free-floating or
embedded in ER membrane)
synthesise proteins (polypeptide
chains) from amino acids.

The endoplasmic reticulum is
an infracellular and intercellular
fransport system.

— Rough ER contains ribosomes
embedded in its membrane.
These produce polypeptides
that are destined o be
fransmembrane or secreted
proteins.

— Smooth ER is the site of
production of steroid hormones
and lipids, detoxification of
foxins, production of some
carbohydrates and storage
of calcium ions.

The Golgi apparatus is a system of
membranes that are able fo pinch
off info small vesicles, harbouring
machinery to modify proteins and
lipids in the secretory pathway.

Cellular products are released from
the secretory pathway by exocytosis.
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CHAPTER GLOSSARY

active transport the process whereby cells actively
fransport substances across a membrane against a
concentration gradient (from a low concentration to
higher concentration of the substance); consumes
energy

adenosine triphosphate (ATP) a high-energy
compound composed of adenine and ribose with a
chain of three phosphate groups attached; it releases
energy for cellular reactions when its last phosphate
group is removed and it is converted to ADP

adhesion proteins protfeins on the surface of cells
that are involved in binding with other cells or to an
extracellular matrix in a process called cell adhesion

amino acid a nitfrogen-containing compound that is
the building block of proteins

aquaporin a type of membrane protein that
facilitates the transport of water

ATP-powered pump a type of membrane protein
that uses the energy from ATP to move molecules
across the membrane against a concentration
gradient

bulk fransport the transport of large quantities
of materials into or out of the cytoplasm all at the
one fime

carrier protein a protein within a membrane that
assists other molecules to cross the membrane in
facilitated and active transport

channel protein a protein that forms a channel
within a membrane to allow the passage of
substances across the membrane

cholesterol a type of lipid found in animal cell
membranes that stabilises membrane fluidity

chromosome a thread-like structure made of
nucleic acids and proteins that encode genetic
information

cristae the folding of the inner membrane info the
matrix of a mitochondrion, thus increasing the total
surface area of the inner membrane

cytoplasm the material outside the nucleus that
includes the cytosol and other organelles

cytoskeleton a network of filaments within a
eukaryotic cell that provides structural support,
anchorage, shape, motility and the capacity to move
and arrange organelles within the cell

cytosol the fluid part of the cytoplasm surrounding
the organelles

differentially permeable describes a membrane that
allows some substances but not others fo pass across it

diffusion the passive movement of molecules from
a high to a low concentration of that substance
endocytosis the movement of solids or liquids info a
cell from the environment via vesicle formation

endoplasmic reticulum (ER) an organelle in
eukaryotic cells consisting of an inferconnecting
system of thin membrane sheets
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exocytosis the movement of solids or liquids from
a cell to the environment via vesicle fusion with the
plasma membrane

extracellular fluid all fluid outside the cells in
multicellular organisms

facilitated diffusion a form of diffusion that requires
a substance to be attached to a specific carrier
molecule fo move across a membrane

fluid mosaic model a model that explains the
structure and function of the plasma memlbrane

glycoprotein a protein with an attached
carbohydrate group

Golgi apparatus a collection of membranes
that package and store substances info vesicles in
preparation for their release from the cell

hydrogen bond a weak chemical bond
between a hydrogen atom on one molecule
and a second, 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
intercellular occurring between cells
intracellular occurring within a cell or cells

ion afom or molecule with an overall positive or
negative charge

ligand a molecule that binds to a receptor

messenger RNA (MRNA) RNA copied from DNA
that conveys the instructions needed for polypeptide
synthesis from the nucleus fo the cytoplasm

non-self a molecule that is not recognised

by the immune system as being part of the
organism itself

nuclear envelope the double membrane that
surrounds the nucleus in eukaryotic cells and
separates DNA from the cytosol

nuclear pore an opening in the nuclear envelope

nucleolus a granular structure within the nucleus
where ribosomal RNA is franscribed and ribosome
subunits are assembled

nucleus a membrane-bound compartment in
eukaryotic cells that contains the chromosomal DNA

phagocytosis the bulk transport of solids info a cell
inside a vesicle

phospholipid a lipid molecule that has a hydrophilic
phosphate group ‘head’ and hydrophobic lipid ‘fail’
phospholipid bilayer the two layers of phospholipids
that form a plasma membrane

phytosterol a type of lipid found in plant cell
membranes
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pinocytosis the bulk transport of liquids into a cell
inside a vesicle

plasma membrane the insoluble boundary of
the living cell that maintains the contents of the
cell and regulates the movement of substances
into and out of the cell. All cells have a plasma
membrane

polarity a term that refers to a molecule having
distinct regions of opposite charge

polypeptide a linear polymer built from amino acid
monomers

receptor a molecule on the surface or inferior

of the cell that binds specifically o a substance
(ligand) to detect or receive a stimulus

recognition protein a protein that acts as a marker
on membranes

ribosomal RNA (rRNA) an RNA strand that serves as
a structural component of a ribosome

ribosome a small structure comprising RNA and
proteins where amino acids are joined to form
polypeptides

rough endoplasmic reticulum (rough ER) ER with
ribosomes attached

secretory pathway the movement of proteins
produced by ribosomes attached to the ER, through
a series of compartments and vesicles, via the Golgi
apparatus, to secretory vesicles for export from the
cell by exocytosis

selectively permeable see differentially permeable

smooth endoplasmic reticulum (smooth ER) ER with
no ribosomes attached

transmembrane protein a protein with one or more
regions that span the membrane

transport protein a protein that carries molecules
across membranes

vesicle asmall, membrane-bound sac in the
cytoplasm that transports, stores or digests substances

CHAPTER REVIEW QUESTIONS

Remembering

1 Name the molecules responsible for each of the following features of the plasma membrane:

a ability to change shape
b flexibility
c ability to reseal a puncture

H WD

Define ‘hydrophobic’ and ‘hydrophilic’.

Explain why a plasma membrane is described as a 'lipid bilayer".
Name the four types of membrane proteins and construct a table that summarises their functions.

5 Name two methods of membrane transport that do not require protein channels or carriers.

Understanding

6 a Describe the part of the plasma membrane described as fluid. Which part is described

as mosaic?
b Explain why these terms are used.

7 Plasma membranes are selectively permeable. What does this mean?
8 Explain why certain white blood cells are known as phagocytes.
9 Explain the role of the Golgi apparatus in the fransport of materials out of the cell. Describe the kinds of

materials it packages.

Applying

10 Write a few sentences to explain the process by which carbon dioxide might move from the external

environment into a cell.

11 By means of an annotated diagram, relate the structure of the plasma membrane to its function.
12 Predict the function of a cell that contains more rough ER than smooth ER.
13 Explain the concept of ‘like dissolves in like” and the significance of this to molecules in cells.
14 The effect of drinking a glass of wine can be felt fairly quickly.
a Predict whether alcohol (ethanol) is water- or lipid-soluble. Suggest how it moves through the plasma

membrane.

b Caffeine is a polar molecule. How would the speed of its effects compare with that of ethanol?

9780170368360
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15 Radioactively labelled amino acids were supplied to a pancreatic cell that produces digestive enzymes fo
be released into the digestive system.

a In which organelles of the cell would the amino acids subsequently be detected? List them in order.

b In what form would they appear in these organelles? You might like to present your answer as
a diagram.

Analysing
16 When viewed with an electron microscope, small sac-like vesicles are seen to form inside a cell by budding
from the plasma membrane, then detach from the plasma membrane.
a Name these vesicles.
b Describe the function of these structures.
¢ Name the process described.
d

An observer described the process as pinocytosis. What would you say to argue for or against this
observation?

17 Explain why a hydrophobic substance does not readily dissolve in water.
18 Compare and contrast the structure and role of membrane fransport proteins.

19 Discuss reasons why different types of cell organelles have different types of fransport protfeins in their
membranes.

20 A culture of living cells (A) is placed in a solution with a high concentration of sodium ions. A second
culture of cells (B) is exposed to temperatures high enough to denature the proteins in their membranes
and then placed in the concentrated sodium ion solution.

a Predict the relative concentration of sodium ions in the infernal cellular environments of both cultures.
b Account for your prediction.

Evaluating

21 A student made the comment that ‘the formation of vesicles by endocytosis should reduce the size of the
plasma membrane’. Apply your knowledge fo critically examine this comment.

22 ‘Transport proteins act like gates facilitating movement across the membrane.” Evaluate this statement,
referring fo the three types of membrane fransport protfeins in your explanation.

Creating

23 Water and paint thinner do not mix. Using these two substances, design an experiment that would
defermine whether another substance called X is polar or non-polar.

24 Size and polarity determine if a molecule can or cannot pass directly through a plasma membrane. Create
a poster to demonstrate your understanding of this concept.
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CHAPTER 2

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

KEY KNOWLEDGE

Nucleic acids and proteins

nucleic acids as information molecules
that encode instructions for the synthesis
of proteins in cells

protein functional diversity and the nature
of the proteome

the functional importance of the four
hierarchal levels of protein structure

the synthesis of a polypeptide chain from
amino acid monomers by condensation
polymerisation

the structure of DNA and the three

forms of RNA including similarities and
differences in their subunits, and their
synthesis by condensation polymerisation
the genetic code as a degenerate triplet
code and the steps in gene expression
including transcription, RNA processing in
eukaryotic cells and translation.

Gene structure and regulation

the functional distinction between
structural genes and regulatory genes
the structure of genes in eukaryotic cells
including stop and start instructions,
promoter regions, exons and introns

- the use of the /lac operon as a simple
prokaryotic model that illustrates the
switching off and on of genes by proteins
(transcriptional factors) expressed by
regulatory genes.

Biological knowledge and
society

« techniques that apply DNA knowledge
(specifically gene cloning, genetic
screening and DNA profiling) including
social and ethical implications and issues

KEY SCIENCE SKILLS

Analyse and evaluate data, methods and
scientific models

+ explain how models are used to organise
and understand observed phenomena
and concepts related to biology,
identifying limitations of the models

© (2016). The Victorian Curriculum and Assessment Authority (VCAA). Used with permission.



Proteins

Virtually everything a cell is or does depends on the proteins it contains. What does
your hair have in common with the feathers of birds, the rattle of a rattlesnake and the
spines of an echidna? They are all composed of a strong fibrous protein known as keratin.
Keratin is just one of a vast variety of proteins produced by the activities of cells.

Proteins are large complex molecules that are the building blocks for many different
structures. Proteins can also be enzymes, which control the thousands of chemical
reactions that maintain life processes (Table 2.1, Figure 2.1).

Table 2.1 The functional diversity of protfeins

Type of protein

Function

Examples

different cell types;
stimulation or inhibition

Motility Allow movement of cells Tubulin forms microtubules to move flagella, cilia,
and their organelles chromosomes and organelles.
Actin and myosin work fogether fo move muscles.
Structural Provide support, strength | Collagen supports body tissues.
and protection Fibroin makes a spider web stronger, weight for weight,
than steel.
Keratin forms nails and hair.
Enzymes Catalyse biochemical Catalase removes toxic hydrogen peroxide from cells
reactions by breaking it down info water and oxygen.
All organisms have DNA polymerase, an enzyme that
duplicates genetic information (DNA).
Transport Carry molecules Haemoglobin carries oxygen to body cells.
from one location fo Porin forms a hydrophilic pore in the outer membrane
another or across cell of mitochondria for the passage of molecules.
membranes
Hormones Signalling between Insulin travels in the blood and binds to cell receptors

to trigger the uptake of glucose.

Follicle-stimulating hormone (FSH) stimulates the
maturation and release of ova (female gametes).

Cell-surface receptors

Receiving signals
such as hormones
and growth factors,
fransmission of nerve
impulse

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

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

Neurotransmitters

Signalling between
neurons

Endorphins activate nerve receptors to alleviate pain
or stress.

Enkephalins act as analgesics (pain relievers) and
sedatives affecting mood and motivation.

Immunoglobulins

Recognition of foreign
substances (antigens)

Antibodies cause foreign material fo clump and be
ingested by large white cells (macrophages).

Poisons or toxins

Chemicals for defence
and fo aid in the capture
of food

The castor oil plant produces ricin, a deadly toxin.

Snake venom contains many proteins that can
paralyse and digest prey.
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This diversity of proteins can be explained by the way their building blocks, the
20 amino acids, are sequenced 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.

Despite the diversity of proteins they all have the same basic structure: up to
thousands of amino acids bond to form linear polymers known as polypeptides that are
folded, twisted or coiled. Plants synthesise their own amino acids, but animals depend
on obtaining almost half of them from their diet. Well over 100 kinds of amino acids
can be found in cells but only 20 are used to make up proteins.

Amino acids

Amino acids are small molecules that have the same basic structure — a central carbon
atom to which are attached a hydrogen atom, an amine group (NH,), a carboxylic acid
group (COOH) and what is called an R group. The amine and acid groups react with
water to become charged NH,* and COO™ groups respectively (Figure 2.2). There

are only 20 different amino acids found in the proteins of living organisms. It is the
difference in the R group that distinguishes one amino acid from another and gives each
amino acid its particular chemical properties (Figure 2.3).

a b C

Non-polar Polar Electrically charged

Tryptophan (Trp) Serine (Ser) Aspartic acid (Asp)

| o] | T o
| = | /O =z
HN*—C—c” HN*—C—c 7 HN*—C—CZ_ __
3 | -0 3 [ -0 | O
CH, CH, ICHz
|
NH C
OH
/N
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A Figure 2.1

Proteins have a diverse
range of functions.

(a) Spindle fibres attach
fo chromosomes in cell
division. (b) A spider
web is composed of
fibroin. (¢) Haemoglobin
carries oxygen fo the
cells in the body. (d) The
castor oil plant produces
the deadly toxin ricin.

H O
Hge [
H—N'—C—C—0"~
|
R
Amine R Carboxylic
group group  acid
group
A Figure 2.2

Structural formula for an
amino acid, at about
pH 7. Each amino acid
differs according to the
structure and properties
of the R group.

4 Figure 2.3

The structural formulas
of three of the 20 amino
acids, grouped
according to their
properties: (a) non-
polar; (b) polar; and
(c) electrically charged
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Some R groups give the protein molecule polar regions and other R groups make
regions of the protein non-polar. Non-polar hydrophobic regions are generally tucked
away within the protein molecule, away from the water molecules in the aqueous
environment (Figure 2.4). Polar and charged amino acids are hydrophilic. They tend
to be on the surface of protein molecules because of their affinity for the polar water
molecules in their environment (Figure 2.4).

RECALL

* Proteins are a class of biological molecules with a diverse range of functions central
to cell structure, organisation and operation.

Figure 2.4 A

This model of
haemoglobin shows
hydrophobic amino acids
(brown) associating in the

centre of the molecule + Proteins comprise linear polypeptide chains made up of amino acids that have been
and the hydrophilic i
! . joined together.

(blue) amino acids
fending to interact with * There are 20 different amino acids that can be grouped according to their properties.
the surrounding aqueous
environment.

1 List at least five types of proteins, state their 3 Distinguish between hydrophilic and

functions, and give an example of each. hydrophobic amino acids. Suggest where each
2 How does an amino acid get its name? is likely to be found in a folded protein and
explain why.

From amino acids to proteins

The process of synthesising protein molecules can be explained by
the four different levels that give rise to the final structure.

HaN*

H

Amino acid 1

Primary structure

DNA determines the primary structure, or sequence of amino
acids in the polypeptide. Amino acids bond together in the
process of condensation polymerisation. Each bond between
two adjacent amino acids is called a peptide bond (Figure 2.5).

H3N*-
| Secondary structure
Once the polypeptide chain is formed, various parts undergo
Peptide bond coiling and folding due to hydrogen bonding between the peptide
Figure 2.5 A bonds of neighbouring amino acids. These coiled and folded
A condensation portions form the secondary structure of the protein. Tight coils
%?x?irggz%?iéiogggg are known as a-helices and flattened folding forms as 3-pleated sheets (Figures 2.6
between two amino and 2.7). Other parts of the polypeptide chain do not fold into defined arrangements
acids. Water is released and are called random loops. The B-pleated sheets and random loops often form the

during the reaction. basis of the active site in enzymes, being less rigid than a-helices.
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a b Random < Figure 2.6
Leu loop (a) The order of amino

Met . Ser s 0 B-Prl]ea';ed acids in Tlr%p?rﬁlypepﬂde

Phe Gl yr shee is calle e primary

H/N—O Trp Lys AP ) ser c ~OH structure. (b) Coiling
QOOOQQOO (a-helices) and folding
(B-pleated sheets)
result in the secondary
structure of a protein.
Coils and sheets

are connected by
random loops.

a-helix

Tertiary structure

Hydrophilic R groups attract other hydrophilic R groups, and hydrophobic R groups
attract other hydrophobic R groups according to the chemical principle ‘like attracts
like’ (Figure 2.7). 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. The
interactions result in hydrogen bonds, ionic bonds or hydrophobic contact between

various R groups, or disulfide bridges between cysteine amino acids. Disulfide bridges ¥ Figure 2.7
are strong covalent bonds that form connections within the polypeptide that are resistant Seor?ndcryk/w sflrucfurez
i . . . . such as a-helices an
to unfolding. Protein molecules with the same sequence of amino acids generally fold B-plec’reda sheets, form
into the same shape. A change to just one amino acid can alter the shape of the protein by hydrogen bonding
molecule and it may not function properly. within localised regions
R R K X X i of the polypeptide. The
It is the tertiary structure that determines the function of the protein — its biological specific function of a
functionality. Some proteins form long, closely packed fibres that are insoluble in water protein is determined
d It in structural ts of cells. Most teins f herical lobul by its tertiary structure.
and result in structural components of cells. Most proteins form spherical or globular The fertiary structure
molecules that are soluble in water and perform a variety of functional tasks. arises from interactions

between R groups of
amino acids in the
polypeptide chain.

Random loops

T

Hydrogen bond

between R groups oo

Hydrophobic

a-helix
B-pleated sheet R group CH,C —T —H&IO—CH, ‘ s
interactions l

H

lonic bond

[l
(CH2)4NH3+ O™ —CCH,

CHZOOH evo

Hydrogen
bonds

CH, —S —S—CH,

Hyd Polypeptide
H; N bonds backbone Disulfide bond
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Quaternary structure

Many large, complex protein molecules consist of two or more polypeptide chains.
Haemoglobin, for example, which carries oxygen in the blood, consists of four
polypeptide chains. The quaternary structure 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.
Each polypeptide is described as a subunit of the protein.

Changing the nature of proteins

The function of a protein depends on its shape. Apart from misreading the DNA code so
that polypeptides are unable to fold correctly, proteins may lose their functional shape if
they are exposed to high temperatures, strong salty solutions, or very acidic or alkaline
conditions. These conditions can denature or change the shape of the protein molecules
(Figure 2.8). If the change is small the protein molecule can return to its original shape,
but it cannot if the change is large.

Observing the three-dimensional structure of proteins allows us to view the active
sites of enzymes and the binding sites of receptor proteins so that we can determine
molecules that will ‘fit’ into these sites. This can lead to the development of highly
specific drugs that will either stimulate the activity of the target or block its activity.

Figure 2.8 >

Raw and cooked egg.
The colourless protein
of the ‘white’ of the egg
albumen is changed
by heat.

iStockphoto/Oldelia Cohen

Determining protein structure

Structural biologists use X-ray crystallography or nuclear
magnetic resonance (NMR) spectroscopy to find out the
structure of a protein that they are interested in. The techniques
they use are time-consuming and expensive (Figure 2.9), but
they are effective in determining the spatial arrangement of the
atoms that make up the protein molecules.

Specialised computer programs analyse the data the
biologists collect to determine the most likely configuration of
the amino acids of the protein. The research team then submits
the structure to a journal and to the Protein Data Bank, a
worldwide electronic library for processing and distributing

RY/VOLKER STEGER

SCIENCE PHOTO LIB

Figure 2.9 A data about the three-dimensional structures of biological

§eseoroh$r|\|wh Oﬂh macromolecules. This is an example of bioinformatics. Scientists
-ray crystallography . .. . . 5 .

machine used fo study anFl the pubhc can access thlS. 1nf9rmf1t10n and view the three d1mens1f)na! structure

the structure of proteins using a variety of computer visualisation programs, such as Cn3D, which is free to

download from the National Center for Biotechnology Information (NCBI) website.
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The proteome

The whole set of proteins produced by a cell, a tissue or an organism is called its
proteome. It is estimated that there are over 100000 different proteins in the
human proteome. Proteomics is the study of proteomes. Proteomics is a dynamic
field of research that is concerned with investigating the collection of proteins and
their modifications in a particular cell type or tissue. Functional proteomics refers
particularly to the study of what proteins do in different cells or tissues. It can be
concerned with how the many proteins interact with each other in a specific tissue
type, or how the suite of proteins in a tissue changes 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.

RECALL

» 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.

* Aprotein’s function is dependent upon its shape.
* Heating proteins often causes them to unfold irreversibly.

* Aproteome is the complete set of proteins in a cell, organ or tissue.

1 Describe how amino acids are linked together. 4 Explain what is meant by the term ‘denature’
2 Describe the four levels of protein structure. and relate the term fo a protein’s function.
3 What three types of folds are associated with a 5 Explain the benefits of profeomics.

polypeptide’s secondary structure?

Nucleic acids

Watson and Crick with
their DNA model

In 1869, Friedrich Miescher, a German doctor, extracted a
white substance from the nuclei of white blood cells that he
collected from pus on soiled surgical bandages. He called

the substance ‘nuclein’. By 1900 the basic chemistry of this
mysterious white substance had been worked out. It was a long
molecule made up of three distinct chemical parts. Today this
molecule is called nucleic acid.

Commonly recognised by the letters DNA
(deoxyribonucleic acid) and RNA (ribonucleic acid),
nucleic acids are large, linear polymers that form when
monomers bond together. A molecule of DNA is composed
of two long polymer strands wound around each other to
form the familiar double helix. The claim for the discovery
of the structure of DNA has been contentious. Many years of
work and investigation by scientists contributed to the body
of knowledge that eventually led James Watson and Francis

Science Photo Library/A. BARRINGTON BROWN, GONVILLE AND CAIUS COLLEGE
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Phosphodiester bond
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Nucleotide

Figure 2.11 A

DNA is made up of
nucleotides that link
together through
phosphodiester bonds
to form a strand of DNA.

Crick to report the famous model of the double helix in 1953. Watson and
Crick used X-ray images of the DNA molecule made by Rosalind Franklin
to determine its structure (Figure 2.10).

Nucleic acids store information in a chemical code that directs the
machinery of the cell to produce proteins. Nucleic acids are every organism’s
genetic material; they are the means by which the story of life extends

b@ through time and across all life forms.

~ Structure of nucleic acids

Like proteins, nucleic acids are polymers built of repeating units, or
monomers. Nucleotides are the monomers that make up nucleic acid
molecules. DNA and RNA differ in the structure of their nucleotides. These
differences influence the structure and the functions of the nucleic acid
polymers.

Structure of DNA

A nucleotide has three distinct chemical components:

1 a five-carbon sugar (in DNA this is deoxyribose)

2 anegatively charged phosphate group, which gives DNA an overall negative charge
3 an organic nitrogen-containing compound called a base (Figure 2.11).

There are four kinds of nitrogenous (nitrogen-containing) bases in DNA:
adenine (A)

thymine (T)

guanine (G)

cytosine (C).

The carbons of the sugar in a nucleotide are numbered from 1 to 5". The nitrogenous
base is attached to carbon 1" of the sugar. The phosphate group is attached to carbon 5’
of the sugar. Consequently, the nitrogenous base projects to the side of the sugar ring
and the phosphate group sits above it (Figure 2.11).

The nucleotides of a nucleic acid strand are linked by condensation polymerisation
reactions. The phosphate group at carbon 5" of one nucleotide bonds with the
hydroxyl group at carbon 3’ of the next nucleotide in the strand. In the process, a
phosphodiester bond is formed and a molecule of water is released. Regardless of the
number of nucleotides in a strand, the two ends of the strand always differ. A phosphate
group projects from one end and is called the 5" end of the strand. A hydroxyl group
projects from the other end and is called the 3" end of the strand.

Nucleic acids are invariably synthesised towards the 3" end of the strand in a 5" to 3’
direction. In other words, nucleotides are progressively added to the exposed hydroxyl
group at the 3’ end.

The nitrogen bases of a DNA strand project outwards and link with the nitrogen
bases of the second strand (Figure 2.12). Hydrogen bonds between the adjoining pairs
of nitrogenous bases hold the double helix together, much like the rungs of a twisted
ladder. The nitrogen bases do not bond randomly. Rather, A bonds with T and C bonds
with G, following strict complementary base-pairing rules.

The two strands of the DNA molecule are aligned in an antiparallel arrangement. That
is, the 5" end of one strand comes together with the 3" end of the complementary strand.

Structure of RNA

Like DNA, RNA is built of nucleotides that are linked together by condensation
polymerisation reactions. There are, however, basic differences in the structure of
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Hydrogen bonds
3" end

base

strand

DNA RNA

Nitrogen
base

Nitrogen
base

H OH OH OH
Sugar: 2-deoxyribose Ribose
Bases: G ACT G A CU

the nucleotides of each (Figure 2.13). The deoxyribose sugar of the DNA and the
ribose sugar of RNA differ in that deoxyribose has one less oxygen atom at carbon
2'. The nitrogenous base thymine (T) in DNA is replaced by the base uracil (U) in
RNA. The bases T and U are very similar, except that T has four additional atoms
(a CH, group).

Apart from differences in nucleotide structure, RNA tends to be single-stranded and
has a variety of folding patterns. DNA is double-stranded and folds into a double helix.
RNA molecules also are much shorter than DNA molecules. The majority of RNA

4 Figure 2.12

The DNA helix is a

pair is

Nucleotide
> base

double-stranded

molecule. (a) The
two strands are held
together by hydrogen
bonding between

complementary
nifrogen bases.

The two strands are
antiparallel. (b) An A-T

held together by

two hydrogen bonds,
whereas a G-C pair is
held together by three.

4 Figure 2.13

Differences between
the nucleotides of DNA

and RNA
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molecules range from a few dozen up to a few thousand nucleotides. DNA molecules in
chromosomes range from tens of thousands up to hundreds of millions of base pairs
in length.

RECALL

* Nucleic acids comprise linear strands made up of nucleotides that have been joined
together.

« DNA, the ultimate information molecule, is double-stranded, with the nucleotides on
each strand linking together through complementary base pairing.

1 Describe the three key features of a nucleotide 4 If DNA structure is described as ‘antiparallel’,
and how they are arranged. what does this mean?
2 How are nucleotides linked together? 5 What charge does DNA have, and why?

3 How are the two strands of DNA held together?

See Nelson Biology
VCE Units T & 2,

Chapter 9 for more
on DNA replication.

The functions of nucleic acids

The seemingly trivial differences between DNA and RNA nucleotides dictate major
differences in the structure and function of DNA and RNA. Double-stranded DNA
is a persistent, long-lived molecule. It is transmitted between cells during cell division
and between generations of organisms through sexual reproduction. It is the molecule
ultimately responsible for inheritance.

RNA tends to be single-stranded. It is a relatively short-lived molecule that is made
and degraded rapidly by cells. It is also a versatile molecule with a variety of functions
that facilitate and regulate protein production.

The function of DNA

In prokaryotic cells, the DNA is organised into a single, circular chromosome. Some
DNA is also found in the form of small circular pieces of DNA called plasmids. The
chromosome and plasmids are exposed in the cytoplasm.

The DNA of eukaryotic cells is mainly organised into linear chromosomes contained
within the nucleus. Proteins called histones are bound to the DNA in eukaryotic
chromosomes. Like winding cotton around many reels, histones help pack the large
DNA threads into the confined space of the nucleus. Some DNA is also found in the
form of circular chromosomes in the mitochondria and chloroplasts.

The complete sequence of DNA in a single set of an organism’s chromosomes is
called its genome. Certain sequences of nucleotides in the DNA are codes for making
polypeptides. The sequence of 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.

It sounds simple, but when we consider that each cell of our body carries well
over a metre in length of DNA, twisted and coiled into 46 chromosomes that
have more than three billion base pairs (bp), it is not surprising that there is such
a diversity of proteins. However, not all the DNA codes for polypeptides. The
segments that code for polypeptides are called genes. Genes account for only about
1% of the human genome.
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For most genes, there are small differences in the nucleotide sequences from
one individual to another. 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.

DNA consists of two complementary strands held together by hydrogen bonds.
If the nucleotide sequence is known for one strand, it is straightforward to infer the
sequence on the other strand because of the base-pairing rules. When DNA is copied,
the original strands are separated first. Each single strand then serves as a template for
the production of a new complementary strand (Figure 2.14). This is described as semi-
conservative replication. The new strand is built towards its 3" end. The sequence of
nucleotides in the new strand is determined by complementary base pairing with the
nucleotides of the template strand.

Daughter
molecule
Parent molecule

Old strand New strand

Daughter
molecule

Owing to its unique ability to replicate with high fidelity, DNA passes on this
information from one generation of cells to the next and from one generation of
organisms to the next. It is the master code that determines the very nature of cells and
therefore of life forms.

The many roles of RNA

RNA has many functions in producing proteins. It takes the information in the DNA
strand and creates the proteins necessary for life. This is called gene expression — the
gene is ‘expressed” by production of its

coded protein. Nuclear

DNA acts as a template and the

information in the genes is copied
RNA processing lp"e mRNA

into RNA. This copying process is
called transcription (Figure 2.15). The

\N\NS
mRNA

envelope

RNA produced (called pre-mRNE)

is subsequently processed into the
mature messenger RNA (mRNA).
Single-stranded mRNA molecules, or
‘transcripts’, convey the information
encoded in single genes and are therefore
much shorter than chromosomal

DNA. They leave the nucleus readily.
Messenger RNA gets its name from its
ability to convey the instructions needed
for protein synthesis from the DNA in
the nucleus to the cytoplasm where the
proteins are made.

Ribosome
Translation |_

9780170368360

See Chapter 8 for
more on how alleles
come about.

< Figure 2.14

Model for semi-
conservative replication
of DNA. Each daughter
molecule confains one
strand from the parent
DNA molecule and

one freshly synthesised
strand.

< Figure 2.15

Gene expression relies
on the processes of
franscription and
franslation. During
franscription, DNA is
copied into pre-mRNA
that is processed info
mature RNA for export
from the nucleus. During
franslation, the ribosome
converts the nucleofide
sequence in the mRNA
info the amino acid
sequence of a
polypeptide.
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Figure 2.16 » , Amino acid Ribosomes in the cytoplasm serve
Structure of tRNA. - attaches here . f 1 id hesis. Th
The diagram shows as sites for polypeptide synthesis. The
the molecule as flat ribosome docks with the mRNA and
and shaped like a uses the nucleotide sequence of the
clover leaf. Some R X .
nucleotides occupy mRNA to guide polypeptide synthesis.
the same positions This process is called translation
in all IRNAs, whereas (Fi 2.15). The rib
ofhers vary according igure 2.15). The ribosomes are
to the particular tRNA. composed of ribosomal RNA (xRNXA)
The symbols D and strands complexed together with a
s represent unusual 1 b £ ? The rRNA
nucleotides that are arge number of proteins. lhe r
characteristic of tRNAs; therefore acts as structural molecules
¥ can represent either for formation of the ribosome.
As mRNA is reeled through the

ribosome, amino acids are linked together
to build the polypeptide. The amino
acids are brought in by transfer RNA

C or U. Although T is not
found in other forms of
RNA, it does occurin
tRNA. Base pairing only
occurs in certain regions.
The three bases shown

adapted from H. Curtis & N. S. Barnes, Biology, Worth Publishing, New York, 1989

af the boftom of the (tRNA) molecules. These exist as free-
representation constitute . L

the MRNA binding sife, floating molecules within the cytoplasm
or %ngﬁ?%don- TJth amino and, unlike mRNA, tRNA molecules
gr%wnlg'r J'rﬂg ?ég Igf the are folded into loops with a distinctive clover shape (Figure 2.16). Each type of amino
molecule. acid is carried by a different tRNA molecule. Three nucleotides in the central loop of

the tRNA, called the anticodon, bind to mRNA following base-pairing rules. The stem
of the tRNA is attached to the amino acid. The sequence of nucleotides in the mRNA
directs which tRNA should bind next. This determines which amino acid is next in the
polypeptide sequence. When a tRNA molecule binds with the mRNA in the ribosome,
the accompanying amino acid is positioned for ‘transfer’ to the growing polypeptide.

In this way, tRNA molecules act as adaptor molecules which help to turn a nucleotide
sequence into an amino acid sequence.

RECALL

* Genes are the segments of DNA that code for polypeptides.

* RNAis normally single-stranded.

» Different types of RNA perform different functions in the process of expressing a
gene as a polypeptide.

RECAP 2.4

1 Identify three fundamental differences between 3 List three major types of RNA and describe their
the structures of DNA and RNA. functions.

2 Define two key processes in gene expression.

Transmitting information
through a triplet code

The nucleic acids function primarily as information molecules. DNA determines the
sequence of the 20 different types of amino acids put together in the polypeptide. But how
does a four-letter DNA code specify for each of 20 different amino acids in polypeptides?
The challenge is overcome by interpreting the nucleotides in groups of three (triplets). If
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one of four nucleotides can occur in each position of the triplet, then 4 X 4 X 4 = 64
possible combinations can be specified, more than enough for the 20 amino acids.

As we have seen, the instructions encoded in the genes in the DNA are relayed
through a series of processes that involve RNA in the production of specific proteins.
What are the events that convey that information from gene to protein?

Transcription

The DNA in the region of the gene first unwinds, then unzips, exposing the nucleotide
bases of both strands. One strand of the DNA has the sequence that codes for the
polypeptide. This is called the coding strand. The other strand of DNA is used to direct
the synthesis of mRNA and is called the template strand.

At the site in the DNA where a gene occurs, the nucleotide sequence defines the
gene’s structure. A particular sequence of non-coding DNA, called the promoter, signals
the start of the gene. The promoter is often rich in T and A bases and this region is
sometimes referred to as the TATA box. Proteins position the enzyme RNA polymerase
onto the DNA to bind with the promoter. As RNA polymerase proceeds along the DNA,
it progressively builds a strand of RNA that is complementary to the template strand.

Although both DNA strands are exposed during transcription, the antiparallel
structure of DNA ensures that only the correct strand is used as the template. Nucleic
acid strands are invariably built towards the 3" direction, in the opposite direction
to their template. This means only the template strand (running 3’ to 5’) can be

transcribed, or copied, into RNA (running 5" to 3"). The nucleotide sequence of the V¥ Figure 2.17
RNA is identical to the coding strand of DNA (running 5" to 3"), except that T is During transcription,

: pre-mRNA is synthesised
replaced by U (Figure 2.17). e 5 1o 3 direction

from the template strand
of DNA.

5
< .
17 RNA Coding strand
C
C CACTC ‘

, 5 e AT6 :
5 T T T T T T T C T " T T T T T T T 3
AT ccC C ACCAC TA
TAC C T CAT
3! L L L L L L L L L L L L L L L 5!
T C T A T A
DNA Template strand

RNA polymerase

A nucleotide sequence downstream of the gene serves as a 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 twists itself back into a double helix.

Processing pre-mRNA

Following transcription, some segments of the pre-mRNA are removed. Most
eukaryotic genes have regions of base sequences that are not translated into the
amino acids of polypeptides. These regions, which ‘interrupt’ the coding sequences,
are called introns. Introns are interspersed among regions of DNA called exons,
which contain the actual information for polypeptide formation. Both the exons
and introns are transcribed into pre-mRNA, but introns are removed and exons re-

joined by RNA splicing before the mRNA leaves the nucleus (Figure 2.18).
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Figure 2.18 >

Transcription and

processing to generate
mature mRNA from
pre-mRNA in the nucleus pNA
of acell.
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As it is being transcribed, the pre-mRNA is modified by the addition of a methylated
cap at the 5" end (Figure 2.18). Before it leaves the nucleus, the pre-mRNA is capped at
the 3" end by polyadenylation (Figure 2.18). That is, a poly-A tail consisting of about
100-200 adenine nucleotides is added at the 3’ end. 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.

After processing, the mature mRNA is ready to leave the nucleus and move into
the cytoplasm, where translation of the nuclear code into polypeptides is carried out by
ribosomes. The average mRNA strand is about 10002000 bases long, including the
methylated cap and 100-200 adenine bases in the poly-A tail.

Alternative splicing

Before the human genome was sequenced, it was predicted that it would contain

over 100000 genes, based on the estimated number of proteins in the human body.
Surprisingly, after sequencing, it appeared the number of genes was between 20000 and
25000. What could explain this puzzle?

It turns out that a single gene can code for several different polypeptides. During
RNA processing, different exons may be removed along with the introns to produce
mRNA molecules of different length and sequence (Figure 2.19). 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.

How does a cell know which exons to keep and which to remove during alternative
splicing? This is an area of intensive research. The fundamental mechanism involves
interactions between specific mRNA sequences and nuclear proteins found in particular
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.
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Remaining exons rejoined Remaining exons rejoined
and processed and processed

5’. Exon 1 Exon 2 Exon 3 Exon 4_ 3’ 5’. Exon 1 Exon 2 Exon 4 _ 3’

Mature mRNA 1 Mature mRNA 2
A Figure 2.19
RECALL Alternative splicing
allows the production
of different mRNA
* During transcription, RNA is copied from template DNA. molecules, and

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

* The pre-mRNA can be alternatively spliced to generate different mRNA transcripts.

1 What is the promoter of a gene? 4 Describe how alternative splicing generates
2 Explain why only one of the DNA strands can different mRNA transcripts.

serve as the template strand during transcription. 5 What are the 5 and 3’ caps, and what do they

3 Define exons and introns, and explain how they achieve for the mature mRNA?
relate to the processing of pre-mRNA.

therefore different
polypeptides, from the
same gene.

The genetic code

The nucleotide sequence of the gene is copied and processed into a functional strand
of mRNA. The mRNA now serves as a linear sequence of instructions for making the
primary structure of a polypeptide. The information stored in the mRNA is grouped into
units of three nucleotides called codons. Each codon specifies a particular amino acid. The
order of the codons in the mRNA specifies the order of the amino acids in the polypeptide.
One codon, AUG, which codes for the amino acid called methionine, also specifies the
start of polypeptide synthesis. Three codons do not code for any amino acids but direct
polypeptide synthesis to stop. These fundamental rules are the foundation of the genetic
code (Figure 2.20). With very few exceptions, the genetic code is universal to all organisms.
The genetic code shows the relationship between the codons in mRNA and the
amino acids that are translated. As there are 64 codons and just 20 amino acids, many
amino acids are encoded by multiple codons. Amino acids such as serine or arginine are
specified by up to six codons (Figure 2.20). These observations show that there is a level
of redundancy built into the genetic code. The genetic code can therefore be described
as degenerate because most amino acids can be encoded by two or more codons.
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Second base

Arg = arginine
9 9 uuu } Phe UCU ] UAU }T uGuU } c u
Asn = asparagine yr ys
parag U Uuc ucc UAC UGC C
Asp = aspartic acid > Ser
P P UUA } Leu UCA UAA Stop UGA Stop | A
Cys = cysteine
G uuG ucG UAG  Stop Uc Tp | C
Gln = glutamine
Glu = glutamic acid CUU CCU - CAU } cGU y
. His
Gly = glycine cuc ccc CAC CGC C
; A C Leu > P A
His = histidine CUA CCA @ CAA CGA rg A
lle = isoleucine § CUG G | CAG }Gln GG G g
. Ee] s
Leu = leucine % =
Lys = lysine - AUU ACU 7 AAU AGU &
. }Asn Sarr U
Met = methionine AUC lle ACC AAC AGC c
> Thr
Phe = phenylalanine AUA ACA AAA AGA A
Pro = proline AUG  Met/ ACG | AAG } S AGG} Arg G
. Start
Ser = serine
Thr = threonine GUU GCU 7] GAU }Asp GGU U
Trp = tryptophan GUC GCC GAC GGC C
p = tryptop G Val L Ala ay
Tyr = tyrosine GUA GCA GAA } ol GGA A
u
Val = valine GUG GCG _| GAG GGG G
Figure 2.20 A

The genetic code.
The mRNA codons
correspond to the

20 amino acids made
by translation on

the ribosomes. Three
codons act as stop
codons, and under
certain conditions the
codon AUG initiates
protfein synthesis.

Translation

Messenger RNA

Ribosome

40 subunit 60 subunit

Growing
polypeptide

Endoplasmic
reticulum lumen

Processes (Thomas Nelson, 1993), new edition released as Advanced Biology
(Nelson Thornes, 2000), copyright © Micheal Roberts, Michael Reiss and Grace

figure adapted from M Roberts, M Reiss and G Monger: Biology: Principles and
Monger 1993, 2000, reprinted by permission of Oxford University Press

Figure 2.21 A

A ribosome attached to the endoplasmic
reticulum is synthesising a polypeptide. The
polypeptide is tfransferred to the lumen (inside) of
the endoplasmic reticulum.
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When mRNA moves into the cytoplasm, it binds with a ribosome, where it causes
amino acids to assemble in a particular order. In other words, the codons in the mRNA
are translated into the amino acid sequence of a polypeptide. Polypeptide synthesis

also requires the activity of tRNA molecules. The ribosome serves as the machinery for
protein synthesis while tRNA provides the raw materials.

The ribosome

Ribosomes usually exist in the cytoplasm in two subunits,

a smaller one called the 40 S subunit and a larger one called
the 60S subunit (S is a unit of size). Both contain numerous
protein molecules together with rRNA, and both subunits
are assembled in the nucleolus. The subunits move from the
nucleus into the cytoplasm, where they combine to form the
functional units of translation.

In eukaryotic cells, ribosomes are found free throughout
the cytosol. Ribosomes are also bound to rough endoplasmic
reticulum (Figure 2.21). Generally, proteins that are destined
for the cytosol are made on free ribosomes.

Proteins that are made on bound ribosomes are
transferred through the membrane and enter the lumen
(interior) of the rough ER (Figure 2.21). They are then
secreted from the cell or relayed to other cell compartments,
such as lysosomes.

Ribosomes are also found in prokaryotes and in
mitochondria and chloroplasts. These ribosomes are smaller
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than the ribosomes found in the cytoplasm of eukaryotic cells, although they also consist
of two subunits and are involved in protein synthesis.

Ribosomes are able to form chains, called polyribosomes or polysomes, all binding to
a single mRNA strand (Figure 2.22). The advantage of polyribosomes is that they allow a
large number of polypeptides to be made from a single mRNA strand in a comparatively
short time. The rate of polypeptide synthesis is greatly increased. In bacterial cells,
polypeptide synthesis happens even more rapidly. This is because prokaryotes lack a
nucleus and protein synthesis can begin even before mRNA synthesis is complete.

Completed
polypeptide
chain

Amino acid
brought into
position by
tRNA

Ribosome

Figure 2.22 A

How a polyribosome works. A series of ribosomes moves along an mRNA molecule. Each ribosome synthesises a polypeptide
molecule as it moves along the mRNA. When the ribosome reaches the end of the mRNA strand, it releases its polypeptide
chain and can return to the beginning.

Codon-anticodon interaction

The tRNA molecules bring the amino acids into position on the ribosome for
incorporation into the polypeptide. The order of codons in the mRNA must be ‘read’ by
the incoming tRNA molecules so the amino acids are in the correct order for polypeptide
synthesis. This is determined by direct interaction between tRNA and mRNA.

The anticodon of each tRNA is complementary to a particular codon of the mRNA.
For example, if the mRNA codon is GCU, the anticodon of the tRNA must be CGA.
The particular amino acid carried by each tRNA is determined by the sequence of the
anticodon. According to the genetic code (see Figure 2.20), the GCU codon specifies
the amino acid alanine. This means the tRNA has brought an alanine into position for
addition to the growing polypeptide chain. A tRNA molecule with the anticodon CGA
will only be attached to an alanine amino acid.

Likewise, a tRNA with anticodon UGA will only be attached to the amino acid
threonine. This tRNA binds to the mRNA codon ACU. In essence, the ACU codon in
mRNA specifies a threonine amino acid in the polypeptide (see Figure 2.20).

Translation in action

A small ribosome subunit loaded with an initiator Met-tRNA (one that can start
the process) recognises an mRNA strand as it leaves the nucleus and travels to the
cytoplasm. The ribosome subunit bonds to the methylated cap on the mRNA and
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Figure 2.23 >

Through the action of
tRNA, the mRNA dictates
the order in which
amino acids link up fo
form the polypeptide
chain. The anticodons
at the ends of tRNA
molecules complement
the codons in the mRNA.

moves along it ‘scanning’ for an AUG start. Once found, a large ribosomal subunit
joins with the small one. The ribosome then passes along the mRNA strand and, as
it passes the next triplet of bases (codon) in the mRNA, a charged tRNA, carrying
the appropriate amino acid, moves into position on the ribosome. The three bases in
the mRNA codon bond to the complementary three bases (anticodon) in the tRNA
molecule.

Once aligned, adjacent amino acids are linked by peptide bonds, initiating formation
of the polypeptide chain. As the amino acids join up, the polypeptide chain peels off
from the tRNA molecules. When its job is complete, the uncharged tRNA detaches
from the mRNA and returns to the pool of tRNAs in the cytoplasm. The process is
shown in Figure 2.23.

Growing peptide

Incoming charged tRNA
bound to amino acid
R\l
NS

Outgoing
uncharged tRNA

Messenger RNA

Ribosome

Based on image by Boumphreyfr, https://commons.wikimedia.org/wiki/

File:Peptide_syn.png

Polypeptide synthesis

The ribosome then moves on to the next codon of the mRNA strand, another
charged tRNA molecule with a complementary anticodon sequence joins the codon and
another amino acid is drawn into position, and so on. As the ribosome moves along the
mRNA strand, more and more amino acids are joined by peptide bonds to 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.

Meanwhile other ribosomes are carrying on the same process, moving along the mRNA
strand simultaneously, each synthesising a polypeptide chain as it goes. 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 together
to make a three-dimensional structure.

RECALL

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

* Inthe cytoplasm, the mRNA is translated into 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.
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RECAP 2.6

1 Explain what is meant by a ‘degenerate’ genetic 4 A particular mature mRNA contains

code. 102 nucleotides, excluding the 5" and 3" caps.
2 Explain the relationship between a codon and a How many codons does this mMRNA contain?
an anticodon. b How many amino acids will be translated
3 Explain how charged and uncharged tRNA from the mRNA?

molecules relate to the process of tfranslation.

Gene regulation

The information in the DNA also prescribes which combinations of proteins are to be
made in particular cells or tissues, and under what circumstances particular proteins
are to be made. The process of turning gene expression on or off is referred to as gene
regulation. Genes are regulated during cell differentiation, development, or in response
to physiological or environmental cues. There are a number of mechanisms cells employ
to regulate gene expression. As more genomes are sequenced and studied, more may

be discovered. For our purposes, it is instructive to consider the functional difference
between two types of genes.

Regulatory genes are those 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 the regulatory gene is that its product alters the expression of other genes.

Structural genes are any genes that are not regulatory genes. Structural genes are,
however, regulated by regulatory genes.

In order to appreciate the interaction between regulatory and structural genes, we
shall explore the example of the /ac operon in the bacterium Escherichia coli.

An example of gene regulation

The bacterium E. coli inhabits the mammalian intestine, living on sugars and other
nutrients. During infancy, mammals feed on milk from their mothers. This milk
contains the sugar lactose. If lactose is present, E. coli produces proteins to import it
into the cell and break it down. If lactose is absent, these proteins are not produced as it
would be a waste of the bacterium’s resources to do so. If lactose is supplied to the E. coli
that has been starved of lactose, the bacteria will start synthesising the necessary proteins.

E. coli uses three proteins in this process: B-galactosidase, 3-galactosidase permease,
and B-galactosidase transacetylase. One of the proteins facilitates lactose transport into
the cell. The other two proteins aid in digesting and processing lactose. The coding
regions for the three corresponding genes appear next to each other on the E. coli
genome. They are under the control of one promoter and are transcribed as a single
mRNA strand. As these three structural genes are expressed as a single unit they are
described as an operon. This is the Jac operon (Figure 2.24).

Elsewhere in the E. coli genome is a regulatory gene that codes for a transcription
factor. A transcription factor is any protein that binds to DNA 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 /ac operon is
a repressor protein (Figure 2.24a). When lactose is absent, the repressor protein binds
to a region of non-coding DNA, called an operator (Figure 2.24c¢). The binding sites of
the operator are situated around the promoter in the /zc operon. Binding of the repressor
protein blocks RNA polymerase from attaching to the promoter region. The three genes
of the /ac operon cannot be transcribed and so gene expression is switched off.
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Figure 2.24p

(a) The lac operon
consists of an operator
(the binding site for the
repressor protein), a
promoter (binding site

for RNA polymerase) and

three structural genes
that code for proteins
involved in lactose
breakdown. A repressor
protein regulates the
three genes by binding
to the operator and
inhibiting franscription.
(b) When lactose is
present, it binds the
repressor, altering its
shape so that it cannot
bind to the operator.
RNA polymerase can
franscribe the three
genes into a single
mMRNA transcript.

() When lactose is
absent, the repressor
protein binds the
operator, covering
part of the promoter.
This means that RNA
polymerase cannot
bind to the promoter
and franscription of the
genes is blocked.
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When lactose is introduced to the bacterium’s environment, some enters the E. coli cell.
The lactose functions as an inducer, a kind of signalling molecule, that activates the /ac
operon. To achieve this, lactose binds to the repressor, altering its shape so that it cannot bind
to the operator. The promoter is now exposed for RNA polymerase to bind, and the three
structural genes are transcribed into mRNA. Gene expression is switched on (Figure 2.24b).

The binding of the lactose and the repressor is reversible. For as long as lactose
concentrations are sufficiently high, lactose binds the repressor and keeps the /ac operon
activated. When lactose levels drop, the repressor binding declines. Without lactose,
the repressor protein returns to its original shape and attaches to the operator in the /ac
operon. RNA polymerase can no longer bind to the promoter and transcription of the
structural genes stops.

RECALL

* Generegulation is the process of switching on or switching off gene expression. The
lac operon is an example of gene regulation.

* Aregulatory gene codes for a repressor protein that blocks RNA polymerase from
transcribing the Jac operon.

* Lactose acts as an inducer that interacts with the repressor to switch on expression of
the lac operon genes.

1 What is the difference between a regulatory 4 How does lactose switch on gene expression at
gene and a structural gene? the lac operon?

2 Whatis meant by an ‘operon’? 5 What benefit is there to the cell by regulating

3 How does the lac repressor block transcription? gene expression of the lac operon?

52 NELSON BIOLOGY VCE UNITS 3 & 4 9780170368360



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 cytoplasm, outside the boundary
of the nucleus. DNA is unable to leave the nucleus, so in order to produce a protein a message must be
sent from the nuclear DNA to the ribosome.

To do this, two processes take place:

+ franscription of the message from the DNA info a messenger RNA (mMRNA) molecule

+ translation of the mRNA into a specific amino acid sequence at the ribosome.
But exactly 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 franscribed from DNA and translated info a polypeptide

You will need

Each pair of students requires:
*  paper
+  scCissors

coloured pencils

What to do

The sequence of nucleotides below belongs to the lol gene from a fungus.
DNASATGGAAACTTGTATATAAYZ
DNAZ TACCTTITGAACATATATTY

1 Draw the label 'DNA" and the sequence of nucleotides for each strand on two separate strips of paper.
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 the thymine present in DNA is replaced with uracil in
RNA. The complementary sequences in RNA are adenine-uracil and guanine-cytosine.

3 Label a third strip with 'mRNA" at one end. Separate the two nucleofide sequences and position the
third strip of paper in between them. Using one of the DNA strands as a template, write the mRNA
sequence on this strip, starfing from the 5 end and going fo the 3’ end.

Translation of the mMRNA occurs at ribosomes in the cytoplasm. The sequence of nitrogen bases in the
MRNA is read in groups of three called codons. Transfer RNA (fRNA) molecules contain an anticodon
which is complementary to the codon of the mRNA, and each tRNA binds a specific amino acid. The
tfRNA molecules bring these amino acids to be bonded together and form a long chain of amino acids in
a specific sequence.

Figure 2.20 shows the mRNA codon sequences for each of the 20 amino acids needed to produce all
the proteins required by cells.

4 Moanoeuvre the mRNA transcript to the cytoplasm of your model cell. Place a fourth strip alongside it
and label it ‘polypeptide’. Use the genetic code table to translate the mRNA codons info amino acids.

5 Complete Table 2.2 to show the sequences.

Table 2.2 Transcription and translation of the lol gene

mRNA sequence

mRNA codons
tRNA anticodons
amino acid sequence
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What did you discover?

1 a Identify from the model which DNA strand was the coding strand, and which was the template
strand for transcription.

b Explain how you decided which strand to use as the femplate strand.

c Describe the relationship of the nucleotide sequence in the mRNA with the nucleotide sequences
of the coding and template strands.

Explain how you decided which end of the mRNA fo start franslating from.

What is the first amino acid in the polypeptide sequence? Is it possible for any amino acid to appear
first in any polypeptide? Explain.
How many nucleotides were in the mRNA sequence? How many amino acids were made? What

relationship is there between the number of nucleotides in the mMRNA 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 that could be made to this model to make the processes easier to understand.

w N

n

o O

RECALL

* The direction of RNA synthesis and the antiparallel structure of DNA determine
which are the coding and which are the template strands.

» The nucleotide sequence of a gene is transmitted from DNA to mRNA to tRNA
through complementary base pairing.

* The sequence of the mRNA is identical to that of the coding DNA strand except that
T in DNA is replaced by U in mRNA.

RECAP 2.8

1 Which is the growing end of the RNA during 3 Explain the relationship in the sequence
franscription? between the triplets in the coding strand of DNA,

2 How does the antiparallel structure of DNA fhe mRNA codons, and the fRNA anticodons.
defermine the template strand? 4 Do all codons code for an amino acid? Explain.

Biological knowledge and society: The speed gene

Getty Images/Heinz Kluetmeier/Sports lilustrated

amanaimages/Tim Williams/ActionPlus

Figure 2.25 A
Studies reveal genetic differences between elite sprint (left) and marathon (right) runners.
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A gene located on chromosome 11 called the ACTN3 gene has generated controversy. It has been
dubbed the ‘speed gene’ as it is correlated with elite athletic ability in sprint events. A controversy has
arisen around genetic screening for the speed gene and concerns of discrimination and the potential
for ‘designer athletes” and gene doping.

The genetics

The protfein product of the ACTN3 gene is called alpha-actinin-3. It is expressed in fast twitch muscle fibres
where it connects actin protein chains to coordinate fast, repetitive and powerful muscle contractions
(Figure 2.26). These fast twitch muscle fibres are powered by glucose and use anaerobic glycolysis
pathways fo provide energy in the form of ATP. (See Chapter 3 for more information.)

Chromosome 11

muscle fibre actin chains

ACTN3 gene

e

B Actin chain in fast- twitch Alpha-actinin-3 links

Alpha-actinin-3

protein A Figure 2.26

Expression of the ACTN3

— gene in fast twitch
- muscle fibres

In 1999 Professor Kathryn North and a feam 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 fruncated (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 per cent of the
Australian population. There is no obvious effect if you do not make alpha-actinin-3; it does not cause
disease.

A genetic test can be carried out to determine the ACTN3 allele status of individuals (you will learn
about these fests in Chapter 11). In 2003 Professor North collaborated on a study with the Australian
Institute of Sport (AIS). The study involved determining the ACTNS 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 2.27.

North, 2010).

RR [ RX XX

'A Gene for Speed: The Emerging Role of a-Actinin-3 in Muscle Metabolism’,
Yemima Berman, Kathryn N. North, Physiology, 1 August 2010 Vol. 25
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Alpha-actinin-3 influence on athletic performance

To study the effect of alpha-actinin-3, scientists generated a strain of ACTN3 knockout (KO) mice
that could not produce the protein. They found the KO mice produced higher amounts of a
protein called alpha-actinin-2. This closely related protein is produced to replace the missing
alpha-actinin-3. Table 2.3 shows results of further tests comparing the KO strain to controls.

Table 2.3 Overview of results comparing knockout mice that cannot produce alpha-actinin-3 with control mice that
do produce this protein (summarised from a paper by Berman and North, 2010).

Knockout mouse strain (no alpha-actinin-3)

Test in comparison to 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 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 Decreased
of lactate dehydrogenase (anaerobic pathway)

Mitochondrial enzymes associated with Elevated
aerobic respiration

Oxidise fats for energy Increased capacity

Identifying youth with high athletic potential is big business around the world, with many countries,
including Australia, investing in programs to identify and frain athletes. The Australian Institute of Sport
provides programs fo adolescents based on physical and psychological fests.

Many parents are also willing fo invest in their children’s sporting future. Similar results fo those seen
in Figure 2.27 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 are offering genetic tests
fo consumers. Atlas First recommend parents test children aged 0 to 8 years of age in order fo 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 athlefe phenotype is complex, with hundreds of genes
involved and environment playing an important role.

The Australion Law Reform Commission and the National Health and Medical Research Council
released advice on the use of genetic information in sport (2013). They advise that ‘There are concerns
about the effect of genetic testing on individual athletes, especially when this involves children or
young people. Inappropriate inferpretation of test results could at best lead o incorrect advice about
placement in sporting activities, and at worst could be detrimental to the physical or psychological
health of an individual.’

Over to you

1 What are the issues?
2 Identify the relevant biology thaft relates to these issues.

56 NELSON BIOLOGY VCE UNITS 3 & 4 9780170368360



3 How can the results of the North (2003) study shown in Figure 2.27 be explained by the results of the
Berman and North (2010) study shown in Table 2.3?

4 Referring to the results in Table 2.3, discuss the altered muscle performance in KO mice and
then compose a theory as to why an absence of alpha-actinin-3 leads to increased endurance
performance and decreased sprint and power performance.

5 List the social and ethical implications and issues that could arise from the use of genetic information
in athlefe selection.
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CONCEPT SUMMARY

Types of protein

+  Motility + Cell-surface receptors
+ Structure * Neurotransmitters

*  Enzymes *  Immunoglobulins

+  Transport + Poisons or toxins

* Hormones

Non-polar
Tryptophan (Trp)

+  Only 20 different amino acids are found in the
proteins of living organisms; the difference in the R
group is what distinguishes one amino acid from
another and gives each its particular chemical
properties.

» Primary structure: a sequence of amino acids in
the polypeptide chain

+ Secondary structure: hydrogen bonding within
the polypeptide chain forms a-helices and
B-pleated sheets

+ Terfiary structure: R groups of amino acids
interact to result in hydrogen bonds, ionic bonds
or disulfide bridges between adjacent cysteine
amino acids, giving the protein its functional
conformation

The genetic code is fransferred from the nucleotide
sequence of DNA, fo the codon sequence of mRNA,
via the anticodon sequence of fRNA, fo the amino
acid sequence of the protein that is produced during
franscription. One codon can signal a franscriptional
start site, and three codons act as transcription stop
sites.
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The R group can be uncharged and non-polar,
making it hydrophobic.

R group can be charged or polar, making it
hydrophilic.

Quaternary structure: hydrogen bonds, ionic
bonds and covalent bonds of different
polypeptide chains associate to form the mature
protein

Heat or solutions of high pH or different pH to
their native environment can cause proteins
fo denature.

A proteome is the complete set of protfeins in
a cell, organ, or fissue.

Involves switching gene expression on/off, up/down

Important during cell differentiation, development, or
in response fo physiological or environmental cues.

Regulatory gene products control gene expression.
They include RNA, enzymes, signalling molecules,
receptor molecules and DNA-binding protfeins such
as franscription factors.

Structural genes: any genes that are not regulatory genes
9780170368360



DNA is the template molecule. It is copied into pre-
messenger RNA (pre-mRNA), then processed into
mature mRNA that can leave the nucleus. Key terms:

Coding strand and template strand

.

.

9780170368360

Polymers of nucleotides joined fogether by
phosphodiester bonds (between the 5 phosphate
group and the 3" hydroxyl group) that form the

backbone of the molecule

DNA (deoxyribonucleic acid) and RNA (ribonucleic
acid) differ in the structure of their nucleotides

Phosphodiester bond

Nucleotide

The deoxyribose sugar of DNA
has one less oxygen atom at
carbon 2’ than the ribose sugar
of RNA.

The nitrogenous base thymine
(T) in DNA is replaced by the
base uracil (U) in RNA.

RNA tends to be single-
stranded with a variety of
folding patterns. DNA is double-
stranded and folds info a
double helix.

Promoter
RNA polymerase

Hydrogen bonds
3" end

P = phosphate
S = sugar
B = base

phosphate

Sugar/

strand

The two strands of the DNA molecule are aligned in
an antiparallel arrangement with opposing strands
binding via hydrogen bonding according to the
complementary base-pairing rule.

RNA molecules are much
shorter than DNA molecules
- a few thousand nucleotides
compared with hundreds of
millions of base pairs.

Double-stranded DNA is a

persistent, long-lived molecule,

responsible for inheritance.

RNA is a short-lived molecule
with a variety of functions that
facilitate and regulate protfein
production (MRNA, rRNA,
TRNA).

DNA is packaged in
chromosomes, containing the
double helix wound around
histones to form nucleosomes.

DNA contains genes, which
can exist as different sequence
variants called alleles.

The genome is the complete
set of DNA in a cell.

MRNA is loaded info a ribosome and moves through
it, serving as a template of codons that are used to
build the polypeptide strand. Transfer RNA (t{RNA) has

anticodons and each anticodon is associated with a
particular amino acid. Some ribosomes are bound to
the surface of the rough ER. Cytoplasmic ribosomes
can form polysomes along the mRNA strand.

Exons and introns, splicing and alternative splicing

5" methylated cap and 3’ poly-A tail
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CHAPTER GLOSSARY

a-helix  atype of secondary protein structure in
which the polypeptide chain folds into a tight cail

B-pleated sheet a type of secondary protein
structure in which segments of the polypeptide
chain bond side-by-side into a flattened assembly

allele one of different versions 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 infrons to produce
MRNA molecules of different length and sequence

amino acid a nitfrogen-containing compound that
is the building block of proteins

anficodon fthe three nucleotides in tRNA that bind
to mRNA following base-pairing rules

antiparallel parallel but orientated in opposite
directions

base pair a pair of complementary nitrogen bases
linked by hydrogen bonding

biological functionality the function of a protein

charged iRNA tRNA when linked fo its appropriate
amino acid

chromosome a thread-like structure made of nucleic
acids and proteins that encode genetic information

coding strand the DNA strand that has the same
sequence of nucleotides as the mRNA (except it has
T instead of U)

codon a group of three nucleotides in mMRNA that
specifies an amino acid

complementary base pairing the linking together
of complementary nitrogen bases by hydrogen
bonding; A pairs with T and C pairs with G

condensation polymerisation a reaction in which
monomers are linked together info 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 describes a property of the genetic
code in which most amino acids are encoded by
fwo 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

disulfide bridge a strong bond formed between
two sulfur atoms within a protein

enzyme a specific profein catalyst that acts to
increase the rate of a chemical 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
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functional proteomics the study of how proteins
work together in different cells or tissues, or under
different circumstances

gene asegment of DNA in a chromosome that
codes for a polypeptide; comprises the promoter,
exons and infrons

gene expression the process by which the
information in a gene is furned into a polypeptide

gene regulafion the process by which gene
expression is switched on or switched off

genetic code the complete set of MRNA codons
and the corresponding amino acids they specify

genome fthe complete sequence of DNA in a
single (haploid) set of an organism’s chromosomes,
including nuclear, mitochondrial and chloroplast
DNA

histone a protein that binds and packages DNA in
eukaryotic chromosomes

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

infron a segment of DNA within a gene or pre-
mMRNA 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

nucleic acid alarge, linear polymer built from
nucleotide monomers bonded together; includes
DNA and RNA

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 o chemical bond that links
two nucleofides 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 3" end of an mRNA strand

polyadenylation the process of adding a chain of
adenine nuclectides to the 3" 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 mMRNA strand
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pre-mRNA an unprocessed RNA strand that is
tfranscribed directly from the DNA

primary structure the linear sequence of amino
acids that comprises a polypeptide chain

promoter a segment of DNA fo which RNA
polymerase binds fo begin franscription

protein a polymer built from amino acid
monomers; may comprise a single such polymer or
multiple polymers bonded together into a functional
molecule

proteome the complete set of proteins produced
by a cell, atissue, or an organism

proteomics the study of proteomes

quaternary structure the structure formed when
two or more polypeptides associate into a mature
protein

random loop 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

repressor protein a profein that binds DNA fo
prevent RNA polymerase attaching or franscribing;
essentially shuts off gene expression

ribonucleic acid (RNA) a type of nucleic acid
comprising a single strand of nucleotides; plays
essential roles in protein synthesis

ribosomal RNA (rRNA) an RNA strand that serves as
a structural component of a ribosome

ribosome a small structure comprising RNA and
proteins where amino acids are joined to form
polypeptides

RNA polymerase the enzyme that catalyses the
synthesis of RNA

secondary structure the localised folding of a
polypeptide chain when neighbouring amino acids
bond to each other to form a-helices, p-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 IRNA, rRNA,
or a polypepftide other than a regulatory molecule
subunit a distinct component of a biological
parficle; in profeins, it refers to each polypeptide
that contributes to the quaternary structure
template, 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 copy DNA into RNA

transcription the process by which DNA is copied
info RNA

tfranscription factor a protein that binds to DNA to
control the rate of transcription from a gene

fransfer RNA (fRNA) an RNA molecule that
fransports an amino acid to the ribosome for
assembly into a polypeptide

franslation the process of turning the nucleotide
sequence of MRNA into the amino acid sequence
of a polypeptide

uncharged fRNA tRNA without an attached
amino acid

CHAPTER REVIEW QUESTIONS

Remembering

1 Why is nitrogen (N) considered to be an essential element for all living things?
2 List two ways that different fRNAs are the same, and two ways they are different.

3 Outline the main steps in protein synthesis.

Understanding

4 All amino acids contain the same two functional groups. How then do the 20 amino acids differ from one

another?

5 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.

6 Explain how some proteins are located in the cytosol, whereas others are secreted by the cell.
7 One strand of DNA consists of the base sequence ATGCGTACTCAATAG.

a Write:

i the sequence of bases for the complementary DNA strand
ii the sequence of bases in an RNA copy of the original DNA strand.

b Translate the RNA intfo amino acids.

9780170368360
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8 Explain why the ability fo control which genes are being expressed is important
a during cell differentiation
b in mature cells.

Applying

9 Egg white is rich in the globular protein albumin. When heated this liquid becomes a white opaque solid.
Using your knowledge of protein structure, explain this observation.

10 Antibodies, which are proteins of the immune system, contain many disulfide bridges. Suggest why this
feature of antibodies might suit them during a fever.

11 Histones are composed predominantly of positively charged amino acids.
a Would these proteins be soluble or insoluble in water? Explain why.
b Explain why histone proteins are suited to packaging DNA info chromosomes.

12 The Ara operon of E. coli contains three genes that import and digest the five-carbon sugar arabinose.
The Ara operon is under the control of a protein called AraC. Gene expression from the operon is
normally switched off. If arabinose is present, gene expression from the operon is switched on. Use your
understanding of the lac operon to describe the mechanisms regulating gene expression at the Ara
operon. Use annotated diagrams to show what is happening in the absence and presence of arabinose.

Analysing

13 Figure 2.28 shows a calcium channel protein
inserted in a membrane.

a What sort of fechnique 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 on
the face of the protein embedded in the
membrane have?

d What properties might the amino acids have
where they 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
protfein structure is this?

Figure 2.28 A

quluqfing Calcium channel protein 1 embedded in the membrane
of the endoplasmic reticulum. The red and blue circles
14 Rats have two forms of the muscle protein mark the boundary of the membrane. The protein fransports
tfroponin T. One form comprises four exons called calcium ions from the cytosolic side of the membrane
W, X, Alpha and Z. The other also comprises (red circles) to the inside of the endoplasmic reticulum

four exons, called W, X, Beta and Z. Rats have, (blue circles).

however, only one copy of the froponin T gene
with five exons. What might explain these
observations? Draw an annotated diagram fo
support your explanation.

Creating

15 Scientists are concerned with identifying protfeins involved in the progression of liver cancer. What sort of
investigative approach could they use, and how might the results inform their research?
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CHAPTER 3

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

KEY KNOWLEDGE :

Structure and regulation of
biochemical pathways

+ the role of enzymes as protein catalysts in
biochemical pathways

+ the mode of action of enzymes including
reversible and irreversible inhibition of .
their action due to chemical competitors
at the active site, and by factors including
temperature, concentration and pH

the main inputs and outputs of the Krebs
(citric acid) cycle and electron transport chain
including ATP vyield (details of the biochemical
pathway mechanisms are not required)

the location of anaerobic cellular respiration,
its inputs and the difference in outputs
between animals and yeasts including

ATP yield

factors that affect the rate of cellular
respiration, including temperature, glucose
availability and oxygen concentration.

+ the cycling of coenzymes (ATP, NADH, and Biological knowledge and society

NADPH) as loaded and unloaded forms
to move energy, protons and electrons
between reactions in the cell.

Photosynthesis

the purpose of photosynthesis
chloroplasts as the site of photosynthesis,
an overview of their structure and evidence
of their bacterial origins

+ inputs and outputs of the light dependent
and light independent (Calvin cycle) stages
of photosynthesis in C3 plants (details of the

techniques that apply DNA knowledge
(specifically gene cloning, genetic
screening and DNA profiling) including
social and ethical implications and issues
the distinction between genetically modified
and transgenic organisms, their use in
agriculture to increase crop productivity and to
provide resistance to insect predation and/or
disease, and the biological, social and ethical
implications that are raised by their use

biochemical pathway mechanisms are not KEY SCIENCE SKILLS

required)
. factors that affect the rate of Comply with safety and ethical guidelines
photosynthesis, including light, temperature + apply relevant occupational health and

and carbon dioxide concentration.

Cellular respiration

+ the purpose of cellular respiration
+ the location of, and the inputs and outputs

safety guidelines while undertaking practical
investigations, including following relevant
bioethical guidelines when handling live
materials

Conduct investigations to collect and record

of, glycolysis including ATP yield (details of data

the biochemical pathway mechanisms are
not required)

+ mitochondria as the site of aerobic cellular
respiration, an overview of their structure
and evidence of their bacterial origins

© (2016). The Victorian Curriculum and Assessment Authority (VCAA). Used with permission.

systematically generate, collect, record and
summarise both qualitative and quantitative
data
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Figure 3.1 A

Thermal imaging
reveals the heat emitted
from objects. Living
organisms with a high
metabolism tend to give
off more heat, which is
why mammails, such as
cats, glow more brightly
than plants.

If we viewed the world using infrared vision, we would
see only the thermal radiation that is emitted from
objects and it would look a very different place. Living
organisms would stand out brightly from inanimate
objects as they give off more heat (Figure 3.1). This heat
is generated by the activity of cells as they break down
and build molecules at a furious pace.

Cellular metabolism

The sum of the thousands of chemical reactions that
occur constantly in each living cell is known as cellular
metabolism. The rate of cellular metabolism varies
among organisms and thus the amount of heat energy
given off varies. The rate of cellular metabolism also affects the life span of an organism.
For instance, the antechinus, a small mammal, has a very short life span due, in part,

to having a very high rate of metabolism, while trees, which have a slower rate of
metabolism, can live for a very long time. Next time you are stirring sugar into a drink,
spare a thought for the factories that produced it — not the refinery, but the sugar cane
plant. It may seem that plants are not particularly busy with their sedentary lifestyle, but
appearances can be deceptive. A journey into the cells of any plant reveals a world full of
chemical activity.

Chlorophyll molecules in plant leaves capture solar energy from the Sun and
use this energy to split water molecules and excite electrons. Energy harnessed
from these electrons is trapped in chemical bonds when carbon dioxide molecules
and hydrogen atoms from water are joined to form glucose. This process, called
photosynthesis, occurs in plants and some single-celled protists. Chemical reactions
in which atoms and molecules are joined together to make more complex molecules
are called anabolic reactions. Energy is required to form new chemical bonds, and
reactions that require an input of energy are called endergonic reactions.

If you hold a match to a peanut in the presence of oxygen, the peanut will catch fire
and give off heat as the bonds in the stored complex carbohydrates and oils are broken
down. In a more controlled fashion, cells process nutrient molecules to provide energy
to maintain cellular processes. The energy stored in the bonds of glucose molecules is
used to provide the cell with useable energy in a reaction called cellular respiration. This
reaction can occur either in the presence of oxygen (aerobic cellular respiration) or in
the absence of oxygen (anaerobic). Reactions that break down complex molecules into
simpler molecules are called catabolic reactions, and reactions that release energy are
said to be exergonic reactions. Cells use the available energy released from catabolic
reactions to fuel anabolic reactions (Figure 3.2).

The metabolic reactions that occur in cells do not take place haphazardly; all are
controlled and regulated to maintain cell functions and to meet the energy needs
of the cell. To achieve this, chemical reactions in cells occur in a series of regulated
steps collectively called biochemical pathways. These reactions must occur at a
rate that allows the cell to function. Each step in the pathway is controlled by an
enzyme, which is a protein that speeds up the rate of chemical reactions without
undergoing any change itself. Enzymes often require the assistance of other
molecules to ensure that reactions are maintained and that the energy requirements
can be met.

The main metabolic pathways that transfer energy through living systems relate
particularly to photosynthesis and cellular respiration, reactions that transform energy to
keep organisms alive.
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RECALL

¢ Cellular metabolism refers to all the chemical reactions that occur in each
living cell.

* Biochemical reactions can build molecules (anabolic) or break them down
(catabolic).

* Biochemical reactions can occur in the presence of oxygen (aerobic) or in its
absence (anaerobic).

* Enzymes control most steps of a biochemical pathway.

1 Distinguish between anabolic and catabolic 3 ‘Endergonic reactions and exergonic reactions
reactions and give an example of each. are interdependent.” Explain this statement.
2 Define the term ‘'metabolism’. 4 Why do chemical reactions in cells proceed in a

series of steps called a biochemical pathway?

Biochemical pathways

Biochemical pathways can be seen as systems. The system has inputs, which are
processed, and outputs. Metabolism is the sum total of all the biochemical pathways

and systems that occur in all living cells. Different cells have different requirements and
rates at which they work. For example, heart muscle cells have a relatively high rate of
metabolism to keep the heart beating. The oxygen that is transported in blood is used for
cellular respiration in all cells, including cardiac muscles that contract together to form a
heartbeat.

The energy released from catabolic reactions such as cellular respiration is shuttled
into anabolic reactions, particularly those that recharge cellular energy stores. To
understand how this works we need to understand the role of biological reactions in
making and breaking molecules.

A biochemical process or reaction occurs when the chemical bonds of inputs or
reactants are broken and the atoms recombine to form a new substance or substances —
the output or products. In endergonic reactions, a total net amount of energy is absorbed
and locked up in the bonds of the products, which have more stored energy than the
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Figure 3.3 >

The reactants of

(a) exergonic reactions
have more energy

than the products, but
those of (b) endergonic
reactions have less
energy than the
products.

Figure 3.4V

A biochemical pathway.

The products or outputs
of the first step become
the reactants or inputs
in the next step until
the final products are
reached. Each step is
regulated by a specific
enzyme. Cofactors may
be involved.

Initial reactants
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reactants. Endergonic reactions, therefore, use up energy. In exergonic reactions, a total
net amount of energy is released from the bonds of the reactants and the products have
less energy than the reactants (Figure 3.3). That is, exergonic reactions release energy.

a Exergonic Some energy lost as heat
o ( .

Products have less energy than reactant

b Endergonic

Energy input ||

’ + - | Product has more energy than reactants

Reactants

A+B—->C+D
reactants  products

Atoms and molecules in a cell do not stay still; they are constantly in motion and
colliding. For reactants A and B above, a certain amount of energy is required for a
reaction to occur to give rise to the products C and D. The amount of energy needed
to strain and break the reactants’ bonds is called the activation energy. When enough
activation energy is available to break the chemical bonds of the reactants, new bonds
form between the atoms, thus generating one or more products.

For cells to continue functioning, enough energy must be provided to maintain
the process of generating products from reactants, and they must control the rate of
energy released so they do not burn up like the peanut mentioned earlier. Chemical
reactions are reversible under certain conditions, and it is important that products are
removed from a cell so that they do not build up and thus slow down vital metabolic
reactions. Thus, biochemical reactions go through a series of steps in which the
product of one step becomes the reactant for the next step (see Figure 3.4). In this
way, a product from one reaction is continually removed by being the reactant for the
next reaction.

Cells have a number of ways of removing the final product from solution so that a
biochemical pathway keeps operating in the right direction. In a plant cell, the final
product of photosynthesis is glucose. Glucose, a soluble substance, is converted into

b

Product D

(final products)

d Ead
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the insoluble polysaccharide starch, which is stored by the plant. Thus, the plant is able
to continue to produce and store glucose. In cellular respiration the products diffuse
from cells and are expelled into the atmosphere by a number of means. Each step in
the biochemical pathways of photosynthesis and cellular respiration is controlled and
regulated by enzymes, with energy being supplied or released.

The energy shuttle

Cells capture the chemical energy released from exergonic reactions to fuel endergonic
reactions. The two reactions happen simultaneously in cells. In this process some energy
is lost as heat, which escapes from cells into the atmosphere. As these reactions do not
always occur in the same place within the cell, energy has to be transferred between
reactions. This transfer is achieved by a molecule called adenosine triphosphate (ATP).
ATP is the universal primary source of free energy for all living organisms, from bacteria
to humans. ATP contains adenosine attached to a sugar group (ribose), which is bound
to a chain of three phosphate groups.

ATP is a renewable energy source. When a cell requires energy to drive an endergonic
reaction, the high-energy chemical bonds attaching the last phosphate group to ATP
are broken, thus releasing stored energy. This energy is now available to fuel a cellular
reaction. The remaining molecule now has only two phosphate groups and is called
adenosine diphosphate (ADP). Free energy obtained from an exergonic reaction can be
used to add a phosphate group to ADP, converting it to ATP. The ATP-ADP cycle is the
cell’s way of shuttling energy between reactions (Figure 3.5).

Adenosine Triphosphate

Energy input from:
* Photosynthesis
« Cellular respiration

ADP Energy used in

Adenosine Diphosphate

+ cellular metabolism

P, available for reuse

V Figure 3.5

The ATP-ADP cycle is the
cell’'s way of renewing
its supply of immediate
energy.

High energy bond is broken
releasing P; + energy
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The addition of a phosphate group to an organic molecule of any sort is called
phosphorylation. This changes the conformation of a molecule, regulating its activity and
usually causing the molecule to become more reactive. The ATP—ADP system provides
an efhcient linking or coupling of energy-yielding processes to energy-requiring processes
within the cell by conserving, transferring and releasing energy.

RECALL

* Biochemical reactions can consume energy (endergonic) or release it
(exergonic).

* The activation energy of a reaction is the energy required to break the specific
bonds in the reactant molecule(s) that allow new bonds to form and create the
product molecule(s).

e ATP is the primary source of available energy for all living things. It is
produced by phosphorylation of ADP.

1 What would happen to a biochemical reactionif 3 Would an endergonic reaction result in the
the final product were not removed? production of ATP or ADP molecules? Explain.

2 List five features of the ATP-ADP system.

Enzymes control biochemical pathways

The rate of any chemical reaction increases with an increase in temperature.
As the temperature rises, all the molecules in a system gain more kinetic energy and
therefore move around more. Molecules collide with each other more often when
they move around more, and this increases the chance that the specific reactants of
a reaction will interact and undergo the reaction. However, this method of speeding
up reactions does not work for cells, which operate at a constant temperature. A
rapid increase in temperature changes the shape of protein molecules, which means
that they can no longer perform their function. When this occurs, proteins are said
to be denatured. Denaturation of cellular proteins destroys the function of cells,
which then die quickly. Since higher temperatures cannot be used to overcome
the activation energy needs of reactants in cells without devastating the cell, the
need to reach activation energy must be overcome in another fashion. So how do
cells achieve this? The cell’s answer to this is to use enzymes, proteins that act as
organic catalysts.

Towards the end of the 19th century the German chemist Eduard Buchner
was trying to find a way of preventing yeast extracts from going bad. In one trial
he added sugar to yeast extract and, rather than preventing change, he found
that the sugar was fermented and converted to alcohol. Louis Pasteur had already
demonstrated that yeast was responsible for the fermentation of sugar, but Buchner
took the research further. He showed that the fluid extracted from living yeast
cells was responsible for fermentation, not the yeast cells themselves. To describe
the active ingredient in the extract that caused the fermentation he coined the
term enzyme, from the Greek word ‘zymé’, meaning leavened. ‘Enzyme’ is now the
collective term for the thousands of organic protein molecules extracted from cells
and found to act as organic catalysts.
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Thus, cells use enzymes to speed up reactions. These biological interact with
reactant molecules to increase the rate of reaction. Reactants that are acted upon by
enzymes in biochemical reactions are called

As enzymes are not consumed in a reaction they can be recycled. Enzymes are the
workhorses of the cell. Without enzymes, the reactions that occur in living organisms
would be so slow as to hardly proceed at all, which would be incompatible with the
maintenance of life.

Enzymes not only increase the rate of reactions, they also control them. Each step
in a biochemical pathway is controlled and regulated by a specific enzyme. Over 1000
different reactions can take place in an individual cell in any given moment. The
functional organisation that this demands is achieved by each individual reaction being
catalysed by a specific enzyme in a particular place within the cell. Enzyme specificity
is at the heart of how enzymes control each step in a biochemical pathway. There are as
many enzymes in living organisms as there are types of chemical reactions, and each
enzyme is specifically shaped to act on a particular substrate to speed up a reaction.

Naming enzymes

Even though enzymes are manufactured inside cells, their site of function may be either
within the cell (intracellular) or outside the cell (extracellular). Intracellular enzymes
speed up and control metabolic reactions inside cells. Extracellular enzymes are secreted
from the cell and catalyse reactions outside the cell. For example, digestive enzymes are
secreted from specialised cells in the lining of the gut and act on food in the gut.
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The glow of light in

the waves aft this

beach is a result of

the enzyme luciferase,
which is expressed

by microscopic
dinoflagellates living in
the sea water. Luciferase
converts chemical
energy to light energy.
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Normally, an enzyme is named by attaching the sufhx “-ase’ to the name of the
substrate on which it acts. Thus, carbohydrases act on carbohydrates, lipases act on
lipids, proteases act on proteins, nucleases act on nucleic acids and ATPase acts on
ATP, converting it to ADP and a free phosphate molecule, sometimes called inorganic
phosphate (P). The “ase’ rule, however, does not always apply. For example, pepsin and
trypsin, which are enzymes found in the mammalian gut, act on proteins. Both pepsin
and trypsin are proteases that were discovered and named before the ‘-ase’ naming
system was introduced.

Without catalase E Nnzyme power

(energy input =71 kJ)

Enzymes generally work very rapidly. One of the fastest enzymes

is catalase. This enzyme is found in several organs and tissues,

Activation including the liver, where its job is to speed up the decomposition of
Reactant energy hydrogen peroxide (H,0O,) into oxygen and water.
>
l=l
g 2H,0,—-2H 0+ O
|.|=J 272 2 2
Hydrogen peroxide is a toxic by-product of metabolism so it
With catalase is essential that the cell removes it as fast as possible. Hydrogen
(energy input =8 kJ) peroxide has high activation energy, which means that the energy
Product inI}JIut }fequired before it will decompose into oxygen and water
, . is high.
Chemical reaction to decompose H,0 . . L. . .
_ 72 The simple addition of some ferric ions (Fe*") into a solution of
Figure 3.7 A hydrogen peroxide increases the rate of decomposition by a factor

Catalase reduces

the activation energy
needed fo break down
hydrogen peroxide.
Enzymes are powerful
because they reduce
the activation energy for
chemical reactions.

of 30 000. The ferric ions act as a catalyst and lower the activation energy required for
hydrogen peroxide to decompose. In living cells the enzyme catalase does a similar job
(Figure 3.7). Catalase is a porphyrin, a catalytic protein containing an iron (Fe) atom.
The decomposition of hydrogen peroxide in the presence of catalase can proceed up

to 100 million times faster than without it. The action of enzymes in reducing the
activation energy of reactions is represented graphically in Figure 3.7.

Models for enzyme action

Most enzymes are large globular proteins. In Chapter 2 we looked at the tertiary
structure of proteins and how their shape determines their function. The folding

of an enzyme into its tertiary structure forms a groove or pocket. This groove can
accommodate one or more particular substrate molecules and is called the active site
(Figure 3.8). An active site is highly specific for a particular substrate, which must be of
a compatible shape for binding to occur. This model of enzyme action is known as the
lock-and-key model.

The bonds that form between an enzyme and its substrate can also modify the
shape of the enzyme so that the substrate can be fully accommodated by the enzyme.
This interaction is called the induced-fit model of enzyme action (Figure 3.9). In this
situation, the bonds within the substrate molecule are stretched and bent by molecular
interactions with the amino acid groups that line the active site. The active site provides
a particular environment, such as an acidic one. As a result of the stresses the active site’s
environment places on the substrates, the activation energy required to kick-start the
reaction is dramatically lowered and new product molecules are formed at a faster rate.
As the product molecules are not specific to the active site, they are released and the
active site becomes available for another substrate molecule.

Enzymes need help

Some enzymes are inactive until they bind with other molecules or ions that change
their conformation. This alters the shape and the charge of the enzyme’s active site
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E
nzyme Substrate

Active site

Products

Enzyme and
substrate are
available

Products are released
and enzyme is available
for another reaction

Enzyme-substrate

Conformational change complex

occurs and substrate is

converted to products Substrate binds

to enzyme

so that it can capture substrate molecules and catalyse

reactions more efficiently. Two classes of substance bind to a
enzymes or to the substrate to activate the enzyme: cofactors

and coenzymes.

Cofactors are small inorganic substances, such as zinc ions and
magnesium jons. Cofactors sometimes bind amino acids to help the
enzyme fold into its tertiary structure. For example, two negatively
charged amino acids may need to come together for an enzyme
to fold into its correct shape. Ordinarily, these two amino acids
would repel each other. However, if they are bridged by a positively b
charged calcium ion, the enzyme folds properly. Sometimes
cofactors are also found in the active site and assist the enzyme to
carry out the reaction.

Coenzymes are non-protein organic substances that are
required for enzyme activity. Coenzymes are relatively small
molecules compared to the enzyme. Many are made by organisms
from dietary vitamins, and act as carriers of small groups of atoms
or ions to and from reactions that are catalysed by enzymes. In
the course of participating in metabolic pathways, coenzymes are reversibly loaded
and unloaded with the groups of atoms they carry. The cause of beri-beri, a disease
that causes brain damage and affects short-term memory, is a deficiency of the
vitamin thiamine, also known as vitamin Bl. Thiamine is converted to the coenzyme
thiamine pyrophosphate, which aids in the breakdown of glucose to pyruvate during
cellular respiration. Beri-beri affects the brain because the brain depends on the
metabolism of glucose for energy.

Other examples of coenzymes are NADH and NADPH, which are essential for
photosynthesis and cellular respiration. This is discussed later in the chapter. These
molecules are able to accept electrons and protons during biochemical reactions and
transfer them to another reaction in a different step of the process.

4 L
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Substrate

< Figure 3.8

Enzymes are highly
specific molecules.

A small part of the
enzyme, called the
active site, has the right
shape, or conformation,
to bind with a specific
reactant (substrate). The
conformational change
that results prepares the
substrate for reaction.

A Figure 3.9
Lock-and-key model (a)
versus the induced-fit
model (b) for enzyme
action. In the induced-
fit model, the substrate
molecule enters the
enzyme’s active site,
causing the enzyme
molecule to change its
shape so that the two
molecules fit fogether
more closely.
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1 Define the term ‘catalyst’.
2 What is the role of enzymes in a cell?

RECALL

* Enzymes are biological catalysts that interact with substrate molecules to
increase the rate of a reaction.

* Enzymes reduce the activation energy required for a biochemical reaction to
proceed.

* Enzymes act on substrate molecules, which fit into the enzyme’s active site with
a lock-and-key fit, or by induced fit.

¢ Cofactors and coenzymes, which may be reversibly loaded and unloaded, may
be required for full enzyme activation.

4 How do enzymes affect the activation energy
required by reactants for a reaction to occur?

3 What happens to an enzyme after it has 5 Explain what is meant by the ‘induced-fit model’

catalysed a reaction?

of enzyme action. How is this different from the
‘lock-and-key model’?

Figure 3.10 ¥

The temperature range
for three different
enzymes. Activity
gradually increases
until the optimum
temperature for enzyme
activity is reached. As
tfemperature continues
to increase, enzymes
become denatured

so the reaction rate

Factors affecting enzyme activity

Enzymes are involved in the processing of inputs within and outside cells. The
intracellular and extracellular environments in which the enzymes work are regulated

to ensure that enzymes perform in a manner suited to the cell’s needs. Enzymes are
sensitive to changes in substrate and product concentrations, temperature, pH, and other
substances that may compete with a substrate for an active site.

Effect of temperature

The activity of enzymes gradually increases with increasing temperature. This is because
molecules become more excited, move around more quickly, and collide more often
as they warm up. The increase in collisions increases the opportunity for a substrate to
bump into its enzyme and enter its active site. The rate of reaction therefore increases as
the temperature rises. As temperature continues to increase, the enzyme activity reaches
a peak called the optimum temperature. This is the temperature at which the enzyme
works at its fastest. But, if the temperature gets too high, the bonds that determine
the three-dimensional shape of proteins can break.
As a result, the protein loses its functional shape. It
becomes denatured and the substrate can no longer fit
into the active site. The enzyme’s activity decreases.
The optimum temperature differs for different
enzymes, and reflects the conditions in which
the enzyme is normally found. For example,
enzymes operating in the human body work best at
temperatures of about 37°C (Figure 3.10), which is the
relatively constant core temperature of the body.
The enzymes of psychrophiles, micro-organisms

decreases.
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Key

— Enzyme from a psychrophile found in Arctic sediment
— Enzyme from human intestine

that live in near-freezing environments such as
the wind-blasted rocks of snow-covered mountain
summits, can operate at very low temperatures.
This may be because some of the bonds that keep

— Enzyme from a thermophile found on geothermal seabed
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proteins rigidly folded are absent in psychrophiles. Having a more flexible
structure means enzymes require less energy to work. The micro-organism
Pyrodictium exists in the geothermally heated areas of the sea floor. It is

a thermophile, and its enzymes operate best at temperatures of about
95-105°C. Enzymes from another thermophile, 7hermus aquaticus, are
regularly used in the laboratory. The enzyme 72q polymerase is used in a
technique called the polymerase chain reaction, to make millions of copies
of DNA, because it operates at the required reaction temperature of 72°C
and is not denatured at the elevated temperatures required at times in the

Rate of reaction

Optimum pH

reaction. This technique is discussed in Chapter 11. 12 3 456 7 8 9 10 11 12

Acidic

Effect of changing pH Key

pH Basic

—— Human pepsin in stomach

The pH of the solution surrounding enzymes, whether acidic, basic or
neutral, can have a profound effect on the structure and activity of the
active site of an enzyme and its interactions with a substrate. Each enzyme
has an optimum pH at which it works (Figure 3.11). Some enzymes can
work in a wide range of pH environments, while others are very sensitive and will only
work in a narrow pH range. Most enzymes work most effectively around a neutral

pH of 7. The optimum pH of an enzyme is the pH at which it works at its fastest rate.
Like optimum temperature, the optimum pH relates to the environment in which it
works. Some enzymes work in environments of extreme pH, such as the enzyme pepsin,
which operates in the acidic environment of the stomach. It has an optimum pH of 1.5.
Amylase, which works in the neutral environment of the mouth, has an optimum pH of
7, and alkaline phosphatase, which is found in the relatively alkaline environment of the
bone, has an optimal pH of 9.5.

Buffered solutions, such as sodium phosphate, are better for enzyme activity than
are non-buffered solutions, such as water. Cellular solutions need to be buffered
because proteins influence the pH of a solution by donating hydrogen ions or
hydroxyl ions. Changes in pH affect the amino acids making up a protein. As a
solution becomes more basic, proteins tend to lose hydrogen ions. In acidic solutions,
proteins gain hydrogen ions. If the charges on the amino acids in a protein are
changed, then the bonds that maintain the three-dimensional structure of a protein
may be broken. If, for example, the amino acids become mainly positively charged,
the repulsion between the charges forces the polypeptide to unfold. Some enzymes
make use of this, changing their shape in response to variations in pH. In most
cases, if the pH varies, the protein shape is altered so much that the enzyme becomes
denatured and can no longer catalyse a reaction, or the substrate may change shape so
it no longer fits into an active site.

Effect of substrate and
enzyme concentration

The amount of substrate or enzyme present in a reaction
mix can limit the reaction rate and the amount of product
formed. Increased amounts of substrate will result in more
products being made until all the enzyme molecules are
working at their maximum capacity (Figure 3.12). This is
called the saturation point.

When the amount of enzyme in a system is increased,
then the yield of product increases exponentially until the
product starts to inhibit enzyme action or the substrate
is depleted. The rate of reaction is proportional to the
enzyme concentration, provided there is excess substrate

Maximum

Rate of reaction

activity | __ ...

— Human alkaline phosphatase in bone
— Human salivary amylase

A Figure 3.11

The pH range for three
different enzymes:

the enzyme pepsin
digests protfeins in the
acidic juices of the
stomach; the enzyme
salivary amylase digests
carbohydrates in the
mouth af a neutral pH;
and the enzyme alkaline
phosphatase catalyses
reactions in the relatively
alkaline environment of
the bone.

V Figure 3.12

The effect of increases in
substrate concentration
on the rate of an
enzyme-catalysed
reaction. At saturation,
further increases in
substrate concentration
do not increase the rate
of the reaction.

Saturation point
All enzyme is being used

present.
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Figure 3.13 b 44 amino acids block Active site
In the stomach, protein the active site available
chains bind in the

deep active site groove
of pepsin so they are
digested. Part of the
polypeptide (shown

in green) is removed
from pepsinogen, the
inactive form of pepsin.
This then exposes the
active site groove where
proteins will bind.

based on illustration by David S. Goodsell, Research

Collaboratory for Structual Bioinformatics

Pepsinogen (inactive) Pepsin (active)

Enzyme concentrations are regulated in response to the needs of a cell. This
regulation is achieved by controlling the expression of the enzyme, the rate of
degradation of the enzyme or by activating the enzyme in response to a stimulus. For
example, pepsinogen is secreted as an inactive form of the enzyme pepsin. Pepsinogen
is pepsin but with a 44-amino-acid extension that corks the enzyme’s active site
(Figure 3.13). Upon exposure to HCI in the stomach the extension is clipped off,
revealing the active site. The pepsin is now activated to catalyse the digestion of proteins.

RECALL

* Enzymes are sensitive to temperature. Lower temperatures reduce activity and
higher temperatures can denature enzymes, making them permanently inactive.

+ Enzymes are sensitive to pH. Acidic environments can cause enzymes to gain
hydrogen ions and alkaline environments can cause them to lose hydrogen ions.

e The relative concentrations of enzyme and substrate can affect the rate of a
biochemical reaction.

RECAP 3.4

1 If an enzyme has become denatured, explain b How does this differ from the activity of the
what has happened to the protein structure. enzyme at very high temperatures?

2 Oufline two factors that can affect the activity of c What has happened to the active site in both
an enzyme. cases?

3 A human protease works best at 37°C.

a What would happen to the enzyme’s activity
at very low temperatures?

Inhibiting enzymes

Some enzymes have two or more active binding sites. These enzymes can move between
their active and inactive state when inhibitor or activator molecules bind with them. The
activity of many enzymes is regulated by feedback inhibition, in which the product

of a reaction inhibits enzyme activity. If a large amount of product is present in the cell
it will act as an inhibitor by binding to a site on the enzyme, other than the active site,
thus slowing the rate of reaction. When the inhibitor binds to the enzyme, the active
site of the enzyme changes shape so that it no longer has an affinity for its substrate.

If the product is removed, then inhibition will be reduced, the substrate can enter the
active site, and the product will again be formed. This helps cells keep the concentration
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of products within a certain range. In this case the inhibitor does not bind with the
enzyme’s active site so it is said to be a non-competitive inhibitor.

Other inhibitors compete with the substrate for space in the active site and are said to
be competitive inhibitors (Figure 3.14). For example, arsenic is an irreversible inhibitor
that cannot be detected by the senses. Arsenate molecules resemble the phosphate
substances used by cells for energy and signalling, and compete with them to bind to an
enzyme’s active site. Once arsenates are bound to an active site, the normal substrate is
permanently excluded. Over time, less and less of the active enzyme remains to catalyse
the reactions that produce energy for the cell. Thus, arsenic is called a chronic poison.

Substrate

Enzyme cannot
bind
Substrate

Inhibitor blocks

Competltlon for active site the active site

£ Inhibitor

RECALL

* A non-competitive inhibitor alters an enzyme’s activity by changing its
conformation without binding to its active site.

e A competitive inhibitor blocks the active site of an enzyme.
¢ The actions of inhibitors can be reversible or irreversible.

< Figure 3.14
A competitive enzyme
inhibitor blocks the

active site of an enzyme

so that the substrate
can no longer fit in.
Some inhibitors bind
irreversibly so the
enzyme can no longer
perform its specific
function.

1 How can the amount of product produced in a
reaction affect an enzyme’s activity?

2 Distinguish between a non-competitive inhibitor
and a competitive inhibitor.

3 Why is arsenic called a ‘chronic poison’?

Cycling energy in the biosphere

The biosphere is the collective term to describe all life forms on our planet. Nearly
all life on Earth obtains energy directly or indirectly from the Sun, which bathes our
planet with solar energy. Solar radiation is transformed into other types of energy
that flow through the biosphere as organisms go about their daily business of living.
Much of the energy is lost as heat energy: since chemical and physical processes do
not convert one form of energy to another with 100% efficiency, the remainder is
lost as heat. Living things within the biosphere can be grouped according to the way
that they meet their energy and matter requirements. Autotrophs can manufacture
organic material from inorganic material that they take in from their surroundings
to meet their energy needs, whereas heterotrophs obtain their organic materials by
feeding on other organisms and their products, which they then break down into
simpler substances.

9780170368360
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Figure 3.15 ¥

(a) Generalised sketch
and (b) false colour
fransmission electron
micrograph of a green
chloroplast from a leaf of
the plant Coleus blumei.
The green, thread-like
strands are thylakoid
membranes. They pack
together tightly to form
grana. The large pink
region is a starch grain,
where the products

of photosynthesis are
temporarily stored

after they have been
produced in the light-
independent reactions
that take place in the
stfroma (magnification
x5000).

a

Two outer
membranes

Inner membrane
system

Thylakoid membrane

76 NELSON BIOLOGY VCE UNITS 3 & 4

Autotrophs that capture solar energy are called photoautotrophs. They contain
pigments that capture light energy, and use carbon dioxide as the sole source of carbon
to produce organic molecules such as glucose in a process called photosynthesis. They
include all plants, algae and photosynthetic bacteria (called cyanobacteria). However, not
all autotrophs rely on solar energy as their primary energy source. Many bacteria, called
chemotrophs, use various inorganic materials, including sulfur, hydrogen and iron, as
their primary energy source.

Heterotrophic organisms ingest various organic molecules, such as carbohydrates,
lipids and proteins. All animals, fungi, some protists and most bacteria are heterotrophs.

Both autotrophs and heterotrophs use organic molecules to fuel metabolic reactions. The
organic molecules are broken down to release the stored energy in the process of cellular
respiration. Thus, the energy stored in the chemical bonds is released to do work for the cell.

Generating chemical energy:
photosynthesis

Photosynthesis is the process by which photoautotrophs capture light energy and use

it to convert water and carbon dioxide to glucose, water and oxygen. In essence, the
purpose of photosynthesis is to capture solar energy and convert it to chemical energy in
the form of glucose, a sugar, which can later be used as fuel for the plant. Photosynthesis
can be summarised by the following equation.

Light energy,

12H,0 +6CO, 0

60, + C,H,,0, + 6H,0

However, this equation shows only the initial reactants, the final products, and the
need for light as an energy source that is captured by a pigment called chlorophyll. It
does not tell the whole story. Photosynthesis occurs as a series of steps in a biochemical
pathway, each catalysed by specific enzymes, which take place in specialised membrane-
bound organelles called chloroplasts.

Chloroplasts

Chloroplasts (Figure 3.15) are eukaryotic organelles with a long evolutionary history.
They are found in green plant cells and some protists, and are the sites of photosynthesis.
Chloroplasts have an outer and an inner membrane. Enclosed by the inner membrane is
the stroma, a gel-like matrix that is rich in enzymes. Suspended in the stroma is a third
membrane system called the thylakoid membranes: these are flat, sac-like structures
that are grouped together into stacks called grana.

b

Coleus blumei (magnification x5000)

Granum
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Chloroplasts contain their own genetic material (DNA and RNA) and ribosomes
that are independent of those of the nucleus and cytoplasm of the cell. In fact, they
have several characteristics in common with prokaryotic cells. This has led biologists
to formulate the endosymbiotic theory, which suggests that chloroplasts evolved from See page 95 for more
ancient prokaryotic cells and subsequently established a symbiotic relationship with a ﬁ?ei?re endosymbioftic
much larger primitive nucleated host cell. v

Photosynthesis can be divided into two distinct stages, the light-dependent stage
and the light-independent stage. Each stage is confined to specific sites within the
chloroplast.

RECALL

» Autotrophs are organisms that can produce their own food in the form of
organic substances. They include phototrophs and chemotrophs.

* Heterotrophs obtain their food by consuming other organisms.

* Photosynthesis is the process by which phototrophs produce glucose as a
food source. It occurs in chloroplasts and has a light-dependent and a light-
independent stage.

RECAP 3.6

1 Distinguish between a photoautotroph and a 2 Recall the equation of photosynthesis.
chemotroph. 3 Describe the features of chloroplasts.

The light-dependent stage

Light energy is absorbed by different pigments within the thylakoid membranes.
These pigments include chlorophylls (green), carotenoids (orange) and xanthophylls
(yellow). Chlorophylls absorb light with blue and red wavelengths. They reflect green
wavelengths, which is why plant parts with an abundance of chlorophyll molecules
appear green to us. All green algae and plants have chlorophylls as their major
photosynthetic pigments.

When a chlorophyll molecule absorbs light energy, electrons within the
molecule become energised and are ejected from the molecule. To replace the
lost electrons, chlorophyll seizes them from water molecules. Consequently, the
light energy splits water molecules into electrons, protons (H*), and oxygen gas
(Figure 3.16). Water, in this case, is an input of photosynthesis, whereas oxygen
is a by-product.

The energised electrons are transferred to the electron transport chain, a
series of molecules embedded in the thylakoid membrane (Figure 3.16). The
electrons are relayed along the molecules of the electron transport chain, giving
off energy at each step. The energy is used to pump protons from the stroma into
the thylakoid space. At the end of the electron transport chain, spent electrons
are conveyed to an acceptor molecule in the stroma. The acceptor molecule is a
coenzyme called nicotinamide adenine dinucleotide phosphate (NADP*), which
also accepts protons. When NADP* receives a proton and a pair of electrons it
becomes NADPH. The NADP is an input and NADPH is an output of the
light-dependent stage. The NADPH made in the stroma is subsequently used
in the light-independent stage.
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Figure 3.16 b
Light-dependent
reactions occur in the
thylakoid space. (a)
Light energy absorbed
by chlorophyll pigments,
energising electrons,
splits water molecules.
(b) Electrons move
along the electron
fransport chain (ETC).
This generates energy
to pump hydrogen ions
info the thylakoid space,

creating an ion gradient.

(c) These ions move out
of the thylakoid space
through ATP synthase,
generating ATP. (d)
Electrons exiting the ETC
are passed to NADP*,
which also picks up

an H* ion to become
NADPH. (e) The products
of the light-dependent
reactions (ATP and
NADPH) are used to
reduce carbon dioxide
to carbohydrate in the
Calvin-Benson cycle.

d

a Light energy NADP™ accepts 2e™ and picks up H*

B
=l
-
-

e Calvin-Benson
cycle

Thylakoid - light-
dependent reactions

Stroma - light-
independent reactions

The activity of the electron transport chain packs the thylakoid space with
protons. This creates an ion gradient across the thylakoid membrane. The high
concentration of protons inside the thylakoid space causes a pressure build-up. The
protons are all positively charged, so they mutually repel each other. To release the
pressure, the protons need to escape down the concentration gradient back into the
stroma. However, charged protons cannot cross the thylakoid membrane freely. The
only available exit for the protons is an enzyme called ATP synthase. This enzyme
is embedded in the thylakoid membrane. As electrons flow through ATP synthase,
the energy from this movement of electrons is used to drive production of ATP from
ADP and inorganic phosphate. ADP and inorganic phosphate are inputs, and ATP is
an output of the light-dependent stage. ATP generated by this process is used in the
light-independent stage to make sugar molecules.

RECALL

+ During photosynthesis, green plants and algae use light to drive the synthesis
of glucose from carbon dioxide and water, and oxygen is produced as a
by-product.

* The light-dependent stage of photosynthesis is located in the chloroplast grana
and utilises an electron transport chain and ATP synthase.

« Water, ADP and NADP" are inputs for the light-dependent stage.
+ ATP, NADPH and oxygen gas are outputs of the light-dependent stage.

1 Describe the role of chlorophyll in photosynthesis. 3  What drives ATP synthase in the light-dependent

2 What is the water used for in the light-dependent stfage, and how does it generate ATP?
stage of photosynthesis?
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The light-independent stage

The light-independent reactions occur in the stroma of the chloroplast. In these
reactions, sugar molecules are produced from carbon dioxide in a biochemical pathway
called the Calvin-Benson cycle (Figure 3.17). This reaction requires a supply of carbon
dioxide gas, hydrogen ions and chemical energy in the form of ATP. The loaded acceptor
molecule NADPH, formed in the light-dependent stage, becomes the source of hydrogen
ions. Likewise, ATP molecules formed in the light-dependent stage provide the chemical
energy for the conversion of carbon dioxide to sugar molecules.

Carbon dioxide fixation

s COOOLEC

(unstable intermediate

< Figure 3.17

The Calvin-Benson
cycle. The green spheres
signify the carbon atoms
of the key molecules.

In this biochemical
pathway, 12 ATP and 12
NADPH molecules are
required in the fixation

of carbon dioxide

compound) molecules to yield one
glucose molecule.
2
Calvin-Benson 12 ATP
cycle
12 NADPH
12 ADP

12 P;
10 m 12 NADP*

Sugar

2 e e 0

P ‘_1 Phosphate
i

Glucose: used to produce sucrose,

W starch or cellulose — the plant’s

main carbohydrates

The first step of the Calvin-Benson cycle involves attaching carbon dioxide to a
five-carbon molecule called ribulose bisphosphate (RuBP). This step is called carbon
fixation and it is catalysed by the most abundant enzyme on Earth, Rubisco. Carbon
dioxide binds to the active site of Rubisco. Interestingly, oxygen can also bind to the
same site and can decrease the rate of photosynthesis. When Rubisco fixes a carbon
dioxide molecule, an unstable six-carbon compound is formed. This intermediate
quickly splits into two three-carbon molecules. (The Calvin-Benson cycle is also known
as C, photosynthesis because the first compound produced is a three-carbon sugar
phosphate molecule.) The ATP produced in the light-dependent stage supplies the
energy to drive the cycle. NADPH donates protons (H") to form a three-carbon sugar
phosphate molecule. Some three-carbon sugar phosphate molecules exit the cycle and
the remaining ones are used to regenerate RuBP to begin the cycle again.
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The three-carbon sugar phosphate molecules are rearranged and reshuffled to build the
plant’s main carbohydrates. Sucrose, starch and cellulose are produced from sugar phosphate
molecules in other biochemical pathways. During daylight hours, chloroplasts convert the
newly formed sugar phosphate molecule to sucrose or starch. Of all plant carbohydrates,
sucrose is the most easily transportable. Starch is the most common storage form. It is stored
briefly in the stroma during the day. At night, cells convert starch to sucrose for export to
other cells in leaves, stems and roots that are devoid of chloroplasts. Glucose is the monomer
for polysaccharides, such as starch and cellulose. Sucrose is a disaccharide of glucose and
fructose; the fructose is a rearranged form of glucose. As the key building block of the
plant’s carbohydrates, glucose is a vitally important output of photosynthesis.

RECALL

* Inthe light-dependent stage of photosynthesis, chlorophyll absorbs photons to
split water, releasing hydrogen ions (protons) into the electron transport chain.

* The electron transport system pumps protons into the thylakoid space to create
a concentration gradient that fuels production of ATP. It also transfers electrons
and protons to NADP* to form NADPH.

¢ Inthe light-independent stage, the ATP and NADPH from the light-dependent
stage are used to provide the chemical energy and protons to fix carbon in the
Calvin-Benson cycle.

RECAP 3.8

1

What do all photosynthetic organisms have 3 Which products or outputs of the light-
in common? dependent reaction are used as inputs
Distinguish between the light-dependent and in the light-independent reaction of
the light-independent stages of photosynthesis photosynthesis?

in ferms of location, requirements and products.

The inputs and outputs of photosynthesis

The two stages of photosynthesis require certain inputs, such as water and carbon
dioxide, and produce outputs, such as oxygen and glucose. Coenzymes also cycle
between the two stages in loaded and unloaded forms. For the two stages to correspond
in the number of coenzymes cycled between them, 12 cycles of the light-dependent
reactions must occur for every six of the light-independent reactions. An account of these
inputs and outputs is presented in Tables 3.1 and 3.2.

Table 3.1 Summary of inputs and outputs for the light-dependent stage. The data represent
12 cycles of the light-dependent reactions.

Inputs Outputs
Molecule Total number Molecule Total number
Water (H,0) 12 Oxygen (O,) 6
NADP* 12 NADPH 12
ADP 12 ATP 12
Inorganic phosphate 12
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Table 3.2 Summary of inputs and outputs for the light-independent stage. The data represent
six cycles of the light-independent reactions.

Inputs Outputs
Molecule Total number | Molecule Total number
Carbon dioxide (CO,) 6 Water (H,0O) 6
NADPH 12 NADP* 12
ATP 12 ADP 12
Inorganic phosphate 12
Glucose 1

Comparing the inputs and outputs for both stages of photosynthesis emphasises
how some components are recycled between the two stages. NADPH and ATP formed
during the light-dependent stage are broken down during the light-independent stage.
The NADP*, ADP and inorganic phosphate produced during the light-independent
stage are returned as inputs to the light-dependent stage. For this reason, these
components are not shown in the photosynthesis equation.

Water is an output of the light-independent stage. This water is produced by
rearrangement of the oxygen atoms in carbon dioxide. Half of the oxygen atoms
from the carbon dioxide are incorporated into the carbohydrate, the other half into
water. This water is therefore different from the water consumed as an input in the
light-dependent stage. For this reason, water is represented on both sides of the
photosynthesis equation.

Photosynthesis in C,, C, and CAM plants

Many plants grow in areas with a high light intensity that is favourable for
photosynthesis, but which are deserts or grasslands and so tend to be dry. To conserve
water, these plants close their stomata when light and heat are intense. How do they
get the carbon dioxide needed for photosynthesis with their stomata closed most of
the day? C, and CAM plants have evolved ways to help overcome the problem of
carbon dioxide uptake versus water loss by concentrating carbon dioxide in their
tissues.

While all plants use the Calvin-Benson cycle to fix carbon in the final stage
of photosynthesis, C, and CAM plants have evolved an extra carbon fixation
step prior to the Calvin-Benson cycle. These adaptations have led to distinctive
distribution patterns for these plants. C, plants are found in temperate and tropical
climes and represent about 83% of the world’s flora; C, plants are found in
grassland areas and make up only 3% of the world’s total flora; and CAM plants
are found in deserts (with the occasional tropical appearance) and make up about
10% of the total flora.

All plants use the enzyme Rubisco to catalyse reactions that create organic carbon out
of inorganic carbon dioxide, a key step in maintaining life on Earth. Rubisco is the most
plentiful enzyme on Earth but it is highly inefhicient. In C, plants, Rubisco fixes carbon
dioxide by joining it to a five-carbon sugar. Then it cuts the new six-carbon sugar chain
into two identical three-carbon molecules, and hence the name C, plants. On hot dry
days, stomata close so that C, plants can conserve water, but then carbon dioxide cannot
diffuse into the leaves. The carbon dioxide level drops and carbon fixation slows down.
Rubisco begins to react with the oxygen that is building up in the leaves rather than
with the small supply of carbon dioxide. This is called photorespiration, and results in
the production of carbon dioxide by Rubisco.
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In €, plants, carbon dioxide is ‘harvested’ in the mesophyll cells. It is joined to a
three-carbon molecule to form a four-carbon molecule, and hence the name C, plants.
This fixed carbon moves out of the mesophyll cells into specially adapted bundle
sheath cells. Here the carbon dioxide is liberated and then fixed by Rubisco in the
Calvin-Benson cycle. In this way the carbon dioxide gradient stays low in mesophyll
cells so that it will continue to diffuse in from the outside, even when the stomata
are almost closed. This partitioning also means that C, plants move the Calvin-
Benson cycle into an area with a high carbon dioxide concentration. Why is this
important? The enzyme Rubisco will spend more of its time fixing carbon dioxide in
photosynthesis than fixing oxygen in photorespiration. In C; plants, photorespiration
increases as the temperature rises, so carbon fixation by Rubisco slows. This does not
happen in C, plants, so they are more competitive in high temperatures. C, plants
include maize and sugar cane, which is renowned for its high glucose production.

iStockphoto/Gloria-Leigh Loga
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RECALL

+ In C, plants (the majority of plants), Rubisco fixes carbon dioxide by joining it
to a five-carbon sugar, producing a six-carbon sugar chain that it then cuts into
two identical three-carbon molecules.

* In hot weather, stomatal closure causes a build-up of oxygen. This can react
with Rubisco, causing photorespiration and preventing photosynthesis.

* C, plants fix carbon into a four-carbon molecule in mesophyll cells, which is
then shuttled into bundle sheath cells where the Calvin-Benson cycle takes
place. This maintains a high concentration of carbon dioxide in the bundle
sheath cells.

+ CAM plants only open their stomata at night, fixing carbon dioxide in the
form of malate, which is then used as a source of carbon dioxide for the
Calvin-Benson cycle during the day.
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RECAP 3.9

1 Give examples of C, and CAM plants and link 4 Why do C, plants have a competitive edge over
their carbon fixation strategies fo their distribution C, plants in high temperatures?
patterns. 5 How do CAM plants overcome the problems of
2 Describe the action of the enzyme Rubisco in having fo close stomata during the day?
C, plants.
3

3 Why is Rubisco described as an inefficient
enzyme (i.e. what happens when carbon dioxide
is in low supply)?

Factors that affect photosynthesis

Like all biochemical reactions, photosynthesis is affected by many factors. The

main factors affecting photosynthesis are environmental: light, carbon dioxide and
temperature, although other factors such as the presence of inhibitors and changes in pH
can also change the rate of photosynthesis.

Light

In the light-dependent phase, photons are needed to excite the chlorophyll molecules.
These then split water molecules, freeing electrons to enter the electron transport system.
The amount of light available is therefore an important factor that limits the rate of the
first reaction in photosynthesis. A light saturation point is reached when adding more
light does not increase the rate of photosynthesis (Figure 3.19). This happens when more
ATP and NADPH are produced in the light-dependent stage than can be used in the
light-independent stage.
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- . Factors that affect the
Carbon dioxide rate of photosynthesis
include (a) light
The availability of carbon dioxide is usually the main limiting factor in photosynthesis. intensity, (b) carbon

dioxide concentration,

Ambient carbon dioxide concentrations are relatively low, at ~0.04%. During the and (¢) femperature.

light-independent stage, carbon dioxide is the substrate for Rubisco, which converts it to
an unstable six-carbon compound that splits into two three-carbon compounds. These
form the building blocks for glucose. As the concentration of carbon dioxide increases,
the rate of photosynthesis can also increase as long as enough enzyme active sites are
available to catalyse the photosynthetic reactions, and the ATP and NADPH supply
from the light-dependent stage is adequate to fuel the light-independent reactions. An
increasing carbon dioxide concentration also raises the light saturation point, because
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then the light-independent reactions can use up more ATP and NADPH and the rate of
photosynthesis can increase overall.

Temperature

The third main factor that influences the rate of photosynthesis is temperature. As with
all chemical reactions, increasing temperature increases the rate of the reaction. This is
because the molecules involved have greater kinetic energy, causing them to collide and
interact more frequently. This results in a higher rate of interaction between an enzyme
and its substrate, giving more opportunities for the enzyme to catalyse the reaction

and generate the products. However, as with all proteins, above a certain temperature
an enzyme becomes denatured and the reaction essentially stops. As the ambient
temperature rises, it is essential for plants to maintain their temperature within their
tolerance limits, or adapt to the increasing temperature.

RECALL

* The rate of photosynthesis is affected by factors such as light intensity, carbon
dioxide concentration, and temperature.

RECAP 3.10

1 Inthe context of enzyme activity, explain why the 2 What occurs at the light saturation point of
rate of photosynthesis levels off at high carbon photosynthesis? Identify this point on the graph
dioxide concentrations. in Figure 3.19a.

INVESTIGATING FACTORS AFFECTING PHOTOSYNTHESIS

Conversion of light energy into chemical energy by photosynthesis is affected by many factors. The main
environmental factors are light, femperature and carbon dioxide concentration. This experiment tests the effects
of light and carbon dioxide availability on the accumulation of starch, a storage form of glucose in plants.

Aim
To test the effects of light and carbon dioxide availability on photosynthesis by measuring starch accumulation

Materials
+ potted geranium plants of similar sizes and in the same soil conditions
dark paper, card or foil
paper clips
conical glass flasks, stands and clamps
+ sodium hydroxide solution - see risk assessment box
+ sodium hydrogen carbonate (sodium bicarbonate) solution or carbonated water
* water
+ cofton wool
*  beaker and fest tube
Bunsen burner, tripod and gauze or electrically heated water bath
industrial methylated spirit - see risk assessment box
Petri dishes
iodine solution
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What are the risks in this experiment? | How can you manage these risks to stay safe?

Sodium hydroxide solution is corrosive | Avoid contfact with skin and eyes. If spilt or splashed, rinse affected
area immediately with plenty of water and report any accidents to
your teacher. Eye wash facilities and equipment should be readily
available.

Industrial methylated spirit is highly Keep the container tightly closed. Keep away from all sources of

flammable and is irritating o eyes and | ignition. Extinguish all Bunsen burners before opening container.

respiratory system Do not breathe vapour and avoid contact with skin.

lodine is irritating to skin, eyes and Avoid contfact with skin and eyes. If spilt or splashed, rinse affected

respiratory system area immediately with plenty of water and report any accidents to
your teacher. Eye wash facilities and equipment should be readily
available.

Procedure
Destarching the plant

Since a variable measured in this experiment is the production of starch, the first step forces the plant to use its
reserves of starch without allowing its replacement by photosynthesis.

1 Water the plant.
2 Place the plant in a dark place (e.g. cupboard) for 24-48 hours.

3 Test aleaf of the plant for starch (see below). If starch remains, return the plant fo the dark. If no starch is
present, proceed to treating the plant.

Testing a leaf for starch

The first step in testing for the presence of starch is decolourisation of the leaf. Ensure strict safety precautions
are used due to the lammability of industrial methylated spirit.

Decolourisation
If using a Bunsen burner:
1 Place a beaker of water on a tripod and gauze standing over a Bunsen burner (Figure 3.20).

2 Check that the beaker is stable, then light the burner and bring the
water to a boil.

3 Place the leaf in the boiling water for
1-2 minutes until it becomes flaccid.
4 Turn off the Bunsen burner. -

5 Pour some methylated spirit into a test
fube, place the leaf into the test tube, Water
then place the tube into the beaker Leaf in —1

(Figure 3.21). methylated
6 Allow the test tube to warm gently in the spirit

heated water for several minutes.
If using an electrically heated water bath:

1 Place the leaf directly intfo a water bath
at 100°C for 1-2 minutes.

2 Transfer the leaf to a test tube of
methylated spirit, then place the tube in a
water bath set to 78°C for several minutes.

lodine staining for starch

7 Immediately after treating the leaf with
methylated spirit, immerse the whole leaf
briefly in cold tap water.

8 Spread the leaf on a Petri dish. Figure 3.21 A
P . Figure 3.20 A Set-up for warming the
9 Addafew drops of iodine solution fo the Set-up for heating the leaf methylated spirit >

leaf and wait for the colour fo develop.
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Figure 3.22 A Figure 3.23 A
Leaf appearance After decolourisation and staining (a) grey-blue-black areas
before decolourisation represent starch, and (b) yellow-orange-red areas represent no

starch. It may be necessary fo hold the dishes over white paper
o see differences.

Treatments

The following treatments are applied to leaves that are
aftached to the plant.

The effect of light

10 Cut a distinctive shape out of a piece of dark paper,
card or foil. Cover a section of leaf on both sides
with the card, holding it in place with paper clips if
necessary.

The effect of carbon dioxide
11 Fill four flasks with the following liquids:
a sodium hydroxide solution - caution: corrosive!
b sodium hydrogen carbonate (sodium bicarbonate)

b ted N Figure 3.24 A

or carbonated water Cover the leaf (still attached fo the plant) with a piece

c water of card in which you have cut a distinctively shaped
hole.

d noliquid.

12 Place each flask over a leaf and support it at an angle
using stands and clamps. Do not lef the liquid fouch the leaf.

13 Create an airtight barrier around the petiole (leaf stalk) at
the opening of each beaker to seal in the liquid vapour. This
barrier may be cotton wool carefully kept saturated with water
from a washbottle. Alternatively you may use split corks or
bungs with plenty of petroleum jelly.

14 Keep the plant well watered and evenly exposed to good light.

15 After a couple of days or more, remove the leaves for festing. I
is important to maintain a way of identifying the leaves during
the testing process, for example by making small distinctive

cuts in each one. { U >

Flasks with
different solutions

16 Test the leaves for starch content using the decolourisation Figure 3.25 A
and iodine staining procedure described above. Cover four leaves (still attached to the plant)
with flasks containing the test solutions. Do not
Results let the leaves touch the solutions, and seal the

. ) flasks around the leaf petioles.
1 Draw the outlines of the leaves from your five treatments (leaf sk drod edtpet

covered with card plus the four leaves in the enclosed flasks).
2 Draw the outlines of the areas that stained positively and negatively for starch.
3 Compare your results with those of others in your class.

Discussion

1 Explain how light affected photosynthesis in this experiment. Discuss the pattern of starch
accumulation in the presence and absence of light, and what this may mean for movement of
starch within a leaf.
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2 Sodium hydroxide reacts with carbon dioxide to produce water and sodium carbonate, which forms a high

pH (alkaline) solution:
CO, + 2NaOH — Na,CO, + H,0

a Why is the beaker containing sodium hydroxide set up so that the liquid does not fouch the leaves?
b Where in the experimental set-up does the above reaction take place?

¢ Draw a schematic diagram of photosynthesis and annotate it to explain how the reaction would be
altered in the presence of sodium hydroxide.

3 Sodium hydrogen carbonate is a source of carbon dioxide. Explain how this treatment affected
starch deposition using the terms photosynthesis, carbon fixation, light-dependent and
light-independent.

4 What were the controls in this experiment?
5 Why use a beaker filled with water and one with no liquid?

6 How would your experiment be affected if the leaves had not been destarched before the experiment was

conducted?

7 An alternative model for measuring the rate of photosynthesis is by measuring the rate of bubble formation

by the pondweed Elodea submerged in a beaker of water.

a Reflect briefly on how light and carbon dioxide availability would affect bubble production by Elodea.

b Why is starch production a more reliable way of measuring photosynthesis?
c What benefits does the Elodea system have over the system used here?

Conclusion
Propose conclusions about how photosynthesis is affected by the factors you have investigated.

Taking it further
Design an experiment to investigate the effects of different wavelengths of light on starch formation using

photographic filters. Ensure your experimental design maintains a carefully controlled environment fo minimise

variables.

Cellular respiration

Organisms require energy to carry out the processes associated with life. ATP is
the primary source of free energy in all living organisms, and the process of cellular
respiration allows cells to capture the energy stored in chemical bonds of glucose to
create ATP ready for use by the cell (Figure 3.26).

All organisms, with the exception of the Archaea, use glucose as the primary
source of energy to drive cellular metabolism. The chemical bonds in glucose are
broken, resulting in more stable products and the release of free energy. This is an
exergonic reaction in which electrons are transferred from the glucose molecule to
a final electron acceptor, such as oxygen. This reaction can be summarised by the
following equation:

CH,_O, + 60, — 6H,0 + 6CO, + 36ATP

This chemical process is known as aerobic cellular respiration. The word ‘aerobic’ is
used when oxygen is the electron acceptor. The equation above simply shows the initial
reactants and the final products. In fact, there are about 20 reactions that contribute
to this biochemical pathway, each catalysed by specific enzymes. Most animals, plants,
protists, fungi and bacteria are aerobes: they all require oxygen for cellular respiration.
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Figure 3.26 »
Uses of energy in the cell

Chemical energy in
glucose (from food)

Figure 3.27 b

(a) Glycolysis, the

first stage of cellular
respiration, occurs in
the cytosol. In glycolysis,
glucose partially breaks
down to pyruvate.

(b) Pyruvate enters the
mitochondria. In the
presence of oxygen, the
Krebs cycle and electron
fransport system
generate ATP molecules
(see next section).
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However, oxygen is not always the final electron acceptor, and many micro-organisms
use other molecules as electron acceptors. These organisms are called anaerobes, and they
need to live in an environment devoid of oxygen.

For all organisms, the oxidation of glucose to supply the cell with available energy,
regardless of whether oxygen is present or not, starts with a biochemical pathway called
glycolysis.

Glycolysis

Glycolysis takes place in the cytosol of cells. The biochemical pathway is made up of
ten reactions, with each step controlled by a specific enzyme. The initial reactant is
glucose and the final product is two molecules of a three-carbon compound called
pyruvate. Two unloaded acceptor molecules, NAD", are also loaded with hydrogen
atoms in glycolysis to form two loaded NADH molecules. The glycolysis pathway also
produces a net two ATP molecules that may be used by the cell as a source of energy
(Figure 3.27). The net yield of two ATP molecules, which can be used by the cell
immediately, may be sufficient for the needs of certain micro-organisms, but it is not
sufficient for multicellular organisms. The fact that all organisms carry out glycolysis,

a Glucose

Energy 2 ATP

2 pyruvate

Electrons move along the electron transport — 5 32 ATP
system — oxygen is the terminal acceptor
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either as their sole source of energy or as the first step in more elaborate pathways

to gain sufficient ATP for their needs, points to glycolysis being one of the earliest
reactions to produce energy for the cell. But what occurs after glycolysis in both
prokaryotic and eukaryotic cells? What happens next depends upon whether oxygen
is present or absent.

RECALL

* The purpose of cellular respiration is to use the energy stored in glucose to
create ATP, which can provide energy to fuel cellular reactions.

* Glycolysis occurs in the cytosol. It involves conversion of glucose to two
pyruvate molecules, two ATP and two loaded acceptor molecules, NADH.

1 Write the equation for cellular respiration. 3 Where does glycolysis take place in all cells?

2 Whatis the initial substrate in the glycolysis
pathway and what is the final product?

Cellular respiration with oxygen

In eukaryotic cells that are supplied with oxygen, the two molecules of pyruvate
formed in glycolysis enter an organelle called the mitochondrion. Mitochondria are
often described as the ‘energy powerhouse’ of the cell because large numbers of ATP
molecules are produced in them in a biochemical pathway called the Krebs cycle (also
called the citric acid cycle). Before we consider how ATP molecules are produced, and
why oxygen is an essential requirement, we will take a closer look at the structure of
mitochondria.

Mitochondria are small organelles that are found scattered throughout the cytosol
of eukaryotic cells. Each mitochondrion consists of an outer smooth membrane and
a highly folded inner membrane. The folds in the inner membrane, called cristae,
protrude into the inner space of the mitochondrion, a protein-rich fluid called the
matrix. The space between the outer and the inner membranes is also filled with fluid
and is called the intermembrane space (Figure 3.28b).

b Intermembrane < Figure 3.28
space Matrix (a) Electron micrograph

and (b) generalised
sketch of a mitochondrion
in longitudinal section.
Stalked particles on the
surface of the cristae are
the site of ATP synthesis.

Cristae: folds created
3 ,:1 by the inner membrane

Outer membrane
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Figure 3.29 A

Second stage of
aerobic respiration - the
Krebs cycle. For each
three-carbon pyruvate
molecule entering the
cycle, three carbon
dioxide molecules and
one ATP molecule are
formed. The steps shown
proceed twice.

1 glucose molecule

Cytosol

Figure 3.30 A

Mitochondria, like chloroplasts, have their own
genetic material (mtDNA and RNA) and ribosomes. Like
chloroplasts, they are also capable of division independently
of the cell’s nucleus, so they make copies of themselves
and they have many characteristics that are similar to
prokaryotic cells. This evidence points to their bacterial
origins.

The two pyruvate molecules formed in glycolysis are
transported into the mitochondria. Pyruvate undergoes a
reaction that involves a coenzyme, called Coenzyme A.
This results in the formation of a loaded coenzyme called
acetyl CoA. Carbon dioxide molecules are produced as a
by-product of this reaction. The acetyl CoA enters a cyclic
biochemical pathway called the Krebs cycle (see Figure 3.29).
This cycle produces more carbon dioxide, ATP molecules
and loaded coenzymes (e.g. NADH, FADH ). The loaded
coenzymes enter an electron transport chain associated
with the inner mitochondrial membrane. Here, electrons
are transferred through a series of compounds called
cytochromes until they are finally accepted by oxygen.
This process is called the electron transport system.

If oxygen is not present, the Krebs cycle and electron
transport chain come to a sudden stop. The energy
released from the electron transport chain is used to
pump protons (H") from the loaded coenzyme molecules
into the mitochondrial intermembrane space. As the
protons flow down the concentration gradient back into
the matrix, they drive the production of ATP by ATP
synthase. From all the reactions associated with aerobic
cellular respiration, it is possible to produce a net 36
ATP molecules in one cycle. Figure 3.30 summarises the
process of aerobic respiration.

2 ATP molecules

: n una\la'\\ab\e 2 lactic acid molecules
e
2 pyruvate OxY9
molecules

Glycolysis

Oxygen available ™\

Up to 36 ATP molecules 6CO, + 6H,0

Summary of aerobic and anaerobic respiration in an animal cell
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RECALL

* Inthe presence of oxygen, pyruvate enters the mitochondrion where it is
converted to acetyl CoA.

e Acetyl CoA enters the Krebs cycle in which it produces loaded coenzymes
NADH and FADH,, plus ATP and carbon dioxide.

e The loaded coenzymes transfer electrons to the electron transport system,
which sets up a proton gradient that is used to drive ATP formation.

1 What is the role of oxygen in aerobic cellular 3 How many net molecules of ATP are produced
respiration? in one cycle of aerobic cellular respiration? In

2 What is the source of the by-product carbon practice, the number is somewhat less. Suggest
dioxide in aerobic cellular respiration? a reason for this.

Cellular respiration without oxygen

The first energy-releasing pathways evolved around 3.8 billion years ago when there was not
much free oxygen in the atmosphere. The process was essentially anaerobic in that it was
able to run to completion in the absence of oxygen. Many bacteria and protists still live in
places where oxygen is absent or not always available, and they produce ATP using anaerobic
pathways. Such organisms have evolved biochemical pathways that allow glycolysis to
continue in the cytosol by using molecules other than oxygen as the final electron acceptor.
Prokaryotes have evolved many anaerobic pathways but eukaryotes commonly use two
pathways, referred to as alcoholic fermentation and lactic acid fermentation.

Oxygen is required for aerobic respiration in eukaryotic cells. If oxygen is absent, the
Krebs cycle in the mitochondria shuts down. The cell then relies entirely on glycolysis to
maintain a supply of ATP for its energy needs. However, without the Krebs cycle to syphon
them off; the products of glycolysis build up in the cytosol. These products are pyruvate and
the loaded coenzyme NADH. The problem is that NADH must be continually unloaded,
forming NAD", to sustain glycolysis. Eukaryotic cells have solved the problem by reacting
NADH with the pyruvate in the processes of either alcoholic fermentation or lactic acid
fermentation.

Alcoholic fermentation

Many micro-organisms, including yeast and some bacteria, carry out alcoholic
fermentation. The glycolysis pathway produces two net ATP molecules and two NADH
loaded acceptor molecules. Still in the cytosol, a carbon dioxide molecule is removed
from the pyruvate molecules produced in glycolysis to produce acetaldehyde. NADH
donates a proton to acetaldehyde and ethanol is formed. Hence, the products of alcoholic
fermentation are carbon dioxide and ethanol, an alcohol. The overall summary for
alcoholic fermentation is given below.

CH,O, — 2CH,CHOH + 2CO, + 2ATP + energy
(glucose) (ethanol) (carbon dioxide) (adenosine triphosphate) (210 kJ)

Humans make use of these metabolic waste products in the production of wine, beer
and bread (Figure 3.31). Plants, however, cannot use ethanol. It cannot be reconverted
into carbohydrate, nor can it be broken down in the presence of oxygen. Alcohol
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Figure 3.31 A

Plants and yeast
produce ethanol and
carbon dioxide in the
anaerobic respiration
process called alcoholic
fermentation. This
reaction has been used
by industry to produce
bread and wine. In
bread, the alcohol is
baked out.

Glycolysis

Glucose

2 ADP >
2 ATP

<; 2 NAD" <—j
2 NADH

2 X pyruvate

Figure 3.32 A

Lactic acid fermentation
occurs in muscle cells.
In the process, NADH

is oxidised to NAD*,
allowing glycolysis to
continue.
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is toxic to cells and cannot be allowed to
accumulate. Many plants (or parts of plants)
can respire anaerobically for a short time,
such as germinating seeds and roots living in
water-logged soil, where there is little oxygen.
However, before the concentration of ethanol
reaches a certain level they must revert to
aerobic respiration, otherwise they will be
poisoned by the ethanol.

This is also true for yeast. Yeast is a classic
example of a life form that employs anaerobic
respiration, and it is used in the brewing and
wine-making industries. However, it grows
much better in aerobic than in anaerobic
conditions. If too little oxygen is present,
the ethanol concentration rises so much
that the yeast cells are killed. The secret in
making beer and wine is not to let conditions become too anaerobic. It is commercially
beneficial to develop new strains of yeast that are tolerant of high concentrations of
ethanol. This is a major occupation of microbiologists working for brewing companies.

Lactic acid fermentation

Lactic acid, or lactate, is the end product of anaerobic respiration in animals. After
strenuous exercise, muscle soreness and cramps may develop. In 1929, Archibald Hill
proposed that these symptoms were the result of lactic acid building up in
the muscle tissue. However, the latest theory gaining widespread acceptance
in the scientific world suggests that these symptoms are a result of an increase
in extracellular potassium ion concentration, which leads to the observed
muscle fatigue cramps.

Lactic acid fermentation is an important pathway for energy
production. This anaerobic respiration in animal cells is represented by the
equation below.

CH,O, — 2CH,CHOH)COOH -+

2 X lactate

2ATP  + energy

(glucose) (lactic acid) (adenosine triphosphate) (150 k)

Aerobic respiration produces 2880 kJ of energy. In anaerobic
respiration, glucose is not broken down as completely as it is in acrobic
respiration and so less energy is released as a consequence. A lot of energy still remains
locked up in the ethanol or lactic acid molecules.
In animals, the energy trapped in the lactic acid molecule can be released by
conversion of the lactic acid back into pyruvate, which may then be broken down to
carbon dioxide and water via the Krebs cycle.

RECALL

* Eukaryotes have two pathways for producing ATP using pyruvate in the
absence of oxygen.

* Yeasts, plants and some bacteria use alcoholic fermentation and animals use
lactic acid fermentation.

* The products of anaerobic respiration are toxic at high concentrations and
so anaerobic respiration is only a short-term solution for obtaining chemical
energy.
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1 List two differences between aerobic respiration 2 Compare the products of anaerobic respiration
and fermentation. with those of aerobic respiration in:
a animal cells

b plant cells.

Factors affecting the rate of cellular
respiration

The rate of cellular respiration is influenced by many environmental and physiological
factors. Temperature and the concentrations of glucose and oxygen have important
effects on cellular respiration. As with all biochemical reactions, as the concentration of
substrates increases the rate of respiration increases up to a saturation point, at which
other factors limit the reaction rate. These other factors may include the amount of
enzyme produced and degraded by the cell, the pH of the environment, and the presence
of cofactors and coenzymes, as well as competitive and non-competitive inhibitors of the
enzymes involved.

Yeast provides an accessible model for measuring the effect of various factors on
the rate of cellular respiration. When mixed with a sugar food source and water,
yeast undergoes cellular respiration, producing carbon dioxide that forms foam.
Several independent variables can be altered in this system, including temperature,
sugar sources and the availability of oxygen, and foam can be measured as a
dependent variable.

Temperature

The rate of cellular respiration rises as the temperature increases. However, at a certain
temperature, the enzymes involved begin to become denatured and cellular respiration is
inhibited. Organisms reach the upper limit of their tolerance range and cells and tissues
start to shut down.

At lower temperatures, the kinetic energy of all the molecules involved is
reduced and this affects the efficiency of the reaction. Plants have lower growth
rates and some animals go into hibernation so that their energy requirements are
minimised.

Glucose

Cellular respiration depends on an ongoing supply of glucose and cells must
constantly replenish their glucose stores. Cells can do this in a number of ways.
Photosynthetic cells can produce their own glucose by photosynthesis. Alternatively,
cells can transport extracellular glucose into the cell. In multicellular organisms,
glucose can be stored in specialised cells and released and transported, as required,
to the rest of the tissues. In plants, as discussed earlier, starch grains in chloroplasts
store glucose for future use. In animals, glucose is accumulated and stored as
glycogen in liver cells. The need for glucose must be communicated between the
cells that demand it and the cells that store it. If glucose stores become depleted, the
body draws on alternative sources to meet the energy needs of its cells. Pyruvate,
lactic acid and lipids may be recycled to generate the glucose molecules required for
cellular respiration.
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Figure 3.33 >
Photosynthesis uses
the products of
cellular respiration
and cellular respiration
uses the products of
photosynthesis.

Oxygen

The availability of oxygen affects a cell’s switch from aerobic to anaerobic respiration.
During anaerobic respiration, the ATP is supplied purely by glycolysis. The switch to
anaerobic respiration therefore results in a decrease in the efficiency of ATP production.
Far less ATP is generated from each glucose molecule during anaerobic respiration than
aerobic respiration (two versus 36 ATP molecules).

On the other hand, ATP production by anaerobic respiration is faster
than that of the more complex set of reactions involved in aerobic respiration.
Consequently, if the demand for ATP outstrips the supply from aerobic
respiration, eukaryotic cells supplement demand by shifting towards anaerobic
respiration. This occurs, for example, in the muscle cells of athletes such as
sprinters when they perform brief bursts of strenuous exercise. The switch is only
a temporary solution, and the accumulation of acid, as lactic acid, in the cells
inhibits metabolism. It must be removed to restore normal cell functioning and
this takes time to achieve.

Putting photosynthesis and aerobic
cellular respiration together

Photosynthesis and aerobic cellular respiration are closely related and interdependent —
that is, the outputs of one are the inputs of the other (Figure 3.33). In plants and
other autotrophs, the two processes occur in the same individual cells when both

Chloroplast Mitochondrion

Photosynthesis Cellular respiration
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chloroplasts and mitochondria are present. But many cells in green plants, such as
root cells, do not have chloroplasts. These cells and those of heterotrophs depend

on the products of photosynthesis to carry out cellular respiration. Thus, there is

a dependency between autotrophs and heterotrophs. Interestingly, both types of
eukaryotic cells have come to rely on two ancient prokaryotic cells that we today call
organelles: chloroplasts and mitochondria. These organelles are integral to their host
cell’s survival strategy as they carry out high-risk energy transformations in the form
of electron transfer reactions.

The origins of chloroplasts and
mitochondria: the endosymbiotic theory

The predatory way of life of a single-celled eukaryote can help explain how cells may
have acquired mitochondria and chloroplasts. Scientists believe that mitochondria and
chloroplasts evolved through endosymbiosis, where one species lives inside another in
a mutually beneficial relationship. The larger host cell would have ingested the smaller
cells by phagocytosis, where they escaped digestion and proliferated along with the host
cell. To this day mitochondria and chloroplasts make copies of themselves and split in
two, like bacteria do when they reproduce by binary fission. Both mitochondria and
chloroplasts have two membranes. The outer one is probably derived from the host
membrane when it engulfed the bacterium, and the inner one is probably the membrane
of the ingested bacterium.

Mitochondria are similar in size to small bacteria and they have
their own genome, which, like that in bacteria, is contained on a
circular DNA molecule and lacks histones. They contain unique
ribosomes that differ from those found in the cell cytosol, and they
have their own transfer RNA molecules so that they can make their
own proteins. It is now almost certain that an ancestral eukaryotic
cell engulfed an aerobic eubacterium that managed to escape
digestion. The eubacteria would have evolved with the eukaryotic
cell, receiving protection and organic molecules, such as sugar, in
return for the ATP molecules they produced for their hosts. Because
of the endosymbiotic relationship, the host cell would have been
more productive and successful than cells lacking eubacteria. It
would have been more competitive and able to survive to reproduce
even though other cells perished. This relationship was probably
established when the Earth’s atmosphere first became oxygen-rich
about 1.5 billion years ago.

Many eukaryotic cells also contain chloroplasts. Scientists believe that
these arose from cyanobacteria that were ingested by eukaryotic cells that
already contained mitochondria about one billion years ago (Figure 3.35).
This explains why not all eukaryotic cells contain chloroplasts but they
all contain mitochondria. Chloroplasts have their own DNA, RNA and
ribosomes that are similar to those of prokaryotes. They harness energy

. S . A Figure 3.34
from light, storing it in the bonds of organic molecules such as glucose. Light micrggroph of
These organic molecules provide energy to the host, and the host environment provides Paramecium bursaria, a
: : P . . single-celled profozoan.
inorganic compounds, such as c‘arbon dioxide al}d water, and protection from drying out The smailler green cells
and from predators. A eukaryotic cell that contains chloroplasts no longer needs to engulf within the Paramecium
other cells to obtain food. This may explain why plant cells have lost the ability to change are unicellular green

. . algae, which live
shape rapidly to engulf other cells by phagocytosis. Instead, they have developed a tough endosymbiotically in the
and protective cell wall. organism.
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Figure 3.35»

The theory of
endosymbiosis explains
how cells may have
acquired mitochondria
and chloroplasts.

Aerobic bacterium

Mitochondria

Some cells engulf
photosynthetic
cyanobacteria
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Predatory
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After a long period
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RECALL

» The rate of cellular respiration is affected by temperature, glucose and oxygen
availability as well as other factors.

* Photosynthesis and cellular respiration are linked in that the inputs of one are

the outputs of the other.

* The endosymbiotic theory provides an explanation for how mitochondria and
chloroplasts came to be within eukaryotic cells.

RECAP 3.14

1 Describe how cellular respiratfion is altered when
a tfemperature is very high or low
b oxygen is very high or low
c glucose is very high or low.

2 Draw a simple schematic diagram fo show
how photosynthesis and cellular respiration
are linked.

3 List the evidence that has led scientists to believe
that mitochondria and chloroplasts were once
free-living organismes.
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Biological knowledge and society: Transgenic canola
as a sustainable omega-3 supply

Docosahexaenoic acid (DHA) is an omega-3 fatty acid that is needed for For more information
healthy plasma membranes, but it cannot be synthesised by humans in about the issues
adequate amounts so it must be supplied in the diet. This is achieved by eating surrounding the

oily fish, which is high in DHA, or by taking fish oil dietary supplements. The fish fish oil industry,

oil industry is big business and there are issues concerning the sustainability of refer to the science
ocean ecosystems. Some companies are fermenting farmed algae fo supply and society box in
the infant formula and medical grade omega-3 market, but this is an expensive Chapter 1.

process. A cheap, sustainable source of omega-3 fatty acids is needed.

Can science help solve this issue?

A group of scientists working with the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) have used DNA technologies to produce the omega-3 fatty acid DHA in canola. Canola is an
oilseed crop widely grown in Australia for the cooking oil industry. It can produce alpha linoleic fatty acid
(ALA) naturally, but not DHA fatty acids. The scientific team have spent years genetically engineering

a strain of canola so it will produce DHA from ALA. Because it was engineered to contain a set of new,
infroduced genes required for DHA production from its precursor substrates, the genetically modified
DHA canola is a fransgenic crop variety. This is in contrast to other modes of genetic modification,
including knocking out a gene or knocking a gene into a specific locus. (See Chapter 11 for more details
on these terms.)

Discovering genes required for DHA synthesis

Various species of marine algae use biochemical pathways to produce DHA from ALA (Figure 3.36).
They have genes for enzymes that control steps in this biosynthesis pathway. Canola does not

have the enzymes to produce DHA from ALA, so to get canola to synthesise DHA in its seeds the team
had to identify the genes for the DHA conversion enzymes in marine algae and then introduce them into
the canola plant. They also had fo ensure coordinated expression of all of the introduced genes so the
entire pathway would be switched on in DHA canola seeds.

HC  (34) (6)=7) (9)=10) (12) (14) (16) ,COOH
\,/‘ RSl AL TN N Nl

(2. 5 8 1) (13) (15) (17)
Alpha linoleic acid (ALA) l Desaturase adds a double bond.

Enzyme adds carbons to chain so
the fatty acid chain elongates.

l Desaturase adds a double bond.

COOH

\ el =B 18553 =97/ 9:10 12=<X13 15:15 18
2/ Ne N2 Ak N/ ML) For more information

5 8 11 14 (17) (19

. 2 2 d & : on the use of

endonucleases and

Eicosapentaenoic acid (ELA) l Enzyme adds carbons to chain so i ; ;
the fatty acid chain elongates. igases O generare
recombinant
l Desaturase adds a double bond. plasmids refer fo
Chaptfer 11.
= 3 4) (6 =7) (9=10) (12=13) (15=16) (18=19) (21)
\ e e SIS e e Ve pe? /"\
) © © O @ @ @ ‘oo
Docosahexaenoic acid (DHA)
A Figure 3.36

A biochemical pathway for synthesising the omega-3 polyunsaturated
fatty acid DHA from ALA. Land plants can only synthesise ALA because
they lack the enzymes found in this pathway.
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Transform bacteria with recombinant plasmids and
culture in presence of antibiotic.

l Select for transformed
3 bacteria: only bacteria that

The first step is to identify the
genes coding for enzymes in the
DHA biosynthesis pathway in marine
algae. To do this, scientists use a
technique called gene cloning
to generate a DNA library for the
marine algae genome, as outlined
in Figure 3.37. Next, scientists
fransform eukaryotic yeast cells
with marine algae DNA from the
DNA library. Each transformed yeast
culture is incubated in a solution
contfaining the substrate ALA. The
scientists test each culture to see
if it can produce DHA. Any culture
producing DHA from ALA must
contain genes from the marine
algae library that are required in
the final steps of the DHA synthesis
pathway.

Engineering canola to
express genes for DHA
synthesis

Once the genes of interest have
been discovered, scientists need

| have been transformed can
! _J survive and grow on media

containing antibiotic.

Each colony is cultured separately so each culture now contains bacterla
that have a specific piece of DNA from the original marine algae genome.

Figure 3.37 A

To identify the genes responsible for DHA synthesis in marine algae,
scientists use gene cloning to generate a DNA library of the marine
algoe genome.

fo insert them into canola plant
cells. This process takes advantage
of a plant pathogen called
Agrobacterium tumefaciens. This
soil bacterium naturally infects
plants, causing gall disease.
Agrobacterium contain a plasmid
called tumour inducing plasmid
(Ti plasmid). This plasmid contains
genes that code for proteins that
hijack the plant cell machinery

so plasmid genes are integrated
info the plant cell's genome. Scientists can remove the disease-causing genes from the Ti plasmid and
replace them with the gene of interest for insertion info the plant genome. As a result, the plant will not
get gall disease. Instead it will get a new set of one or more genes inserted info its genome, and so it
becomes transgenic.

Figure 3.38 outlines the steps used to produce transgenic DHA canola. The genes coding for
enzymes required for the DHA synthesis pathway are inserted into Ti plasmids. Agrobacterium are then
fransformed with the recombinant Ti plasmid. These transformed Agrobacterium are incubated with leaf
discs cut from canola leaves and placed onto a growth medium containing antibiotic. The antibiotic
acts as a selective agent: only cells that have been infected by Agrobacterium can divide in the
presence of the antibiotic because the Ti plasmid carries an antibiotic resistance gene. The Ti plasmid
also carried the DHA synthesis genes so these plant cells will also have the DHA synthesis genes inserted
info their genome. The plant cells that have the new DNA are said to be transfected. All cells arising from
these transfected cells have the new genes in their genome.

In the growth medium, the dividing cells form a cell mass called a callus. The callus is fransferred to
shooting growth media so shoots develop. The shoots are then transferred to rooting media to develop
roots. The tfransgenic plants are then grown in secure glasshouses. At maturity, their seeds are tested for
DHA content.

All activities involving genetically modified organisms (GMOs) in Australia require authorisation
from the Office of the Gene Technology Regulator (OGTR). If a GMO is grown in a laboratory or in the
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< Figure 3.38

The steps involved in
producing tfransgenic
canola plants that
produce DHA

Marine algae genes to
be inserted into

canola /\

Ti plasmid

Antibiotic\

resistance gene

Agrobacterium
bacteria

1 Cut leaf discs from canola
plant and incubate with
Agrobacterium containing
recombinant Ti plasmid. Some
cells will be infected with
Agrobacterium so new genes
will be inserted into the cell
genome.
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& 2 Antibiotic in growth media lets only 2 3 Transfer callus of transfected cells 4 Grow plants in greenhouse and test §

g cells transfected with Ti plasmid divide > onto shooting media, then transfer seeds for DHA production. £
2 and grow into a callus. & growing plants onto rooting media.

field it will require a licence. The OGIR uses risk analysis to decide whether or not fo issue a licence,
and monitors compliance with these licences. The OGIR identifies possible risks by considering how
a new property of a GMO may cause harm to people or the environment. Because any organism
can potentially cause harm, the OGTR compares the risk of a GMO against the risk of harm from the
‘parent’” organism. There also needs to be a legitimate benefit fo society and/or the environment in
producing the GMO.

Over to you

What is the issue?
Identify the relevant biology that relates to this issue.
Distinguish between genetically modified organisms and fransgenic organisms.

Construct a flow chart to show the steps taken to enable canola to produce DHA. In your flow chart,
show the biology and the tools and techniques used to manipulate DNA.

5 Imagine that you work in the OGTR. Scientists have applied for approval to release DHA canola
commercially. Construct a list of the risks, benefits and impacts on society and the environment if this
tfransgenic canola is approved for release. Use the following questions as a guide to consider risk,
benefit and equity.

a Does DHA canola represent a solution to one or more current issues?
Does it present unacceptable risks o the environment?

Does it present unacceptable risks fo animal and/or human health?

Will all farmers have equitable access to this fechnological advance?
Does this technological advance negatively impact any other industries?

A OWOWN =

® QO 0O T
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CONCEPT SUMMARY

+  The metabolic rate differs between organisms, affecting their radiated heat and lifespans

+ Anabolic reactions building molecules, endergonic

+ Catabolic reactions - breaking down molecules
+  ATP — ADP + Pi + energy

Key terms
Substrate Enzymes
Product Organic catalysts
Active site

Lock-and-key model
+  Induced fit model
Cofactors

of a reaction

that control steps of a
biochemical pathway |
and act by reducing

the activation energy

+  Temperature
Affectedby |~ PM
+  Substrate concentration
+  Non-competitive inhibitors
Competitive inhibitors

Coenzymes (loaded
and unloaded)

Autotrophs
+  Photoautotrophs
+  Chemotrophs

Light energy
—

12H,0+ 6CC, o iorophyl

60, + C6H,,0, + 6H,0
Photosynthesis is affected by light, CO, and
temperature

The light-dependent stage

+ Light energy is absorbed by pigments, especially
chlorophylls.

+ Electrons within the molecule are energised and
ejected from chlorophyll. These enter the electron
tfransport chain.

+ Toreplace the lost electrons, chlorophyll
splits water molecules into electrons (seized
by chlorophyll), protons (H*; pumped info
thylakoid space), and oxygen gas (a product of
photosynthesis).

+  NADP* receives a profon and a pair of electrons
and becomes NADPH.

+  The protons build up in the thylakoid space and
exit through ATP synthase, driving formation of ATP
from ADP and inorganic phosphate.
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CHLOROPLAST STRUCTURE

Granum

Two outer
membranes ~_=

Stroma

Thylakoid membrane

The light-independent stage

+ The Calvin-Benson cycle occurs in the chloroplast
stroma.

» This series of reactions requires carbon dioxide,
hydrogen ions (from NADPH) and ATP.

+  The 3-carbon sugar phosphate molecules are
used to build glucose, which can be converted to
sucrose, starch and cellulose.

« Starchis produced and stored in the stroma
during the day. At night, cells convert starch to
sucrose for export to cells in other plant fissues.
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Affected by:

temperature
concentrations of glucose and oxygen

the amount of enzyme produced and degraded
by the cell

CH,,0, + 60, — 6H,0 + 6CO, + 36ATP

6" 12

The process occurs in the mitochondrion.

Pyruvate and coenzyme A react to form a loaded
coenzyme, acetyl CoA, plus carbon dioxide.

Acetyl CoA enters the Krebs cycle (also called the
citric acid cycle), which produces more carbon
dioxide, ATP and loaded coenzymes (e.g. NADH,
FADH,).

The loaded coenzymes transfer electrons fo
an electron transport chain, which involves
cytochromes in the inner mitochondrial membrane.

the pH of the environment
the presence of cofactors and coenzymes
competitive and non-competitive inhibitors

Oxygen is the final electron acceptor molecule in
the electron transport system.

The electron transport chain pumps protons (H*)
from the loaded coenzyme molecules into the
mitochondrial infermembrane space.

As the protons re-enter the matrix, they drive the
production of ATP by ATP synthase. A net 36 ATP
molecules are made per cycle.

Anaerobic pathways react the NADH with pyruvate, formed in glycolysis. This unloads the NADH of a proton,
forming NAD+, allowing glycolysis to confinue.

Alcoholic fermentation

A carbon dioxide molecule is removed from the pyruvate molecules produced in glycolysis

to produce acetaldehyde.

NADH donates a proton to acetaldehyde and ethanol is formed.

CH,,0, (glucose) — 2CH,CH,OH (ethanol) + 2CO, (carbon dioxide) + 2ATP

Energy (210kJ) is formed in this process.

Lactic acid fermentation

.

9780170368360

NADH is oxidised to NAD*, allowing glycolysis fo continue.

Lactic acid can be converted back into pyruvate, which may then enter the Krebs cycle.

CH,,0, (glucose) — 2CH,CH(OH)COOCH (lactic acid) + 2ATP

6" 12

Energy (150>kJ) is formed in this process.
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CHAPTER GLOSSARY

acetyl CoA a molecule used fo convey carbon
atoms to the Krebs cycle

activation energy the energy required to initiate
a reaction

active site the place on the surface of an enzyme
molecule where substrate molecules attach

adenosine diphosphate (ADP) a low-energy
compound composed of adenine and ribose with
two phosphate groups attached; it is converted to
ATP for energy storage when it gains a phosphate
group

adenosine triphosphate (ATP) a high-energy
compound composed of adenine and ribose with
a chain of three phosphate groups attached; it
releases energy for cellular reactions when its last
phosphate group is removed and it is converted
tfo ADP

aerobic cellular respiration a metabolic reaction
that requires oxygen to produce energy for the cell

alcoholic fermentation a form of anaerobic
respiration (no oxygen present); glucose is converted
to ethanol, a type of alcohol

anabolic reaction a reaction that builds up
complex molecules from more simple ones

anaerobic  without oxygen

ATP synthase an enzyme that provides energy for
the cell through synthesis of ATP

autotroph an organism capable of making its own
food from inorganic substances using light (through
photosynthesis) or chemical energy (through
chemosynthesis); green plants, algae and certain
bacteria

biochemical pathway a series of chemical
reactions, each controlled by an enzyme, that
brings about the step-by-step conversion of an
inifial substrate molecule to form a final product

C, plant a plant that carries out a type of
photosynthesis in which a three-carbon compound,
phosphoglycerate, is the first stable product of
carbon fixation; this occurs during the first step of the
Calvin-Benson cycle. Most plants are C, plants

C4 plants  plants such as tropical grasses in which
a four-carbon compound, malate, is the first stable
product of carbon fixation; carbon dioxide is later
drawn out of the malate and into the Calvin-Benson
cycle rather than directly from air

Calvin-Benson cycle a biochemical pathway in
which sugar molecules are produced from carbon
dioxide

CAM plant (crassulacean acid metabolism) a
plant that uses an enzyme to fix carbon dioxide

at night, generating the four-carbon compound
malate; this is broken down during the day to release
carbon dioxide, which then enters the Calvin-Benson
cycle
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carbon fixation the use of atmospheric carbon
dioxide and its conversion info carbohydrates; this
process occurs in the stroma of chloroplasts in
eukaryotic cells

catabolic reaction a reaction, such as cellular
respiration, that involves the breakdown of complex
molecules to simpler products

catalyst a substance that increases the rate of a
reaction without itself undergoing any permanent
chemical change

cellular metabolism the sum of metabolic
reactions in a cell

chemotroph an organism that synthesises its own
food from inorganic substances using chemicals as
the primary energy source

chlorophyll the green pigment found in
chloroplasts; it is able to absorb light energy, making
it available for photosynthesis

chloroplast a membrane-bound organelle
containing the green pigment chlorophyll and
found in the cytoplasm of plants and algae; its
main function is photosynthesis and storage of
carbohydrates

citric acid cycle see Krebs cycle

coenzyme d small molecule that assists enzyme
activity by carrying groups of atoms to or from the
reaction

cofactor an ion that assists enzyme activity by
helping the enzyme to fold properly or to facilitate
the reaction

competitive inhibitor a substance that competes
with a substrate for an enzyme’s active site and
thereby reduces the enzyme's activity

cristae the folding of the inner membrane into the
maftrix of a mitochondrion, thus increasing the total
surface area of the inner membrane

cytochrome a membrane-bound protein that
carries out electron transport; cytochromes are
located in the mitochondrial inner membrane and in
chloroplasts

electron transport chain the process involving the
stepwise transport of electrons to a final electron
acceptor, such as oxygen (in aerobic cellular
respiration); ultimately, it creates an electrochemical
gradient across membranes to drive the
phosphorylation of ADP to yield ATP

endergonic reaction a chemical reaction requiring
energy

endosymbiosis a mutually beneficial relationship
between two single-celled organisms in which one of
them lives inside the other

enzyme a specific protein catalyst that acts fo
increase the rate of a chemical reaction within the
cell by lowering the amount of energy required for
the reaction to proceed
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exergonic reaction a reaction that releases energy

feedback inhibition the cellular control mechanism
in which an enzyme that catalyses the production

of a particular product is inhibited by the product,
therefore balancing supply and demand of a
product for a cell

glycogen an energy-storage polysaccharide in
animals that is composed of glucose

glycolysis an energy-yielding process occurring in
the cell cytosol in which glucose is partially broken
down to pyruvate in enzyme reactions that do not
require oxygen; this first stage of cellular respiration
produces two ATP molecules

grana the stack of thylakoid membranes in a
chloroplast that contain chlorophyll

heterotroph an organism that cannot synthesise
its own organic compounds from simple inorganic
material; it depends on other organisms for nutrients
and energy requirements

induced-fit model a model to explain that the
shape of an enzyme’s active site undergoes specific
changes, induced by the substrate, to achieve a
high degree of specificity with the substrate

Krebs cycle a biochemical pathway that requires
oxygen and takes place in the mitochondria as
part of cellular respiration; acetyl coA, the product
of glycolysis, is broken down o produce carbon
dioxide, water and energy in the form of ATP

lactic acid a product of anaerobic cellular
respiration in animals

lactic acid fermentation a form of anaerobic
respiration (no oxygen present) that occurs in animal
cells and some anaerobic bacteria; glucose is
convertfed fo lactic acid

light-dependent stage the first stage of
photosynthesis; it requires light energy that is
absorbed by chlorophyll; water molecules split to
produce oxygen and hydrogen ions and ATP

light-independent stage the second stage

of photosynthesis; through a series of reactions
carbon dioxide, hydrogen ions and ATP produce
carbohydrate

loaded describes coenzymes that are attached to
the specific group of atoms they transfer

lock-and-key model a model suggesting that the
shape of a substrate molecule is an exact fit fo the
shape of an enzyme’s active site

mitochondrion an organelle within the cytoplasm
that is the site of aerobic cellular respiration, which
releases energy for the cell

NAD* unloaded form of the coenzyme
nicotinamide adenine dinucleotide; has a role in
cellular respiration
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NADH loaded form of the coenzyme nicotinamide
adenine dinucleotide; has a role in cellular
respiration

NADP* unloaded form of the coenzyme
nicotinamide adenine dinucleotide phosphate; has
a role in photosynthesis

NADPH loaded form of the coenzyme nicotinamide
adenine dinucleotide phosphate; has a role in
photosynthesis

non-competitive inhibitor a molecule that binds
tfo an enzyme at a site other than the active site;
this changes the shape of the enzyme so that the
substrate can no longer bind fo the active site

optimum pH the pH at which an enzyme works at
its fastest rate

optimum temperature the temperature at which
an enzyme works at its fastest rate

phosphorylation the addition of a phosphate
group to a protein or other organic molecule

photoautotroph an organism that synthesises its
own food from inorganic substances using light as its
primary energy source

photorespiration an alternative pathway for Rubisco,
the carbon-fixing enzyme in photosynthesis, in which
oxygen is consumed and carbon dioxide is produced,
decreasing the ratfe of photosynthesis; generally
occurs when stomata close and the concentration of
oxygen in the leaf exceeds that of carbon dioxide

photosynthesis anabolic reaction in which light
energy is captured by chlorophyll molecules and
used fo split water molecules, releasing oxygen and
hydrogen atoms, which are joined to carbon dioxide
to form glucose

pigment a molecule that absorbs certain
wavelengths of light and reflects all others

psychrophile an organism that lives in extremely
cold conditions

pyruvate the three-carbon molecule that is the end
product of glycolysis

stroma the jelly-like, semifluid interior of a chloroplast
substrate a substance upon which an enzyme acts;
a reactant for an enzyme-controlled reaction
thermophile an organism that lives in high-
temperature environments

thylakoid membrane the interconnected, folded
membrane within a chloroplast

thylakoid space the space inside a thylakoid
membrane

unloaded describes coenzymes that are not
attached to the specific group of atoms they transfer
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CHAPTER REVIEW QUESTIONS

Understanding

1 Identify each of the following as either an anabolic or a catabolic process. Justify your choice in each case.
a Profein synthesis c DNA synthesis e Cellular respiration
b Digestion d Photosynthesis

2 What is meant by phosphorylation? What is its significance fo maintaining a cell’'s energy supply?

3 Enzymes are responsible for production of both sperm and male sex hormones in the testicles of human males.
Some of these enzymes have an optimal temperature of 33°C, which is about 4°C lower than body temperature.
If this temperature is increased or lowered, sperm and testosterone production is adversely affected.

a Why would an increase in temperature affect sperm production?
b What anatomical feature helps the festicles to maintain a lower femperature?

Applying

4 Many cut fruits will brown quickly when exposed to air. This is caused by the naturally occurring enzyme
polyphenol oxidase. If the freshly cut fruit is rubbed with lemon juice, it can prevent the brown discoloration.
Explain why this happens.

5 Cyanide binds to the enzyme cytochrome oxidase, preventing it from fransferring electrons to the final
acceptor molecule in aerobic cellular respiration.

a What is the final acceptor molecule?
b Where in the cell would cyanide target this enzyme?
¢ Explain why cyanide is such a fast-acting poison that results in the death of the organism.

6 Describe two pieces of evidence that support the view that chloroplasts and mitochondria were once free-
living prokaryotic organisms that formed an association with a larger host cell. How could this relationship
be mutually beneficial?

7 Describe two structural differences and two structural similarities between chloroplasts and mitochondria.

8 The pH of human blood and body fluids (excluding gastric juices) is about 6.8-7.0. Explain why maintaining
this level of pH is important.

9 During a heart attack, blood flowing to the heart muscle is interrupted by a blockage of a coronary artery.
How would you expect the metabolism in the heart fo change?

10 After a heart attack, people often have small amounts of lactate in the blood, which comes from the
injured heart muscle. Suggest an explanation for this observation.

11 Are photosynthesis and cellular respiration exact opposites? Explain.

12 Draw a labelled diagram of a chloroplast. Note on the diagram the sites where the light-dependent and
the light-independent stages of photosynthesis occur.

13 Discuss the factors that may affect the rate of photosynthesis in a plant exposed on a hilltop from sunrise to
sunset during the course of a hot summer’s day.

Analysing

14 You are given two test tubes containing two types of yeast cells that are the same in every way except that
one can carry out only aerobic respiration and the other can carry out only anaerobic respiration. The
fubes are labelled A and B. Yeast in tube A grows rapidly, whereas the yeast in tube B grows slowly. Which
tube contains the cells capable of performing only aerobic respiration? Justify your choice. Devise an
experiment to explain the test result.

Evaluating
15 Organisms such as the bacterium Thermophilus can thrive in hot springs at about 80°C. Use resource
materials to find out why some enzymes are more heat stable than others.

16 If a test tube contfaining an aqueous suspension of chloroplasts is kept in the dark, what substances
would you have to add to the suspension for a three-carbon sugar phosphate molecule to be formed by
photosynthesis? Explain.

Creating

17 Investigate the use of a commercial enzyme and record your findings under the following subheadings.
Some trade names of commercial enzymes are Neutrase, Lipolase, Lactozyme and Termamyl.

a Source of the enzyme b Properties or action of the ¢ Industrial or commercial
enzyme applications
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CHAPTER 4

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

KEY KNOWLEDGE initiated after a cell receives a signal from

inside (mitochondrial pathway) or from
outside (death receptor pathway) the cell
resulting in the removal of cells that are
no longer needed or that may be a threat
to an organism, mediated by enzymes
(caspases) that cleave specific proteins
in the cytoplasm or nucleus (details of
specific cytoplasmic or nuclear proteins
are not required)

« malfunctions in apoptosis that result in
deviant cell behaviour leading to diseases
including cancer.

Cellular signals

+ the sources and mode of transmission
of various signalling molecules to their
target cell, including plant and animal
hormones, neurotransmitters, cytokines
and pheromones

+ the stimulus—-response model when
applied to the cell in terms of signal
transduction as a three-step process
involving reception, transduction and
cellular response

- difference in signal transduction for

hydrophilic and hydrophobic signals in KEY SCIENCE SKILLS

terms of the position of receptors (on

the membrane and in the cytosol) and Analyse and evaluate data, methods and
initiation of transduction (details of specific ~ scientific models
chemicals, names of second messengers, - organise, present and interpret data using
G protein pathways, reaction mechanisms schematic diagrams and flow charts,
or cascade reactions are not required) tables, bar charts, line graphs, ratios,

+ apoptosis as a natural, regulatory percentages and calculations of mean

process of programmed cell death,

© (2016). The Victorian Curriculum and Assessment Authority (VCAA). Used with permission.



Figure 4.1 >
Nineteenth century

revolutions in medicine:

William Morton
administering ether to
a patient, enabling the
painless removal of a
neck fumour.

Getty Images/Time Life Pictures

It is 1846 in Boston and an operation is about to be performed in an amphitheatre with
medical professionals looking on. The surgeon, John Collins Warren, is about to remove
a tumour from his patient’s neck. In the absence of painkiller, the patient is strapped
down to prevent excessive movement. William Morton, a local dentist, strides in holding
a glass inhaler that contains ether. He asks the patient to breathe in the gas. The patient
loses consciousness and feels no pain throughout the entire operation. This was the first
successful public demonstration of the use of an anaesthetic. The ether, by disrupting
cell signalling in the nervous system, rendered the patient insensitive to pain.
Throughout each cell’s life it releases and receives signals that regulate and coordinate
everyday cellular processes for the benefit of the whole organism. These processes control
whether a cell should move or stay in stasis, which molecules and structures to build and
which ones to digest, whether to grow, what to consume, and what to secrete. Modern
research scientists use an understanding of cell signalling pathways and of molecular
structures to design highly specific medicines to treat disease and pain. Understanding
the underlying mechanisms that cells utilise to produce, receive and respond to chemical
signals is providing scientists with major breakthroughs in the areas of health, agriculture
and the environment, which help to change the way we live and behave. This chapter is all
about how cells communicate to coordinate cellular activities using chemical signalling.

Evolution of cell signalling
systems

Ever since the first prokaryotic cell appeared on Earth billions of years ago, there has been
a need for cells and organisms to detect and respond to external environments to keep their
internal environment safe. These early single-celled organisms bathed in a sea containing
calcium (Ca*"), potassium (K*), sodium (Na*) and chloride (Cl") ions. These charged ions
are very small but they cannot cross plasma membranes. To survive in these seas, the cells
evolved ion channels to control the passage of ions across their plasma membrane.
Calcium jons (Ca**) were integral to cell functioning in prokaryotes, but high
concentrations were lethal. These primitive bacteria had to keep their intracellular
Ca** levels 10000 times lower than the extracellular environment. Through evolution,
proteins arose to be highly sensitive to changes in Ca*>* concentrations. Small increases in
intracellular Ca** levels could change the activity of the proteins inside the cell. This set the
stage for the evolution of calcium signalling systems that are now found in all organisms.
Ca** gradients are involved in regulating exocytosis, muscle contraction, gene regulation
and more. Ion gradients have evolved to be enormously important in cell signalling.
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Unicellular organisms socialise
for group work

Communication systems continued to evolve as cells became more complex.
Prokaryotes evolved the capacity to detect signals secreted by other cells. They
started to socialise and coordinate group work, enhancing the survival of the
species. Some scientists believe that this intercellular signalling may have paved
the way for the evolution of multicellular organisms. For example, the social
slime mould (Dictyostelium) spends most of its time as a unicellular organism;
however, when it is challenged by starvation the cells secrete a signalling
molecule that attracts other slime mould cells by chemotaxis, or directional
cell movement. This coordinates thousands of cells so that they group together to form a
multicellular ‘slug’, capable of moving around in search of a new food source (Figure 4.2).

Cell chatter in multicellular organisms

Becoming multicellular requires the coordination of many cells for survival. Cells become
specialised to perform particular functions and group together to form tissues, and ultimately
organs and coordinated body systems. This type of complexity requires constant monitoring
and adjusting and, therefore, cell communication.

Cells specialise to perform particular functions

There are approximately 200 different types of cells that perform particular jobs in

the human body. All of these cells arise from stem cells, precursor cells that receive
signals that stimulate cell differentiation, so that they develop particular characteristics
enabling them to perform specialised functions in our tissues. For example, many
different types of blood cells arise from stem cells produced in the bone marrow.

Keeping cell numbers in balance

The length of a cell’s life varies. White blood cells live for approximately 13 days, red
blood cells 120 days and liver cells for 18 months. Every second, your body is producing
more than one million red blood cells, so it follows that old and damaged red blood
cells must be removed to balance the numbers. Chemical signalling controls the balance
of cell numbers in multicellular organisms. Signals stimulating cell division increase
numbers and those stimulating apoptosis (programmed cell death, discussed in greater
detail on page 132 of this chapter) decrease numbers.

Healthy
white
blood cell

Apoptotic
white
blood cell

9780170368360
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A Figure 4.2

A gathering of the
social slime mould,
Dictyostelium. Single
cells can be seen
migrating towards

a central point by
chemotaxis.

< Figure 4.3

Regulating cell numbers
through chemical
signalling. (a) A skin cell
undergoing cell division
fo increase cell numbers;
(b) A damaged white
blood cell undergoing
apoptosis so it will be
removed from the
organism
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Signalling molecules are the key
to controlling cell activities

Signalling molecules are effective in minute amounts and play important roles in
homeostasis, growth and development, reproduction, behaviour and energy production,
storage and use. These chemical signals can come into contact with many cells. But only
specific target cells respond. What drives this specificity? For chemical signals to stimulate
a response, they must bind to receptors, proteins that are located inside or on the surface
of target cells. Just as you need the right-shaped key to open a lock, a specific signalling
molecule can bind only to a specific receptor. Its shape and chemical properties allow it to
fit into the binding site of the receptor protein. Once binding takes place, the receptor is
activated and this triggers a cascade of processes inside the cell (Figure 4.4). The processes
triggered depend on the receptor that has been activated. In this way the release of
chemical signals controls specific responses in specific cells, such as those seen in Table 4.1.

Substrate PG — —\ /—>

binding site
/\ \‘ End product

Substrate

Enzyme 1

Product 1 or Enzyme 2 Product 2 or Enzyme 3
Substrate 2 Substrate 3

X

Figure 4.4 A

(a) Cell metabolism

is regulated by
biochemical pathways.
(b) An inhibitor blocking

the active site of Enzyme inhibitor
Enzyme 3 shuts down blocks enzyme action
the pathway so no end and product cannot
product is produced. be formed.

Table 4.1 Cellular processes regulated by chemical signalling

Cellular process

Description of process

Gene expression

Proteins are the cellular machinery, carrying out diverse functions in cells. Cells regulate
when a particular protfein is produced by switching gene expression on and off.

Metabolism

The biochemical reactions required to maintain life are organised info metabolic
pathways allowing for the fransformation of molecules in steps. Catabolic (digestion)
reactions provide energy for anabolic (synthesis) reactions.

Programmed cell
death (apoptosis)

Allows removal of damaged and diseased cells and is involved in maintaining cell
numbers.

Reproduction

Cells replicate for growth and development via mitosis and produce gametes via
meiosis. In order to do this, DNA replication must fake place.

Cell communication

Cells need to communicate to coordinate functioning of the whole organism.

Molecule transport

Nutrients and molecules are transported between organelles and into and out of a
cell through osmosis, diffusion, active tfransport, endocytosis and exocytosis.
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These cellular processes ultimately rely on cellular metabolism, the collective
biochemical reactions occurring in a cell to maintain homeostasis. As you can see in
Figure 4.4, reactions are organised in biochemical pathways, with each reaction or
step in the pathway controlled by an enzyme. At each step, substrate molecules are
joined together, separated, or rearranged to produce new products. These reactions are
monitored and balanced to meet supply and demand. Often a pathway is up-regulated
(increased) in response to increasing concentrations of substrate or to meet demand for
a product. When the substrate becomes limiting, the pathway may be down-regulated
(decreased). Sometimes the buildup of products of biochemical reactions causes down-
regulation of a pathway in a process called feedback inhibition.

Cells regulate metabolism by controlling the production and activity of enzymes. To
increase the amount of enzyme, the gene for that enzyme must be expressed. The activity
of an enzyme can be altered by changing the conformation of the enzyme; for example,
by adding a phosphate group. Inhibitors bind to enzymes, changing the conformation
and rendering the enzyme inactive. When the inhibitor is removed, the enzyme becomes
active once more. In a similar fashion, activators bind to enzymes to change their
conformation so that they become active. By managing enzyme production and activity,
and thus biochemical pathways, the cell can respond to changes in its environment and
regulate its metabolism.

RECALL

* The evolution of ion pumps to maintain internal ion gradients relative to external ion
gradients was integral to the development of cell signalling systems.

¢ Unicellular organisms evolved to have intercellular signalling systems to coordinate
group work.

e Multicellular organisms have complex signalling systems that coordinate cell
processes for the survival of the whole organism.

RECAP 4.1

1 Name four charged ions utilised by cells in 3 How did the evolution of ion pumps contribute to
chemical signalling. the development of cell signalling systems?

2 Identify the cellular processes that maintain cell 4 Name three ways that the outputs of an enzyme
numbers in multicellular organisms. can be regulated.

Communication through
chemical signals

Multicellular organisms use a variety of chemical and electrical signals in a
communication network to coordinate individual cells to support the organism as a
whole. Animal communication networks involve two systems: the nervous system and
the endocrine system. Rather than being two separate systems, they are integrally related
and follow the same principles of cell communication. They both rely on extracellular
signalling molecules that are produced and released by cells to signal to other cells that
will ultimately respond by changing their behaviour. Plant communication relies on
chemical signalling molecules to transfer messages between cells.

Some chemical signals can be produced ahead of time and stored for later use, while
others cannot be stored and must be produced on demand. Similarly, cells can receive
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Figure 4.5 P

Chemical signals

can be classified by
the distance over
which they travel

to their target cells.

(a) Contact-dependent
signalling requires cells
to be in direct contact.
(b) Autocrine signals
act on the cell that
secreted them or

cells of the same type.
(c) Paracrine signals
act locally on cells in
the neighbourhood

of the signalling cell.
(d) Endocrine signals
fravel in the blood

to reach target cells
throughout the body.

110 NELSON BIOLOGY VCE UNITS 3 & 4

signals that will stop the production and/or release of signal molecules. Signal molecules
continue to stimulate target cells until the signal is deactivated or removed. Some signals
degrade quickly so their effect is very short, while others have a prolonged effect.

Many signal molecules are secreted from cells by exocytosis while others move across
the plasma membrane through passive or facilitated transport. The chemical signal then
diffuses through the extracellular fluid or is transported in the circulatory and lymphatic
systems to arrive at target cells around the body.

Chemical signals in animals

Chemical signals can be classified according to the distance over which they travel

to exert their effect (Figure 4.5). Some signal molecules remain tightly bound to the
surface of the cell producing them, so they can only influence other cells through direct
cell-to-cell contact. Autocrine and paracrine signalling molecules are secreted into the
interstitial fluid to stimulate cells locally, and endocrine hormones travel in the blood
and lymph to arrive at and stimulate distant cells.

Contact-dependent signalling

As the name implies, contact-dependent signalling requires direct cell-to-cell contact
(see Figure 4.5a). The signal molecule is anchored in the membrane of a cell and interacts
with a receptor molecule located in the membrane of another cell. This type of contact-
dependent signalling provides the cross talk between cells that is integral for guiding
embryonic development, maintaining the size and architecture of adult organs, and
apoptosis.

a Signalling cell Target cell

Autocrine

signalling——)

molecule v .

oto

Signalling
cell

Membrane- Receptor
bound signalling protein
molecule

Receptor
protein

d

Target cell Signalling cell Target cell

Endocrine ! !Receptor

Signalling cell

Extracellular
space

Receptor hormone A protein
;mtem Bloodstream P ——h.

Paracrine
signalling
molecule

9780170368360



In 1953 Abercrombie and Heaysman were interested in observing the social
behaviour of cells. They grew chicken cells in culture dishes. They noticed that when
cells collided they did not crawl over one another. Rather, they behaved like dodgem
cars, changing direction after a collision. As the number of cells in the dish increased,
collisions became more frequent, causing cell replication to slow and stop and resulting
in the cells forming a monolayer. This demonstrated that cells have a spatial awareness
signalling system that operates through contact inhibition. Contact inhibition is
mediated by a group of membrane proteins called cadherins, adhesion proteins that
influence the dynamics of the cell cytoskeleton required for a cell to move and replicate.

Contact inhibition of cell growth is essential for wound healing, to ensure cells move
in and fill a wound. It is also necessary for maintaining the size and shape of organs.

In cancer cells, signalling pathways for contact inhibition become disrupted and cell
division continues even when cells come in contact with neighbouring cells. Cells no
longer change direction or stop dividing on contact so they start to pile up and grow
over each other, forming a tumour. Cells can also leave the tissue of origin and invade
neighbouring tissues or travel to new organs around the body. This is called metastasis.
These malignant cells acquire motility as they stop responding to contact inhibition
signals exerted by neighbouring cells.

Local communication using autocrine and
paracrine hormones

Autocrine signals are secreted by cells and act directly on the same cell, or on cells of the
same type (see Figure 4.5b). Thus, they use a feedback mechanism to regulate their own
activity. Paracrine signals are local regulators that are used for communication between
neighbouring cells of different types (see Figure 4.5¢). This signalling occurs when a cell
secretes regulatory substances (signalling molecules) into the surrounding interstitial
fluid, affecting only nearby target cells.

Prostaglandins are autocrine and paracrine molecules made from fatty acids by
many different nucleated cell types. They are involved in regulating the contraction and
relaxation of smooth muscles lining the blood vessels, gut, respiratory tract, bladder,
uterus and eye. They induce a variety of signalling outcomes, including the relaxation
of blood vessels to allow for greater flow of blood when needed, and the constriction of
uterine muscles to induce labour. Prostaglandin action has also been implicated in less
desirable outcomes, such as sensitising neurons to pain and causing the constriction of
bronchioles observed in asthma.

Long-distance communication using
endocrine signalling

In many cases, the cells that produce the signal are not in the same part of the
body as those that respond. Thus, information or signals must be transmitted

to the cells that need to respond. This can be achieved through the activities of
two long-distance signalling systems: neurotransmission, an electrical signalling
system discussed on page 118, and the endocrine system, a system of long-distance
chemical signalling mediated by hormones. The endocrine system comprises a
collection of glands that secrete chemical signals into the blood. The circulatory
system and lymphatic system are used to transport hormones throughout the body,
but the hormones exert their effect only on specific target cells (see Figure 4.5d and
Table 4.2). Leptin is an endocrine signalling molecule produced and secreted by fat
cells in adipose tissue. It travels in the blood to reach the brain, where it helps to
regulate food intake and body weight. Figure 4.6 shows the result observed when a
mouse cannot produce leptin.

Cancer is discussed
more on page 136.
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The larger mouse on the
left has inherited two
copies of a mutant allele
for an obesity gene, so

it cannot produce the
hormone leptin.
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Although minute quantities of a hormone are produced, they have considerable
impact. Some effects are temporary, such as when adrenaline signals the release of
glucose and increased heartbeat in the ‘fight or flight’ response. Regulatory mechanisms,
such as those in foetal development, can have a longer lasting effect.

Glands are organs that secrete substances including hormones into the circulation
(Table 4.2). A target tissue may be a long way from the gland that secretes the hormone
(Figure 4.7). For example, antidiuretic hormone (ADH) is secreted from the pituitary
gland in the brain and exerts its effects on the kidneys. It stimulates the reabsorption of
water, helping maintain an appropriate water balance in the body.

Coordination of activities associated with the endocrine system is often connected
to the pituitary gland. The pituitary gland is sometimes referred to as the master gland
because it produces many hormones that stimulate or inhibit the production of other
hormones by other endocrine glands.

Examples of human endocrine glands, a hormone they secrete, and its function

Endocrine Hormone Target tissue/ Function
gland secreted organ
Posterior Antidiuretic | Kidney Stimulates reabsorption of water
pituitary hormone
Adrenal Adrenaline | Kidneys, liver, Constricts blood vessels in kidney
blood vessels and liver; stimulates liver to release
more glucose; prepares for ‘fight or
flight’
Cortisol Many tissues Responsible for most of the body's
physiological responses to stress
Thyroid Thyroxine Nearly all Increases metabolic rate, therefore
fissues increases oxygen consumption
and heat release
Beta cells of | Insulin Most body cells | Lowers blood sugar level, increases
pancreas glycogen storage by liver,
stimulates protein synthesis
Alpha cells of | Glucagon | Liver Stimulates conversion of glycogen
pancreas to glucose and its release
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Pituitary gland

< Figure 4.7
Location of the main
endocrine organs in the
human body
Hypothalamus _ Pineal gland
~)

Thyroid gland

Parathyroid glands

/

Adrenal glands /- \ Refer to Chapter 1
/ Pancreas for a reminder of the
\ secretory pathway
by which a protein
hormone is produced
and secreted.
m Ovaries
(in females)
@ Testes
' (in males)

How a hormone is produced and what it is made from will govern its properties
and behaviour. Hydrophilic hormones are water soluble and insoluble in lipids.
Hydrophobic hormones (also called lipophilic hormones) are water insoluble
and soluble in lipids. The solubility of a hormone determines how it is produced
and secreted by cells, how it travels in fluids and how it exerts its effects at the
target cell. As discussed in Chapter 1, each target cell is surrounded by a plasma
membrane, a phospholipid bilayer that serves as a boundary and restricts the entry
of large or hydrophilic hormones. The location of receptors on or within the cell
varies depending upon the size of its binding hormone and whether the hormone is
hydrophilic, or whether it is hydrophobic and can readily pass through the plasma
membrane.

Table 4.3 shows how scientists categorise hormones into three groups based
on their chemical structure: stexoid hormones, amine hormones and peptide
hormones.
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The problem with this chemical classification system of hormones is how to fit newly
discovered chemical signals into existing categories. There is now mounting evidence
that a fourth group of signalling molecules should be added to this list: the dissolved
gases including nitric oxide, carbon monoxide and hydrogen sulfide. Scientists are still
debating how to categorise this group of signalling molecules.

Table 4.3 Hormones categorised into three groups based on their chemical properties and behaviour

Steroid hormones

Amine hormones

Peptide hormones

Synthesised from cholesterol
in the gonads and adrenal
gland.

Synthesised from amino acids through
the action of enzymes. lodine is
required for synthesis of thyroxines so it
must be supplied by the diet.

Chains of amino acids
synthesised by ribosomes and
packaged into secretfory vesicles
by the Golgi apparatus.

Hydrophobic, so they are
lipid soluble and can cross
plasma membranes. They

bind fo infracellular receptors,

fravel in fluids aftached fo
carrier profeins and cannot
be stored, so are secreted as
they are produced.

Most are hydrophilic and bind to

the thyroxines, which are hydrophobic
and bind to infracellular receptors.

extracellular receptors. The exception is

Hydrophilic, so they cannot cross
plasma membranes. They bind to
extracellular recepftors.

The adrenal gland produces
cortisol and aldosterone. The
festes and ovaries produce
testosterone and oestrogen.

(known as epinephrine in the United
States) produced by the adrenal gland
and by some nerve cells, dopamine
produced by some nerve cells, and
melatonin produced by the pineal
gland. They also include a group of

that are produced by the thyroid gland.

Hydrophilic examples include adrenaline

hydrophobic hormones called thyroxines

Produced and secretfed by
exocytosis from cells in a range
of tissues and glands including
leptin by fat fissue, insulin by the
pancreas, growth hormone by
the pituitary, and antidiuretic
hormone (ADH) produced in the
hypothalamus and secreted from
the pituitary.

RECALL

Signalling between cells and tissues may occur in a contact-dependent manner, or
through autocrine, paracrine or endocrine signalling.

Autocrine signalling molecules act on cells of the same type as to that which
produces the signal; paracrine signalling molecules act on nearby cells of a different

type to those that produced the signal.

Endocrine signalling involves hormones, which are classified according to their
properties — hydrophobic hormones include steroid hormones and some amine
hormones (the thyroid hormones, thyroxines); hydrophilic hormones include

peptide hormones and most amine hormones.

RECAP 4.2

1 Name three instances where contact-dependent

signalling is involved.

2 Compare and contrast the properties of

3 Name an example of a steroid hormone, an

amine hormone and a peptide hormone, and

hydrophilic and hydrophobic signalling

molecules.

state where these are produced.
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Cytokines

Cytokines are a large family of chemical messengers that coordinate the movement and
behaviour of cells and tissues of the immune system. They are produced by cells of the
immune system or by normal body cells that are damaged by injury or infection. They
can stimulate the movement of immune cells to the affected area, prepare neighbouring
cells for infection, promote the maturation or specialised functions of immune cells and
switch off an immune response when the infection is cleared.

Cytokines are generally small, hydrophilic proteins that bind to a specific receptor
on the plasma membrane. Like hormones, only the cells that express a specific
cytokine receptor will be responsive to that particular cytokine. Cytokines can signal
in a contact-dependent manner, or have autocrine or paracrine effects. They can also
diffuse throughout the body to have systemic, or whole-body, effects. There are many
mechanisms to degrade cytokines and counteract their functions so that immune
responses last only as long as they are needed to clear the danger.

Pheromones

Pheromones are a type of chemical signal that are secreted or excreted from the body.
They trigger a response in other members of the same species, usually by binding to
specific receptors in the olfactory system. Pheromones can signal that the organism that
released the pheromone is a potential mate, or ready to feed her young in the case of a
mother with nursing offspring. A pheromone may signal that the organism that released
it is alarmed, or occupies a territory, or has created a trail that the recipient of the signal
should follow (such as in ants). In moths, pheromones can guide males towards females,
even if the female is hundreds of metres away and if a wind is blowing to disperse the
female’s pheromones. A wide ‘cone of detection’ is used by the male to hone in on the
female, based on only tiny amounts of pheromone detected. Many aquatic organisms use
pheromones to coordinate the synchronised release of eggs and sperm during spawning,.

In humans, pheromones are still not well understood but there is growing evidence
that they are used to transmit information between individuals. Humans can detect
whether<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>