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AREA OF STUDY 1 WHAT IS THE ROLE OF NUCLEIC ACIDS AND PROTEINS IN
MAINTAINING LIFE?

1 The relationship between
nucleic acids and proteins

KEY KNOWLEDGE

In this topic, you will investigate:

The relationship between nucleic acids and proteins
• nucleic acids as information molecules that encode instructions for the synthesis of proteins:

the structure of DNA, the three main forms of RNA (mRNA, rRNA and tRNA) and comparison
of their respective nucleotides

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

• the structure of genes: exons, introns and promoter and operator regions
• the basic elements of gene regulation: prokaryotic trp operon as a simplified example of the

regulatory process
• amino acids as the monomers of a polypeptide chain and the resultant hierarchical levels of

structure that give rise to a functional protein
• proteins as a diverse group of molecules that collectively make an organism’s proteome,

including enzymes as catalysts in biochemical pathways
• the role of rough endoplasmic reticulum, Golgi apparatus and associated vesicles in the

export of proteins from a cell via the protein secretory pathway.

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of learning and assessment. Experiments and
investigations, supported by a practical investigation eLogbook and teacher-led videos,
are included in this topic to provide opportunities to undertake investigations and communicate
findings.
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1.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in your
digital formats, learnON and eBookPLUS, and at www.jacplus.com.au.

1.1.1 Introduction

FIGURE 1.1 RNA polymerase unwinding a DNA
strand (seen in violet) and building a new RNA
strand (seen in red) in the process of transcription

Cells are what define us as living organisms, allowing
us to reproduce, adapt, survive and grow. Understanding
the structure and components of cells is fundamental to
understanding life itself. How do we control what enters
and leaves our cells? How do we synthesise the proteins
that allow us to thrive?

Our cells are incredible in their ability not only to
synthesise proteins, but also to regulate their production so
they are only made where and when they are required.
Proteins are fundamental to our survival, forming
diverse structures with a variety of functions and making
up everything from our enzymes to our fibrous tissues.

In this topic, we will examine our cells’ amazing ability
to make proteins from a DNA blueprint. DNA is the
basis of the incredible diversity of life on Earth.

LEARNING SEQUENCE

1.1 Overview ..................................................................................................................................................................................................4
1.2 BACKGROUND KNOWLEDGE Reviewing cells .......................................................................................................................5
1.3 Nucleic acids as information molecules ...................................................................................................................................18
1.4 The genetic code and protein synthesis ...................................................................................................................................28
1.5 The structure of genes .....................................................................................................................................................................40
1.6 Gene regulation ..................................................................................................................................................................................45
1.7 Amino acids and polypeptides .....................................................................................................................................................52
1.8 The proteome ......................................................................................................................................................................................61
1.9 Organelles involved in the protein secretory pathway .........................................................................................................65
1.10 Review ...................................................................................................................................................................................................72

Resourceseses
Resources

eWorkbook eWorkbook — Topic 1 (ewbk-1880)

Practical investigation eLogbook Practical investigation eLogbook — Topic 1 (elog-0001)

Digital documents Key science skills — VCE Biology Units 1–4 (doc-34326)
Key terms glossary — Topic 1 (doc-34409)
Key ideas summary — Topic 1 (doc-34412)

Exam question booklet Exam question booklet — Topic 1 (eqb-0012)

4 Jacaranda Nature of Biology 2 VCE Units 3 & 4 Sixth Edition

PAGE PROOFS



“c01TheRelationshipBetweenNucleicAcidAndProteins_PrintPDF” — 2021/5/9 — 10:19 — page 5 — #3

1.2 BACKGROUND KNOWLEDGE Reviewing cells

BACKGROUND KNOWLEDGE

This subtopic will review concepts from Units 1 and 2 that will help you understand various key knowledge points
of the Study Design for Units 3 and 4. This content is not examinable in Units 3 and 4.

• Cells as the basic structural feature of life on Earth, including the distinction between prokaryotic and
eukaryotic cells

• The structure and specialisation of plant and animal cell organelles for distinct functions
• The structure and function of the plasma membrane in the passage of water, hydrophobic and hydrophilic

substances via osmosis, facilitated diffusion and active transport

Source: Adapted from VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

1.2.1 What are cells?
Cells are the basic structural and functional units of life, and all living organisms are built of one or more cells.
Cells, with only a very few exceptions, are too small to be seen with an unaided eye. Throughout Units 3 and 4,
you will learn about the structure and function of various types of cells.

FIGURE 1.2 Comparing the size of various cells, organelles and non-cellular pathogens. Each diagram zooms in
on the previous diagram.
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How big are cells?
Cells and organisms vary greatly in size. Some examples of these are compared in figure 1.2.

• Most animal cells fall within the size range of 10 to 40 μm. Among the smallest human cells are red blood
cells, with diameters for normal cells in the range of 6 to 8 μm. Only a few single cells are large enough to
see with the unaided human eye, for example human egg cells with diameters around 0.1 mm.

• The common amoeba (Amoeba proteus) is a unicellular organism with an average size ranging from 0.25 to
0.75 mm. (You would see an amoeba as about the size of a full stop.)

• Microbial cells are on average 10 times smaller than plant and animal cells, with diameters in the range
of 0.4 to 2.0 µm and lengths in the range of 0.5 to 5 µm. (However, the smallest bacterium, Pelagibacter
ubique, consists of a cell just 0.2 µm in diameter.)

Cells constantly need to transport materials as they exchange ions with the extracellular environment, gain
nutrients and remove wastes. Cells need to be small in order to maximise their surface area to volume ratio,
allowing for the movement of ions, nutrients and wastes to occur quickly. Without a large surface area to volume
ratio, cells will not survive.

There is no fixed shape for cells. Cells vary in shape and their shapes often reflect their functions. For example,
immune cells such as dendritic cells and macrophages have very different cellular shapes compared to other cells
such as red blood cells.

TOPIC 1 The relationship between nucleic acids and proteins 5

PAGE PROOFS



“c01TheRelationshipBetweenNucleicAcidAndProteins_PrintPDF” — 2021/5/9 — 10:19 — page 6 — #4

FIGURE 1.3 a. Various shapes of some different cells b. A 3D representation of a dendritic cell
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1.2.2 Comparing eukaryotic and prokaryotic cells

Prokaryotes and eukaryotes

prokaryotic cells cells within
prokaryotes that lack a membrane-
bound nucleus

eukaryotic cells cells within
eukaryotes that have a membrane-
bound nucleus and other
membrane-bound organelles

Although cells vary greatly in complexity, they can be distinguished into two main types — prokaryotic cells
and eukaryotic cells.

FIGURE 1.4 Distinction of different cell types. Note that the term protista or protoctista is also sometimes used to
describe eukaryotes that are not animals, plants or fungi.
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prokaryotes any cells or organisms
without a membrane-bound nucleus

The microscopically tiny creatures that we call ‘microbes’ are a diverse group of organisms. The microbes
comprise two different classification groups, namely bacteria and archaea. The cells of all these microbes can
be distinguished from the cells of the other major groups of living organisms: fungi, plants and animals. The
key distinguishing feature of archaea and bacteria is that their cells lack a membrane-bound nucleus (see
figures 1.5 and 1.6). Cells with this characteristic are described as prokaryotic cells,
and organisms displaying this feature are called prokaryotes. Like all other kinds of
organism, archaea and bacteria have DNA in their cells, but the DNA in prokaryotic
cells is dispersed, not enclosed within a separate membrane-bound compartment.

eukaryotes any cells or organisms
with a membrane-bound nucleus

In contrast, the cells of all other organisms have a definite nucleus (see figure 1.5)
bordered by a double membrane. Organisms with these characteristics are called
eukaryotes. The nucleus of a eukaryotic cell contains DNA, the genetic material of
cells. Eukaryotic cells contain many membrane-bound cell organelles that are not
present in prokaryotic cells.
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FIGURE 1.5 Comparing the structure of a typical prokaryotic cell with that of a eukaryotic cell. Note that a
prokaryotic cell has a simple architecture in contrast to a eukaryotic cell.

Nucleus
Ribosomes

Golgi

apparatus

Endoplasmic

reticulum

Plasma

membrane

Plasma

membrane

Cell wall

DNA

Ribosomes

Capsule

Prokaryotic cellEukaryotic cell

Mitochondria

Cytoplasm Cytoplasm
Lysosome

FIGURE 1.6 a. A prokaryotic cell in the process of dividing. Note the dispersed genetic material (stained red).
b. A confocal fluorescence microscope view of eukaryotic cells (human breast cells). Note the discrete rounded
nuclei (shown in blue). (Image courtesy of Leigh Ackland)

b.a.

The distinguishing feature between a prokaryotic cell and a eukaryotic cell is the absence of a
membrane-bound nucleus in prokaryotes. This can be linked back to the naming of prokaryotes
and eukaryotes:

pro = before + karyon = nut, kernel, nucleus
eu = well (= true) + karyon = nut, kernel, nucleus.

TOPIC 1 The relationship between nucleic acids and proteins 7
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TABLE 1.1 Comparison of prokaryotic and eukaryotic cells

Feature Prokaryote Eukaryote

Size Small: typically 12 µm diameter Larger: typically in range 10–100 µm

Chromosomes Present as single circular DNA molecule Present as multiple linear DNA
molecules

Ribosomes Present; small size (20 nm or 70S)* Present; large size (25–30 nm or 80S)*

Cell membrane Present Present

Cell wall Present and chemically complex Present in plants, fungi, and some
protists, but chemically simple;
absent in animal cells

Membrane-bound nucleus Absent Present

Membrane-bound cell
organelles

Absent Present, e.g. lysosomes, mitochondria

Cytoskeleton Absent Present

Number of cells Unicellular Usually multicellular but can be
unicellular (e.g. protists such as
Amoeba and Euglena, algae such
as Chlorella and yeasts)

* S denotes Svedberg units, which measure the time it takes for a particle to settle to the bottom of a solution. For ribosomes, this
time can be correlated to particle size.

Although there are some differences in aspects of the structure of eukaryotic and prokaryotic cells, there are
many similarities in their structures and functioning.

Both prokaryotic and eukaryotic cells:
• have DNA as their genetic material
• have cell membranes that selectively control the entry and exit of dissolved materials into and out of

the cell
• use the same chemical building blocks, including carbon, nitrogen, oxygen, hydrogen and phosphorus, to

build the organic molecules that form their structure and enable their function
• produce proteins through the same mechanism (transcription and translation)
• use ATP as their source of energy to drive the energy-requiring activities of their cells.

Resourceseses
Resources

eWorkbook Worksheet 1.1 Reviewing cell size and surface area to volume ratios (ewbk-1962)

Video eLesson Living organisms are made of cells (eles-4165)

1.2.3 Organelles
Eukaryotic cells are organised internally into various compartments, each enclosed by a membrane. These
compartments are known as organelles and give eukaryotes a much more complex structure than prokaryotes.

Compartmentalisation in eukaryotic cells is about efficiency. Separating the cell into specific components
allows for the creation of specific microenvironments within a cell. That way, each organelle can have all the
advantages it needs to perform to the best of its ability.

Think about how a house is subdivided into rooms to support different functions: you shower in the bathroom,
not in the kitchen; the stove is in the kitchen, not in the bedroom, and so on. A eukaryotic cell can be
likened to a house — its various compartments are like different rooms where different tasks are carried out.
The conditions (such as pH and ion concentration) within the different kinds of compartment can vary from each
other and from the cellular environment in which they are found.
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Some of the main organelles in eukaryotes are explored in figure 1.7 and table 1.2. When writing organelle
names, you should try to write the full name of the organelle to reduce the chance for confusion. Many of these
organelles will be further explored in subtopic 1.9.

FIGURE 1.7 Two examples of eukaryotic cells: a. a generalised animal cell; b. a generalised plant cell
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TABLE 1.2 Summary of the structure and function of various organelles

General role Organelle Structure Function

Storage and
transcription of
genetic
information

Nucleus • Membrane surrounded by
the nuclear envelope (double
membrane), perforated by
nuclear pores

• The nuclear envelope
is continuous with the
endoplasmic reticulum.

• Houses chromosomes, made
of chromatin (DNA, the genetic
material and proteins)

• Contains the nucleolus, where
ribosomal sub-units are
synthesised and assembled

• Nuclear pores regulate entry
and exit of materials including
proteins and RNA.

Ribosomes • Consist of two major
components: the small
ribosomal sub-units and the
large sub-units.

• Ribosomes can be located
within the cytosol or bound
to the endoplasmic reticulum.

• Protein synthesis
• The small ribosomal subunits

read the mRNA, and the large
subunits join amino acids to
form a polypeptide chain.

Endomembrane
system
regulates the
synthesis
and transport
of specific
proteins

Endoplasmic
reticulum

• Part of an interconnected
network of flattened,
membrane-enclosed sacs or
tube-like structures

• The membranes of the
endoplasmic reticulum are
continuous with the outer
nuclear membrane.

• Smooth endoplasmic reticulum
is involved in the synthesis
of lipids, metabolism of
carbohydrates, calcium storage,
and detoxication of drugs and
poisons.

• Rough endoplasmic reticulum
is involved in the synthesis of
specific proteins from bound
ribosomes.

Golgi apparatus Consists of a collection of fused,
flattened sacs, enclosed in a
single membrane

Modifies, sorts, tags, packages
and distributes proteins to be
secreted via vesicles.

(continued)
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TABLE 1.2 Summary of the structure and function of various organelles (continued)

General role Organelle Structure Function

Digestion,
breakdown and
storage

Lysosomes Membrane-enclosed sacs of
hydrolytic enzymes (found only
in animal cells)

Breaks down ingested
substances, cell macromolecules
and damaged organelles for
recycling.

Vacuoles Large membrane-bound vesicles
(found only in plant cells)

Digestion, storage, waste
disposal, water balance, cell
growth and protection

Peroxisomes Metabolic compartment bound by
a single membrane

An enzyme that transfers
hydrogen to water, producing
hydrogen peroxide (H2O2) as a
by-product, which is converted
to water by other enzymes in the
peroxisomes

Conversion
of inorganic
to organic
compounds

Mitochondria Bound by a double membrane;
the inner membrane has a series
of folds (cristae) containing
enzymes for ATP synthesis.

The site of cellular respiration,
where ATP synthesis occurs for
the cell

Chloroplast Double membrane around
fluid stroma, which contains
membranous thylakoids stacks
(sacs) in the grana (found only in
plant cells)

Conducts photosynthesis,
a process by which inorganic
compounds are converted
to chemical energy, resulting in
the production of oxygen and
energy-rich organic compounds
(simple and complex sugars).

Controlling the
entry and exit of
substances

Plasma or cell
membrane

Consists of a phospholipid bilayer
with transport and receptor
proteins, enclosed by a single
membrane

The structural boundary that
controls the entry of raw materials
into the cell, such as amino acids,
the building blocks of proteins

INVESTIGATION 1.1
elog-0003

Viewing and staining cells

Aim

To describe the microscopic structure of a variety of cells and show the effect of staining on distinguishing
organelles

Resourceseses
Resources

eWorkbook Worksheet 1.2 Labelling organelles (ewbk-1964)

Weblink Cells resources
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1.2.4 The plasma membrane

plasma membrane partially
permeable boundary of a cell
controlling entry to and exit of
substances from a cell

The cells of all living organisms have boundaries that separate their internal environments from their
surroundings. From single-celled organisms, such as amoebae or bacteria, to multicellular organisms, such as
mushrooms, palm trees and human beings, each of their living cells has an active boundary called the plasma
membrane, also known as the cell membrane.

The plasma membrane is the active boundary around all living cells, consisting of a phospholipid bilayer and
associated proteins, that separates the cell contents from their external environment.

The function of the membrane

semi-permeable allows only
certain molecules to cross by
diffusion

selectively permeable another
term for semi-permeable, where
only particular molecules can
pass through

The plasma membrane boundary can be thought of as a busy gatekeeper selectively controlling the entry and exit
of materials into and out of cells. As such, the plasma membrane is said to be semi-permeable or selectively
permeable, meaning that it allows only some substances to cross it — in or out. It can exclude some substances
from entering the cell while permitting entry of other substances and allowing for the elimination of certain
substances. Without such a boundary, life could not exist, and indeed could not have evolved.

The plasma membrane carries out several important functions for a cell. The plasma membrane:
• is an active and selective boundary
• denotes cell identity (which is vital in the immune response)
• receives external signals
• transports materials.

The plasma membrane forms the active boundary of a cell, separating the cell from its external environment and
other cells. The plasma membrane forms the boundary of a compartment in which the cytosol — the internal
environment of a living cell — can be held within a narrow range of conditions that
are different from those of the external environment.

endoplasmic reticulum cell
organelle consisting of a system
of membrane-bound channels
that transport substances within
the cell

Golgi apparatus organelle
that packages material into
vesicles for export from a cell
(also known as Golgi complex or
Golgi body)

lysosomes membrane-bound
vesicles containing digestive
enzymes

Within the cell, similar membranes form the active boundaries of cell organelles,
including the nucleus, the endoplasmic reticulum, the Golgi apparatus and
lysosomes. In other cell organelles, such as mitochondria and chloroplasts,
membranes form both the external boundary and part of the internal structure.
Because of the presence of their membrane boundaries, membrane-bound cell
organelles can maintain internal environments that differ from those in the
surrounding cytosol and so can perform different functions.

Transporting materials

As mentioned, the membrane is vital to the transportation of materials, acting as a
semi-permeable barrier. Various factors affect a substance’s ability to cross a
membrane, including:

hydrophobic substances that
tend to be insoluble in water;
also termed nonpolar

hydrophilic substances that
dissolves easily in water; also
termed polar

• molecular size
• charge (positive or negative)
• solubility in aqueous solution (hydrophobic/nonpolar, or hydrophilic/

polar)
• concentration gradient.

Hydrophilic (water-loving) molecules dissolve readily in water.

Hydrophobic (water-fearing) molecules are usually lipophilic (lipid-loving) and
dissolve readily in organic solvents such as benzene.

TOPIC 1 The relationship between nucleic acids and proteins 11
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FIGURE 1.8 Diagram showing the semi-permeable nature of a phospholipid bilayer membrane
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Substances can cross a membrane by several different methods. These can be passive
(not requiring energy) or active (requiring energy).

Passive methods include the following:

simple diffusion the movement
of substances from a region of
higher concentration to one of lower
concentration of that substance;
that is, down its concentration
gradient

osmosis a specialised process of
passive transport in which water
molecules move across a partially
permeable membrane from an area
of high water (low solute) to an area
of low water (high solute)

facilitated diffusion form of
diffusion involving a specific carrier
molecule for the substance

• Simple diffusion is the means of transport of small lipophilic substances. Water
can also move across the plasma membrane by diffusion; this is a special case of
diffusion known as osmosis.

• Facilitated diffusion involves protein transporters and is the means of transport
of dissolved hydrophilic substances down their concentration gradients.

Active methods include the following:

active transport net movement of
dissolved substances across a cell
membrane by an energy-requiring
process that moves substances
against a concentration gradient
from a region of lower to higher
concentration

endocytosis an energy-requiring
process of bulk transport, in which
solids or liquids move into the cell
by engulfment

exocytosis an energy-requiring
process of bulk transport, in which
solids or liquids move out of the cell
via vesicles

• Active transport involves protein transporters known as pumps and is the means
of transport of dissolved hydrophilic substances against their concentration
gradients.

• Bulk transport of macromolecules and fluid includes:
• endocytosis (movement into the cell)
• exocytosis (movement out of the cell).

These are summarised in table 1.3.

Resourceseses
Resources

Video eLesson Mechanisms of membrane transport (eles-2463)

Interactivity Movement across membranes (int-0109)
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TABLE 1.3 Summary of modes of transport

Simple
diffusion Osmosis

Facilitated
diffusion

Active
transport Bulk transport

Direction of
movement

High to low
concentration
of solute

High to low
concentration
of water
(high water =
low dissolved
solute)

High to low
concentration
of solute

Low to high
concentration of
solute

High to low
concentration
of solute

Is energy
required?

No No No Yes Yes

Extra
requirements

None None Protein
transporter

Protein pumps Vesicles

Use Nonpolar
molecules and
small polar
molecules

Water Large polar
and charged
molecules

Movement
of various
molecules
against the
concentration
gradient

Bulk movement
of various
molecules, such
as the transport
of synthesised
proteins from a
cell via vesicles

The structure of the membrane
FIGURE 1.9 Coloured transmission electron micrograph
(TEM) showing the plasma membrane (red) of an
intestinal brush border. In the inset, the structure of
the membrane is evident.

Small, but vitally important, the plasma membrane
is just 8 nanometres (nm) wide and so is only
visible using a transmission electron microscope
(TEM). A TEM image of the plasma membrane (as
seen in figure 1.9) has a ‘train track’ appearance
with two dark lines separated by a more lightly
stained region. These images were important
clues in elucidating the structure of the plasma
membrane.

The plasma membrane has the following major
components, which can be observed in figure 1.10:

phospholipids major type
of lipid found in plasma
membranes and the main
structural component of plasma
membranes

proteins macromolecules built
of amino acid sub-units and
linked by peptide bonds to form
a chain, sometimes termed a
polypeptide

carbohydrate groups
molecules that are associated
with the plasma membrane and
are associated with cell to cell
communication and signalling

• phospholipids. Various kinds of
phospholipids are the main structural
components of the plasma membrane. They
are organised as two layers (leaflets).

• proteins. Some proteins are embedded in the
plasma membrane; others are attached
at the membrane surfaces.

• carbohydrate groups. These are attached to
some lipids, forming glycolipids, and to some
proteins, forming glycoproteins. Both of these
occur at the membrane surfaces.

TOPIC 1 The relationship between nucleic acids and proteins 13
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The fluid mosaic model

fluid mosaic model a model
which proposes that the plasma
membrane and other intracellular
membranes should be considered
as two-dimensional fluids in which
proteins are embedded

The fluid mosaic model describes the structure of the plasma membrane. This model also applies to the
membranes that form the outer boundary of cell organelles, such as the membranes that surround the cell
nucleus and other cell organelles.

The fluid mosaic model proposes that the plasma membrane and other intracellular membranes should be
considered as fluid layers in which proteins are embedded.

The term ‘fluid’ comes from the fact that the fatty chains of the phospholipids are like a thick oily fluid, and the
term ‘mosaic’ comes from the fact that the external surface (when viewed from above) has the appearance of a
mosaic because of the various embedded proteins set in a uniform background.

FIGURE 1.10 Diagram showing the fluid mosaic model of membrane structure
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The plasma membrane consists of a double layer (bilayer) of phospholipids. Each phospholipid molecule
consists of two fatty acid chains joined to a phosphate-containing group. The phosphate-containing group forms
the water-loving (hydrophilic or polar) head of the molecule. The fatty acid chains constitute the water-fearing
(hydrophobic or nonpolar) tail of each phospholipid molecule. As seen in figures 1.10
and 1.11, the two layers of phospholipids in a plasma membrane are arranged so
that the hydrophilic polar heads are exposed to both the external environment of the
cell and the cytosol (the internal environment of the cell). In contrast, the two
layers of hydrophobic nonpolar tails face each other in the central region of the plasma
membrane.
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FIGURE 1.11 a. Chemical structure of a phospholipid b. Diagram showing part of the bilayer of phospholipid
molecules in the plasma membrane
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FIGURE 1.12
Ribbon model of a
trans-membrane
protein

Proteins form the second essential part of the structure of the plasma membrane.
Many different kinds of protein make up the plasma membrane. They can be
broadly grouped into:

• integral proteins
• peripheral proteins.

integral proteins proteins
that are embedded in the
phospholipid bilayer

Integral proteins, as their name implies, are fundamental components of the
plasma membrane. These proteins are embedded in the phospholipid bilayer.
Typically, they span the width of the plasma membrane, with part of the protein
being exposed on both sides of the membrane; these proteins are described as being
trans-membrane.

trans-membrane proteins
proteins that are embedded
within and span the plasma
membrane, allowing them to
have parts exposed to both the
intracellular and extracellular
environment

Trans-membrane proteins serve many functions, including as transporters,
receptors, channels and carriers. Integral proteins can be separated from the
plasma membrane only by harsh treatments that disrupt the phospholipid bilayer,
such as treatment with strong detergents.

Figure 1.12 shows a ribbon model of a trans-membrane protein that functions
as an acid-sensing (H+) ion channel. The red and blue lines are not part of the
protein but indicate the extracellular (red) and the cytoplasmic (blue) sides of the
plasma membrane. Most of the protein extends into the extracellular space, some is
embedded in the plasma membrane, and a small part lies within the cell.

peripheral proteins proteins
that are anchored to the exterior
of the plasma membrane
through bonding with either
lipids or integral proteins

Peripheral proteins are either anchored to the exterior of the plasma membrane
through bonding with lipids, or indirectly associated with the plasma membrane
through interactions with integral proteins in the membrane.
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Carbohydrates

FIGURE 1.13 A computer
generated image of
the plasma membrane.
Glycoproteins and glycolipids
are shown in red.

In many cases, carbohydrate groups, such as sugars, are attached to the
exposed parts of proteins on the outer side of the membrane, creating
combinations called glycoproteins (see figure 1.13). Some carbohydrates
instead covalently link directly to the lipids in the membrane; these are
referred to as glycolipids.

Carbohydrates on the cell surface have many functions, including:
• cell-to-cell communication
• acting as receptors, distinguishing cells as ‘self’ (a feature that is vital

in the immune system, which will be covered in Topic 5).

Glycoproteins in particular are of vital importance in immune recognition
and include molecules of the major histocompatibility complex, which is
found on the surface of all nucleated cells.

The prefix ‘glyco’ means sugar.

Sugars attached to a protein = glycoprotein

Sugars attached to a lipid = glycolipid

FIGURE 1.14 Diagram showing two integral proteins embedded in and spanning the plasma membrane. The
left image shows associated carbohydrates.

Carbohydrate Outside of cell

Cytosol

C

C

N

N

Cholesterol

In animal cells only, cholesterol is an essential component of the plasma membrane, acting in a fluid manner
similar to an iceberg. It makes up about 20 percent of the membrane by mass. Cholesterol molecules are inserted
alongside phospholipid molecules in both leaflets of the membrane.

16 Jacaranda Nature of Biology 2 VCE Units 3 & 4 Sixth Edition

PAGE PROOFS



“c01TheRelationshipBetweenNucleicAcidAndProteins_PrintPDF” — 2021/5/9 — 10:19 — page 17 — #15

Cholesterol acts on the plasma membrane in several ways:
• At low temperatures, cholesterol molecules maintain the fluidity of the membrane by keeping phospholipid

molecules separated and preventing the membrane from become too stiff.
• At high temperatures, cholesterol stabilises the membrane by raising its melting point and preventing it

from becoming excessively fluid.

INVESTIGATION 1.2
elog-0005

Membrane transport across a semi-permeable membrane

Aim

To observe the semi-permeability of an artificial membrane and relate this to plasma membranes

Resourceseses
Resources

eWorkbook Worksheet 1.3 Structure of the membrane and membrane transport (ewbk-1966)

KEY IDEAS

• Cells are the major structural unit of life. They can vary in size and shape.
• Prokaryotic cells do not contain membrane-bound organelles (such as nuclei). Eukaryotic cells contain

membrane-bound organelles, with DNA situated within the nucleus.
• Organelles are compartments that carry out specific functions.
• The major structural component of the plasma membrane is a bilayer of phospholipid molecules, each with a

hydrophilic head and hydrophobic tail.
• A major role of the plasma membrane of a cell is to act as a gatekeeper that controls the entry and exit of

materials into and out of the cell.
• Passive methods of membrane transport include facilitated diffusion, simple diffusion and osmosis. Active

methods include active transport, exocytosis and endocytosis.

1.2 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.2 Quick quiz 1.2 Exercise

1.2 Exercise

1. Compare and contrast eukaryotic and prokaryotic cells.
2. Outline the role of the two main organelles in the endomembrane system that regulate and transport specific

proteins.
3. Describe the function(s) of the plasma membrane in a eukaryotic cell.
4. The plasma membrane is often described as a ‘fluid mosaic’. Why?
5. Describe the importance of the polar head and nonpolar tails in the plasma membrane.
6. Explain the importance of cholesterol as a component of animal cell membranes.
7. Specifically identify the substances that can pass easily through a plasma membrane (including charge) and

the substances that cannot pass through a plasma membrane (including charge).
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1.3 Nucleic acids as information molecules

KEY KNOWLEDGE

• Nucleic acids as information molecules that encode instructions for the synthesis of proteins: the structure of
DNA, the three main forms of RNA (mRNA, rRNA and tRNA) and a comparison of their respective nucleotides

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

1.3.1 What are nucleic acids?
nucleotides basic building blocks
or sub-units of DNA and RNA
consisting of a phosphate group,
a base and a five-carbon sugar

Nucleic acids are biomolecules that are vital for the continuity of life. They are found
in all organisms and provide a genetic blueprint that provides the information for
protein synthesis. Nucleic acids are made up of sub-units known as nucleotides.

There are two kinds of nucleic acid: deoxyribonucleic acid (DNA)
nucleic acid consisting of nucleotide
sub-units that contain the sugar
deoxyribose and the bases A,
C, G and T; DNA forms the major
component of chromosomes

ribonucleic acid (RNA) nucleic
acid consisting of a single chain of
nucleotide sub-units that contain the
sugar ribose and the bases A, U, C
and G; RNA

• deoxyribonucleic acid (DNA), which is located in chromosomes in the nucleus
of eukaryotic cells. It is the genetic material that contains hereditary information
and is transmitted from generation to generation.

• ribonucleic acid (RNA), which is formed against a template strand of DNA.

All nucleic acids are polymers made up of sub-units (or monomers) known as
nucleotides. Each nucleotide has:

• a 5-carbon (pentose) sugar
• a phosphate
• a nitrogenous base.

FIGURE 1.15 A nucleotide with a sugar, a phosphate and a nitrogen-containing base

Phosphate

Sugar

(five-carbon sugar)

Nitrogenous

base

Although DNA and RNA are both made of nucleotides, there are some distinctions between the two, outlined
below in table 1.4.

TABLE 1.4 Comparison of DNA and RNA

DNA RNA
Type of sugar Deoxyribose Ribose

Nitrogen-containing bases Adenine, cytosine, guanine and
thymine

Adenine, cytosine, guanine and
uracil

Number of strands Two One
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TIP: Be careful when spelling biological terminology in your responses. If the spelling means that your term
will be confused with something else, it will not be accepted. For example, when spelling cytosine, cytosin or
cytocine would be accepted, but cystine would not be accepted (as it is too close to the amino acid cysteine). In
some cases, the symbol for the nucleotide may be appropriate (A, C, G, T, U).

1.3.2 The structure of DNA

FIGURE 1.16 Part of a DNA double
helix revealed through scanning
tunnelling microscopy

Our DNA is what makes every single person unique. DNA is vital
to code for all the proteins in our bodies — from the melanin
that determines our skin colour, to enzymes such as lactase,
which allows us to break down lactose. Differences in our genetic
code lead to the production of different proteins that allow us to
have different traits.

Each DNA molecule is made of two complementary chains of
nucleotides that run anti-parallel (in opposite directions). Each
of the chains of nucleotides is made up of a sugar-phosphate
backbone (bonded through phosphodiester bonds). The terms 3′

and 5′ are very important in understanding the direction of the each
chain of the nucleic acid. The 5′ end is the phosphate end, which
is attached to the 5′ carbon of the sugar. The 3′ end is the hydroxyl
end of the sugar, which is associated with the 3′ carbon. One strand
runs 3′ to 5′ and the opposite strand runs 5′ to 3′.

complementary a molecule
having a specific chemical
structure that allows it to bond
in a ‘lock-and-key’ fashion to
another structure

Resourceseses
Resources

Video eLesson DNA structure (eles-4211)

FIGURE 1.17 DNA made up of monomers of nucleotides

3′

5′
A

G

T

C
5′

Nitrogenous

base

3′

Deoxyribose

Phosphate

T

C

A

G

Hydrogen

bond

Nucleotide Nucleotide
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FIGURE 1.18 The base pairing
rules in DNA
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It can be observed that the sugar (deoxyribose) and phosphate parts are
the same in each nucleotide. However, there are four different kinds of
nucleotides because four different kinds of nitrogen-containing bases
are involved: adenine (A), thymine (T), cytosine (C) and guanine (G).
Hydrogen bonds form between complementary nitrogenous bases on
opposite strands. The two chains form a double-helical
molecule of DNA.

The base pairs between the two strands, namely A with T and C with
G, are said to be complementary pairs. A and T bond with 2 hydrogen
bonds, and C and G bond with 3 hydrogen bonds (as seen in
figure 1.18).

Base pairing rules in DNA

A pairs with T (arrow in the target).

C pairs with G (car in the garage).

int-0133
FIGURE 1.19 The double helix structure of DNA. The two chains are held together by hydrogen bonds between
complementary bases.

DNA double helix
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The DNA double helix combines with certain proteins, in particular histones, as it condenses to form a
chromosome (see figure 1.20a). As the DNA winds around clusters of histone proteins, it forms structures called
nucleosomes (see figure 1.20b).
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FIGURE 1.20 a. Diagram showing the coiling and supercoiling of one molecule of a DNA double helix to form
a eukaryotic chromosome b. A model of a nucleosome showing the DNA double helix (grey) coiling around a
cluster of histone proteins (shown in colours) (Image b. courtesy of Dr Song Tan, Pennsylvania State University)

Nucleus Chromosome

Chromatid

Centromere
with kinetochore

Nucleosomes

Histone

Chromatid

Cell

Base pairs

Histone proteins DNADNA

AG

G
C

C
T

A

T
T

A

Double helix
DNA

b.

Nucleosome core particle

a.

The total length of the DNA double helix molecule in an ‘average’ human chromosome is about five
centimetres. By coiling and supercoiling, this long DNA molecule becomes compressed into a microscopic
chromosome. In one cell alone, the length of all the DNA is around two metres. In the entire human body, the
length of all DNA is trillions of metres long.

INVESTIGATION 1.3
elog-0007

Extraction of DNA

Aim

To extract and observe DNA from the nucleus of a cell

Representing DNA
There are many ways we can represent a DNA strand. Part of a single chain of DNA could be shown as follows:

… -nucleotide-nucleotide-nucleotide-nucleotide-nucleotide- …

OR it could be shown as:

... − P − sugar − P − sugar − P − sugar − P − sugar − P − sugar − ...
| | | | |

base base base base base

OR the specific bases in the nucleotides in one chain could be shown as:

5′…A T T A G C T T G A G G C G… 3′
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DNA is not always represented in diagrams as a double helix. Figure 1.21 shows some of the many ways of
representing DNA. The representation used will depend on the purpose of the diagram. Each provides different
information about DNA.

FIGURE 1.21 Different ways of representing DNA
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Exon 1 Exon 2 Exon 3

Intron 1

a. d.

b.

c.

Intron 2

879 bp 286 bp

TCTGAGCGCGGCTGTCCAGCTAG CTG G ACAG CCG CG CTCAG A

EXTENSION: Mitochondrial DNA

FIGURE 1.22 Mitochondrial DNA within the mitochondrion

ATP synthase

Outer membrane

Intermembrane space

Inner membrane

Matrix

Ribosome

Mitochondrial DNA

When we consider DNA, our minds
often jump straight to linear nuclear
DNA. However, DNA is also found
within our mitochondria. This type of
DNA is circular and is referred to as
mitochondrial DNA (mtDNA). Like nuclear
DNA, it is made up of nucleotides joined
with phosphodiester bonds. mtDNA
contains around 40 genes that code for
proteins involved in cellular respiration.

Mitochondrial DNA is an extension
concept for this subtopic but will be
explored further in Unit 4 in Topic 10.

To access more information on this
extension concept, please download the
digital document.

Resourceseses
Resources

Digital document Extension: Mitochondrial DNA (doc-35832)
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1.3.3 Forms of RNA
Ribonucleic acid (RNA) is also a polymer of nucleotides (see figure 1.23). It differs from DNA in that it:

• is an unpaired chain of nucleotides
• contains the sugar ribose
• contains uracil rather than thymine.

FIGURE 1.23 The four nucleotide sub-units, uracil, adenine, guanine and cytosine, from which the three forms of
RNA are constructed

C
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U

Phosphate

Ribose
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Uracil
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Adenine

Cytosine

Nucleotide

RNA has three main forms with different functions and structures.

The three different forms of RNA are all produced in the nucleus alongside
DNA as a template:

messenger RNA (mRNA) form
of RNA synthesised by the
transcription of a DNA template
strand in the nucleus; mRNA
carries a copy of the genetic
information into the cytoplasm

ribosomes organelles that are
major sites of protein production
in cells in both eukaryotes and
prokaryotes

ribosomal RNA (rRNA) stable
form of RNA found in ribosomes

transfer RNA (tRNA) form of
RNA that can attach to specific
amino acids and carry them to a
ribosome during translation

anticodon sequence of three
bases in a transfer RNA
molecule that can pair with
the complementary codon of
a messenger RNA molecule

• messenger RNA (mRNA), which carries the genetic message from the
DNA within the nucleus to the ribosomes, where the message is translated
into a particular protein. Each group of three nucleotides in mRNA (known
as a codon) provides the information for the addition of one amino acid.
A special form of mRNA known as pre-mRNA is made through transcription
in the nucleus.

• ribosomal RNA (rRNA), which, together with particular proteins, makes
the ribosomes found in cytosol

• transfer RNA (tRNA), molecules that carry amino acids to ribosomes that
are free in the cytoplasm, where they are used to construct proteins. An
anticodon (a set of three nucleotides) binds to the complementary
codon on mRNA.

In each of the forms of RNA, the strand of nucleotides is folded in a different way
(see figure 1.24).

TOPIC 1 The relationship between nucleic acids and proteins 23

PAGE PROOFS



“c01TheRelationshipBetweenNucleicAcidAndProteins_PrintPDF” — 2021/5/9 — 10:19 — page 24 — #22

FIGURE 1.24 The different forms of RNA

Messenger RNA (mRNA)

Codon

Anticodon
Ribosomal RNA (rRNA)

Transfer RNA (tRNA)

Amino acid

In figure 1.25, ribosomes (blue) attach to the mRNA strand (pink). A tRNA molecule carrying a corresponding
amino acid binds to the ribosome. As the ribosome moves onto the next base along the mRNA, a protein (green)
grows from the ribosome.

FIGURE 1.25 A transmission electron micrograph (TEM) of a fragment
of an mRNA translation unit from the salivary gland cell of a midge
(Chironomus sp.)
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SAMPLE PROBLEM 1 Comparing DNA and RNA
tlvd-1090

Compare and contrast the monomers of DNA and RNA. (2 marks)

THINK WRITE

1. In compare and contrast questions, both
similarities and differences must be addressed.

2. Note down similarities. DNA and RNA are both made up of nucleotide
monomers, which contain phosphate, a sugar and a
nitrogenous base (1 mark).

3. Note down differences.
TIP As this question is asking about
monomers, stating one is double-stranded and
one is single-stranded is incorrect.

DNA contains thymine as a base instead of uracil, which
is in RNA. DNA contains the deoxyribose sugar, whereas
RNA contains the ribose sugar (1 mark).

INVESTIGATION 1.4
elog-0009

Building a model of DNA and RNA

Aim

To construct a model to examine the structure of DNA and RNA and understand differences between these two
nucleic acids

Resourceseses
Resources

eWorkbook Worksheet 1.4 Comparing DNA and RNA (ewbk-1968)

Interactivity RNA structure (int-0111)

Weblink DNA and genes resources

KEY IDEAS

• Proteins, polysaccharides and nucleic acids are polymeric organic molecules built out of a very large number
of repeating sub-units.

• The nucleic acids, double-helical DNA and single-stranded RNA, are built out of a very large number of
repeating sub-units called nucleotides.

• Each nucleotide consists of a sugar, a phosphate and a nitrogen-containing base, with the sugar in DNA
being deoxyribose and that in RNA being ribose.

• Each DNA molecule consists of two chains of nucleotides that are complementary to each other and held
together by hydrogen bonds.

• In DNA the nitrogenous bases are adenine, cytosine, guanine and thymine. In RNA, thymine is replaced
with uracil.

• Each RNA molecule consists of a single strand of nucleotides.
• There are three main types of RNA. Messenger RNA (mRNA) carries the genetic material in DNA from the

nucleus to ribosomes. Ribosomal RNA (rRNA) makes up ribosomes. Transfer RNA (tRNA) carries amino acids
to ribosomes.
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1.3 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.3 Quick quiz 1.3 Exercise 1.3 Exam questions

1.3 Exercise

1. MC Nucleic acids come in two main forms — deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).
Which of the following is a similarity between polymers of DNA and RNA?
A. They have the same number of oxygen atoms.
B. They contain phosphodiester bonds.
C. They contain an identical sugar.
D. They contain the nitrogenous base thymine.

2. a. Draw and label a double stranded of DNA with four nucleotides.
b. DNA is a double helix. How does a double helix form? Identify the bonds that hold the nucleotides in

position.
3. Within a DNA strand, which would be harder to separate into two strands: DNA composed predominantly of

AT base pairs, or DNA composed predominantly of GC base pairs? Why?
4. How is pre-mRNA made? What is the name of the process? Where does this happen?
5. Describe the roles messenger RNA (mRNA) and transfer RNA (tRNA) perform in protein synthesis.
6. If a double-stranded DNA molecule contains 13.5% cytosine, what would be the percentages of the other

three nitrogenous bases?
7. a. A strand of DNA has the sequence 3′ ATGCCGGATA 5′. What would be the sequence of the other strand?

b. What is meant by 3′ and 5′ in regards to nucleic acids?

1.3 Exam questions

Use the following information to answer Questions 1 and 2.

The diagram below represents part of a DNA molecule.

3′

3′

5′

5′

X
Y

Z

Question 1 (1 mark)
Source: VCAA 2015 Biology Exam, Section A, Q3

MC A single DNA nucleotide is shown by sub-unit(s)

X alone.A. X and Y together.B.
Y and Z together.C. X, Y and Z together.D.
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Question 2 (1 mark)
Source: Adapted from VCAA 2015 Biology Exam, Section A, Q4

MC A feature of DNA that can be seen in the diagram is
A. the anti-parallel arrangement of the two strands of nucleotides.
B. the process of semi-conservative replication.
C. its ribose sugar–phosphate backbone.
D. its double-helix structure.

Question 3 (1 mark)
Source: Adapted from VCAA 2016 Biology Exam, Section A, Q4

MC A portion of one strand of a macromolecule has the sequence -CGATTCGGTTAA-.

The complementary strand would be

-CGATTCGGTTAA-A. -AATTGGCTTAGC-B.
-GCTAAGCCAATT-C. -GCUAAGCCAAUU-D.

Question 4 (4 marks)
Source: Adapted from VCAA 2011 Biology Exam 1, Section B, Q1b

The following figure represents a portion of a plant cell.

Q

N

Examine the figure above and answer the following.
a. i. Identify the type of nucleic acid found in Structure N. 1 mark

ii. Outline the specific function of this nucleic acid. 1 mark
b. i. Identify the type of nucleic acid found in Structure Q. 1 mark

ii. Outline the specific function of this nucleic acid. 1 mark

Question 5 (3 marks)
Source: Adapted from VCAA 2020 Biology Exam, Section B, Q2a and b

RNA molecules consist of long strands of nucleotides. Each nucleotide consists of three sub-units.
a. Label the three sub-units on the diagram of the RNA nucleotide below. 1 mark

b. Describe the role in a cell of the two types of RNA listed:
i. tRNA 1 mark
ii. mRNA 1 mark

More exam questions are available in your learnON title.
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1.4 The genetic code and protein synthesis

KEY KNOWLEDGE

• The genetic code as a universal triplet code that is degenerate and the steps in gene expression including
transcription, RNA processing in eukaryotic cells and translation by ribosomes

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

DNA is an information molecule that provides the code to produce proteins. How does DNA control functions
within cells? All metabolic reactions in cells are controlled by enzymes that, almost without exception, are
proteins built of one or more polypeptide chains — that is, chains of amino acids. Hence, the DNA in the
nucleus of a eukaryotic cell controls all the metabolic processes in a cell through the polypeptide chains for
which the DNA dictates production.

1.4.1 Features of the genetic code
The genetic instructions for all organisms are written in a code that uses an ‘alphabet’ of four letters only,
namely A, T, C and G.

The DNA of genes is an information-carrying molecule. Before DNA was identified as the genetic material,
many biologists thought that DNA was too simple a molecule to contain complex genetic instructions. How can
a large amount of information be encoded by a code that has a small number of elements?

genetic code representation of
genetic information through a non-
overlapping series of groups of three
bases (triplets) in a DNA template
chain

The genetic code in the DNA of protein-encoding genes typically contains information for joining amino acids
to form polypeptides. We can consider this as coded or decoded information, as shown in table 1.5.

TABLE 1.5 Coded and decoded information

Coded information Decoded information
Nucleotide sequences in DNA template strand Order of amino acids in polypeptides

The genetic code as a triplet code
Consider two observations:

1. Genes typically contain coded information for assembling amino acids to form polypeptides.
2. Polypeptides are made of combinations of 20 different amino acid sub-units.

From these observations, it may be inferred that the genetic code must have at least 20 different instructions or
pieces of information.

There are only 4 possible nucleotides that code for proteins. How many different
nucleotides would be required to account for these 20 amino acids?

triplet code the idea that the
genetic code consists of triplets
or three-base sequences

If a sequence of only one or two nucleotides coded for one amino acid, there would
not be enough combinations to code for all 20 amino acids. Thus, one genetic
instruction consists of a group of three bases, such as AAT, GCT and so on. Because
of this, the genetic code is referred to as a triplet code.

TABLE 1.6 Comparing the number of instructions coded for by different numbers of nucleotides

Number of nucleotides in one instruction Total number of different instructions possible

1 (e.g. T)   4

2 (e.g. AA, AT, GA)  16

3 (e.g. TTA, GCC, AAA)  64

4 (e.g. GGGA, TGCA, AATG) 256
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This code is non-overlapping. So, a fragment of DNA consisting of 12 bases contains four pieces of information
or instructions, with each triplet leading to the addition of a single amino acid.

EXTENSION: Breaking the code

The genetic code was originally unknown and had to be broken. In 1961, the first piece of the genetic code was
broken when the three-base triplet ‘AAA’ in DNA was decoded as ‘Add the amino acid phe into a protein being
constructed’. We will see later in this topic that the translation of each DNA triplet occurs through an intermediate
molecule, messenger RNA (mRNA). By 1966, all 64 pieces of the genetic code had been deciphered.

The different amino acids that each triplet codes for are shown in table 1.7. Note that some combinations lead to
instructions ‘START adding amino acids’ and ‘STOP adding amino acids’. Refer to table 1.12 in section 1.7.1
to learn more about the different amino acids. Refer to Appendix: Amino acid data to see the structures of the
amino acids and their three-letter and single-letter abbreviations.

The genetic code as a universal code

universal the property of the
genetic code in which the code
is essentially the same across all
organisms

The code is essentially the same in bacteria, in plants and in animals — it is said
to be universal. The same sequence of nucleotides codes for the same amino acid
(for example, CCA codes for proline in plants, animals and bacteria).

The information in the DNA template strand also includes a START instruction
(TAC) and three STOP instructions (ATT, ATC or ACT).

TABLE 1.7 Triplets of DNA and the corresponding amino acids (and in three cases, the STOP signal). Each
amino acid is represented with a different colour. Amino acids of similar colours (blue, pink, purple, orange
or green) have similar properties.

SECOND BASE

T C A G

TTT Phe TCT Ser TAT Tyr TGT Cys

TTC Phe TCC Ser TAC Tyr TGC Cys

TTA Leu TCA Ser TAA STOP TGA STOP
T

TTG Leu TCG Ser TAG STOP TGG Trp

CTT Leu CCT Pro CAT His CGT Arg

CTC Leu CCC Pro CAC His CGC Arg

CTA Leu CCA Pro CAA Gln CGA Arg
C

CTG Leu CCG Pro CAG Gln CGG Arg

ATT Ile ACT Thr AAT Asn AGT Ser

ATC Ile ACC Thr AAC Asn AGC Ser

ATA Ile ACA Thr AAA Lys AGA Arg
A

ATG Met* ACG Thr AAG Lys AGG Arg

GTT Val GCT Ala GAT Asp GGT Gly

GTC Val GCC Ala GAC Asp GGC Gly

GTA Val GCA Ala GAA Glu GGA Gly

FIRST BASE

G

GTG Val GCG Ala GAG Glu GGG Gly

* Met is the amino acid methionine and is the first amino acid added (the START instruction).
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The genetic code is degenerate

TABLE 1.8 A small section of the amino acid
coding chart

CCT Pro
CCC Pro
CCA Pro
CCG Pro

An important feature of the genetic code is that it is
degenerate or redundant.

In many cases, more than one triplet of bases codes
for one amino acid, as shown in table 1.8.

Multiple triplets in DNA can lead to the addition of
the same amino acid. For example, if an individual
has a mutation where CCA is changed to CCG, there will be no impact on the final protein produced, as this
mutation is silent.

degenerate the property of the
genetic code in which more than
one triplet of bases can code or one
amino acid

redundant see ‘degenerate’

This idea of having a degenerate code is important as it allows us to be more tolerant to mutations. This is
especially important in genes that are vital for function and survival. Two individuals may produce the exact
same functional protein, despite having slight variations in their genetic code.

1.4.2 Steps in gene expression
The genetic instructions for producing proteins are found within the DNA of
chromosomes. A gene is a segment of DNA that codes for a protein. In eukaryotic
organisms, how do genetic instructions get from the nucleus to the ribosomes?

Gene expression involves protein synthesis, which can be summarised in two
main steps:

transcription process of copying
the genetic instructions present in
DNA to messenger RNA

translation process of decoding the
genetic instructions in mRNA into a
protein (polypeptide chain) built of
amino acids

1. Transcription: DNA to mRNA
2. Translation: mRNA to protein.

Another step, known as RNA processing, occurs between transcription and
translation, in which pre-mRNA produced in transcription is processed and made
into mature mRNA to be used in translation.

template strand one strand of
a DNA double helix that is used
to produce a complementary
mRNA strand during transcription;
sometimes called the sense strand

coding strand one strand of a DNA
double helix that is complementary
to the template strand

A gene consists of a particular part of a double-helical molecule of DNA that codes
for a particular protein. Only one of the two chains is used during protein synthesis;
this is called the template strand. The complementary chain to this is sometimes
called the non-template strand or the coding strand.

FIGURE 1.26 The two main steps in protein synthesis. A third step, known as RNA processing, occurs after
transcription and before translation.
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When a gene becomes active, it first makes a mobile copy of the coded instruction (known as mRNA) that it
contains. This occurs by a process known as transcription. This mobile copy of a genetic instruction leaves
the nucleus and move to the cytoplasm, where the instruction is decoded. This occurs by a process known as
translation.

For example, the production of a particular protein, such as beta chains of haemoglobin, starts in the cell
nucleus. It is here that pre-mRNA molecules are produced by transcription from a template DNA chain. The
mRNA leaves the nucleus and moves to the cytosol, where it becomes attached to ribosomes. It is here that
protein chains are formed by translation of mRNA. This process can be seen in figure 1.27.

FIGURE 1.27 Representation of the processes of transcription and
translation in a eukaryote cell. (Image courtesy of the National Human
Genome Research Institute)
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1.4.3 Transcription
The first stage of protein synthesis is transcription, which occurs in the nucleus.

Transcription is the process in which the genetic instructions from DNA are copied into a form that is able to leave
the nucleus, known as messenger RNA (mRNA).

The nucleus of a eukaryotic cell is like a safe that contains the genetic master plan in the form of DNA. The
genetic master plan contains the entire set of instructions for an organism — it is like the complete plan for the
construction of a complex structure, such as a jumbo jet. One gene or instruction for a protein is like the plan for
making one component of the jet, such as a wing flap.

The workers at the site where the wing flaps are made do not work directly from the complete master plan;
instead, they have copies of the relevant section of the plan. Likewise, before a genetic instruction in DNA is
decoded, that instruction is copied (transcribed) from the genetic master plan, which remains in the nucleus. This
copy is encoded in a different nucleic acid called ribonucleic acid (RNA).
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From DNA to mRNA: step by step

1. An enzyme, known as RNA polymerase, attaches to a specific promoter sequence of DNA in the upstream
region of the template strand. The double-stranded DNA of the gene unwinds and exposes the bases of the
template strand.

2. The base sequence of the DNA template guides the building of a complementary copy of the mRNA
sequence. The RNA polymerase enzyme moves along the DNA template in a 3′ to 5′ direction. As it moves,
complementary nucleotides are brought into place and, one by one, are joined to form an RNA chain. These
new nucleotides are added onto the growing 3′ end of the mRNA strand.

3. After the RNA polymerase moves past the coding region and into the downstream region of the gene,
transcription stops and the mRNA molecule (pre-mRNA) is released from the template.

FIGURE 1.28 Pairing of complementary
bases in DNA and RNA. One DNA chain
can act as a template to build an RNA
chain with a predictable nucleotide
sequence.
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AG CT

A

DNA
template

RNA

Pairing or hybridisation can occur between the bases in one
DNA strand and complementary bases in an RNA strand as
follows:

• A pairs with U
• T pairs with A
• C pairs with G
• G pairs with C.

It is important to remember that in mRNA, there is no thymine
(T). This is replaced with uracil.

This pairing means that a DNA chain can act as a template to
guide the construction of RNA with a complementary base
sequence (see figures and 1.29), allowing for the DNA to be
accurately copied.

FIGURE 1.29 The enzyme RNA polymerase moves along the DNA template building an mRNA molecule at the
rate of about 30 bases per second. Note that some parts of the base sequence have been omitted for simplicity.
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The result of this process is a single-stranded molecule, called pre-mRNA. The base sequence in the pre-mRNA
molecule is complementary to the base sequence of the DNA of the template strand.

RNA polymerase an enzyme that
controls the synthesis of an RNA
strand from a DNA template during
transcription

The base sequence of the mRNA primary transcript is not identical to that of the
template DNA strand; instead, the mRNA has a complementary sequence. However,
the mRNA base sequence matches that of the complementary non-template DNA
strand, except that U replaces A. For this reason, the non-template DNA strand is also
called the coding DNA strand.

TABLE 1.9 Comparing the nucleotides in non-template, template and mRNA stands

Non-template DNA T A C G G A C T T A

Template DNA A T G C C T G A A T

mRNA transcript U A C G G A C U U A
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TIP: Ensure you check if you have been given the template or non-template (coding) strand before you transcribe
your sequence, as this affects the mRNA sequence. If you are given a DNA segment to transcribe and the strand
is not specified, you can assume it is the template.

SAMPLE PROBLEM 2 Applying transcription
tlvd-1091

A template sequence of DNA was found to be ATGCCTGAA. Provide the mRNA for this
strand. (1 mark)

THINK WRITE

1. Divide the template DNA sequence into triplets.
(Hint: number each triplet to prevent the code from
getting lost)
This DNA can act as a template to guide the
formation of an RNA molecule.

Original strand: ATGCCTGAA
Separated strand: ATG CCT GAA

1 2 3

2. Transcribe the complementary base sequence to
(pre)mRNA.

Transcribed strand: UAC GGA CUU (1 mark)
1 2 3

Resourceseses
Resources

Video eLesson Transcription (eles-4167)

Interactivity Transcription (int-8125)

1.4.4 RNA processing in eukaryotic cells

introns parts of the coding
region of a gene that are
transcribed but not translated

exons parts of the coding
region of a gene that are both
transcribed and translated

RNA processing occurs after
transcription and involves
modifying pre-mRNA to form
mature mRNA; also known as
post-transcription modification

post-transcription
modification process occurring
after transcription in which pre-
mRNA is altered to become
mature mRNA

The primary product of transcription is pre-mRNA, also known as the primary transcript. The sequence of
bases in the pre-mRNA is complementary to all the DNA bases of a gene, both introns and exons (these will
be further explored in section 1.5.1). The primary mRNA transcript then undergoes a process termed RNA
processing or post-transcription modification (see figure 1.30).

RNA processing: step by step

RNA processing occurs in the nucleus and includes the following processes:

spliceosomes complex
molecules present in the nucleus
that remove introns from the
pre-mRNA transcript

1. Capping: The 5′ end of the pre-mRNA is capped with an altered guanine (G)
base (methyl guanosine). The methyl cap protects the pre-mRNA from enzyme
attack and contributes to its stability, helping it attach to the ribosome.

2. Adding a tail: The primary transcript is clipped at a specific point downstream
of the coding region and a poly-adenine (A) tail, with up to 250 As, is then
added at the 3′ end. The poly A tail contributes to the stability of the mRNA
and facilitates mRNA export from the nucleus.

3. Splicing: The regions in the pre-mRNA that correspond to the introns are
spliced and the remaining exons are joined together. This cutting and splicing
is done by spliceosomes, which recognise specific base sequences at the
ends of the introns: GU at the 5′ end and AG at the 3′ end.
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The final mRNA product (referred to as mature mRNA) now moves across the nuclear membrane into the
cytosol, carrying with it a copy of the information originally encoded in the DNA of the gene.

FIGURE 1.30 RNA processing of pre-mRNA to form mRNA
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This process is carefully controlled. Mistakes in RNA processing can lead to different proteins being produced
in translation.

However, there is added complexity to this as in some cases additional exons are removed deliberately by the
spliceosomes. This is known as alternative splicing and adds further complexity to RNA processing and gene
regulation, enabling one gene to produce a multitude of proteins if required.

CASE STUDY: Alternative splicing of pre-mRNA

FIGURE 1.31 Exon juggling of pre-mRNA
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mRNAs
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The human genome contains only about
21 000 genes, and this range is also typical
of other mammals. However, one gene can
be regulated in different ways so that it can
produce more than one protein.

This occurs through techniques such as
alternative splicing and exon juggling, leading
to the production of different mRNAs and
proteins in from the same gene.

To access more information on this case study
and complete an analysis task relating to this,
please download the worksheet.

Resourceseses
Resources

eWorkbook Worksheet 1.5 Case study analysis: Alternative splicing of pre-mRNA (ewbk-2551)

1.4.5 Translation

primary structure the specific
linear sequence of amino acids in
a protein

The decoding of the genetic instructions occurs through the process of translation, which takes place in the
cytoplasm. By the end of this process, the genetic instructions carried in mRNA have been decoded and
translated into a protein chain built of amino acids. This is known as the primary
structure of the protein, which will be explored further in subtopic 1.7. The coded
instruction in the mRNA is not changed in this process, just as the plan of a jumbo
jet part is unaltered after the part is made.
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Translation is the process in which the sequence mRNA is decoded and translated into a protein chain by the
addition of corresponding amino acids.

Translation involves the combined action of several agents (see table 1.10).

TABLE 1.10 Important components of translation

Agents Analogy

DNA in the nucleus Master plan with complete set of instructions

mRNA Working copy of one instruction

Ribosomes Construction site

tRNA Carriers of raw material

Amino acids Raw material

Protein chain End product

FIGURE 1.32 In this electron photomicrograph,
ribosomes appear as dark dots located on the
endoplasmic reticulum. (Image courtesy of
Dr Maret Vesk)

The mRNA moves from the nucleus to the cytoplasm,
where it attaches to submicroscopic organelles known as
ribosomes (see figure 1.32).

amino acids basic building
blocks or sub-units of
polypeptide chains and proteins

The construction of a protein according to the coded
instructions in mRNA involves the assembly of amino acid
sub-units. The various amino acids are present in solution
in the cytosol.

codons sequences of
three bases in a messenger
RNA molecule that contain
information either to bring amino
acids into place in a polypeptide
chain or to start or stop this
process

The information in mRNA is present in coded form as
sets of three bases or triplets. These triplets, such as AGG
and UCU, are called codons.

Most codons contain the information to add one specific
amino acid to a protein chain. In addition, one codon (AUG)
is a start translation instruction, and three different codons
(UAA, UAG and UGA) are stop translation instructions (see
table 1.11).

From mRNA to protein: step by step

1. mRNA moves to the ribosome, where it is read in
groups of three known as codon. Translation begins at
the ‘start adding amino acids’ signal (AUG codon)
(see figure 1.33a).

2. Each amino acid is brought to the mRNA on the
ribosomes by a carrier molecule called transfer RNA
(tRNA). At one end of each tRNA molecule are three
bases that make up an anticodon. At the other end
of a tRNA molecule is a region that attaches to one
specific amino acid. The first amino acid to be added
is methionine (met).

3. The ribosome continues to move along the mRNA and
tRNA molecules to deliver the appropriate amino acid,
determined by the code seen in table 1.11. As amino
acids are added, they are joined by peptide bonds.

4. A codon representing STOP is reached (UAA, UAG
or UGA) and the polypeptide is released from the
ribosome.
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FIGURE 1.33 a. The mRNA molecule attaches to a ribosome. In turn, as the ribosome moves along the mRNA
molecule, each codon pairs with the tRNA with the complementary anticodon. b. The amino acids carried by
each tRNA molecule are joined to form a chain. The final product is a protein (or polypeptide) consisting of a chain
of amino acid sub-units.
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Table 1.11 shows the chart of amino acids. Refer to the Appendix (Amino acid data) for the full names of the
amino acids and their chemical properties. Each amino acid is shown using a specific colour. Amino acids with
similar colours have similar chemical properties (for example his, lys and arg are all shades of green as they are
all have positively charged side chains.).

TABLE 1.11 Genetic code shown as the 64 mRNA codons and the amino acids they specify

SECOND BASE
U C A G

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA STOP UGA STOP
U

UUG Leu UCG Ser UAG STOP UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg
C

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser
AUC Ile ACC Thr AAC Asn AGC Ser
AUA Ile ACA Thr AAA Lys AGA Arg

A

AUG Met* ACG Thr AAG Lys AGG Arg

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

FIRST BASE

G

GUG Val GCG Ala GAG Glu GGG Gly

* Met is the amino acid methionine and is the first amino acid added (the start instruction).
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Transfer RNA

As mentioned previously, tRNA is a vital molecule involved in translation. Each tRNA molecule consists of a
single strand of 76 nucleotides coiled and paired with themselves. At one end of each tRNA molecule are three
bases that make up an anticodon. At the other end of a tRNA molecule is a region that attaches to one specific
amino acid (see figure 1.34). An enzyme, amino acyl tRNA synthetase, catalyses the linking of each amino acid
to its specific tRNA carrier.

FIGURE 1.34 a. Transfer RNA (tRNA) molecule. At one end is an amino acid attachment site; at the opposite end
is an anticodon region. b. A simplified diagram of tRNA showing the anticodon
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As each codon is translated, the tRNA molecule with the complementary anticodon pairs momentarily with the
mRNA. The pairing between bases in codons and the complementary bases in an anticodon is as follows:

• A pairs with U
• U pairs with A
• C pairs with G
• G pairs with C.

So, when the mRNA codon UUU is reached, the tRNA carrier molecule that has the anticodon AAA comes
into place with its specific cargo of the amino acid phe. The amino acid carried by that tRNA is brought into
the correct position to be joined into the growing protein chain. Amino acids continue to be added until a STOP
signal is reached, which stops the addition of amino acids to the protein chain.

Messenger RNA (mRNA) formed during gene transcription has a short life. This contrasts with ribosomal RNA
(rRNA), which forms part of the ribosomes and is very stable.

SAMPLE PROBLEM 3 Combining transcription and translation
tlvd-1092

A section of coding DNA was sequenced and found to be as follows:

TACGGACTT

a. What would the complementary template sequence be for this strand? (1 mark)
b. What would this sequence be transcribed to? (1 mark)
c. Show the amino acid that would be produced for this process. (1 mark)
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THINK WRITE

a. The complementary strand will show base pairing and be
opposite to the coding strand (A pairs with T and C
with G).

ATG CCT GAA (1 mark)

b. The template strand is used to make the mRNA that is
complementary.

UAC GGA CUU (1 mark)

c. Use the coding chart to determine the amino acids to be
added based on the codons.
The first codon is UAC, which corresponds to tyr.
The second codon is GGA, which corresponds to gly.
The third codon is CUU, which corresponds to leu.

tyr – gly – leu (1 mark)

INVESTIGATION 1.5
elog-0011

Using the genetic code to model protein synthesis

Aim

To model the stages of protein synthesis and understand the importance of the genetic code

Resourceseses
Resources

eWorkbook Worksheet 1.6 Gene expression and protein synthesis (ewbk-1970)

Digital document Codon and triplet charts (doc-36165)

Video eLesson Translation (eles-4168)

Interactivities Protein synthesis (int-0112)

Comparing transcription and translation (int-0113)
Translation (int-8126)

Weblinks Transcription and translation practice

DNA to RNA to protein simulations
Examining protein synthesis in fireflies

KEY IDEAS

• Genes contain coded instructions for joining specific amino acids into polypeptides.
• The genetic code in DNA is a non-overlapping triplet code consisting of groups of three bases.
• The genetic code is degenerate and in many cases, more than one triplet of bases codes for one particular

amino acid.
• One chain of the double stranded DNA is known as the template strand; its complementary chain is called the

non-template or coding strand.
• One piece of genetic code typically contains the information to add one amino acid to a protein. This is

referred to as the gene.
• During transcription, the information in the template strand of the DNA of a gene is copied into a pre-RNA

molecule.
• The final mRNA molecule is produced when post-transcription modification is complete, including intron

excision and exon splicing.
• The mRNA moves to the protein and is translated into a protein.
• During translation, amino acids are transported by tRNA molecules to the ribosomes to build the protein.
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1.4 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.4 Quick quiz 1.4 Exercise 1.4 Exam questions

1.4 Exercise

1. MC Which does not occur in RNA processing in eukaryotic cells?
A. Capping of the 5′end
B. Splicing and removal of introns
C. Deletion of exons interfering in the sequence
D. Addition of a poly tail at the 3′end

2. Explain the steps involved in DNA transcription.
3. Use a flowchart to show the steps involved in the process of translation.
4. Explain the relationship between genes and polypeptides.
5. A section of mRNA has the following sequence:

A U G C A G G A G G C U U A A

a. Write down the DNA sequence that was a template leading to the production for this section of mRNA.
b. Write down the amino acid sequence created by this piece of mRNA.
c. A mutation occurs which changes the fourth base to U. Describe the effect this mutation will have.

6. Explain the advantages and disadvantages of the universality of the genetic code to humans.

1.4 Exam questions

Question 1 (1 mark)
Source: Adapted from VCAA 2020 Biology Exam, Section A, Q7

MC The codon chart in figure 1.11 can be used to determine amino acids coded for by a nucleotide sequence.

It is correct to state that
A. identical amino acid sequences are found in all organisms.
B. the genetic coding is degenerate with respect to Met.
C. the codon GGU adds Trp to a polypeptide chain.
D. the DNA template sequence GAA codes for Leu.

Question 2 (1 mark)
Source: VCAA 2018 Biology Exam, Section A, Q4

MC The genetic code is described as a degenerate code.

This means that
A. in almost all organisms the same DNA triplet is translated to the same amino acid.
B. some amino acids may be encoded by more than one codon.
C. a single nucleotide cannot be part of two adjacent codons.
D. three codons are needed to specify one amino acid.

Question 3 (1 mark)
Source: Adapted from VCAA 2015 Biology Exam, Section A, Q23

MC The following is a sequence of amino acids located within a polypeptide: – Asn – Gly – Pro – Arg – Ser –

Using table 1.11, the DNA template sequence that could code for this amino acid sequence is
A. TTG / CCC / GGT / GCT / TCG
B. TTG / GTT / GGT / GCT / TCG
C. TTG / CCC / GGT / GCT / TCT
D. UUG / CCC / GGU / CGU / UGC
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Question 4 (4 marks)
Source: VCAA 2020 Biology Exam, Section A, Q2c

Outline two events that occur during RNA processing
and the importance of each event in gene expression.

Question 5 (7 marks)
Source: Adapted from VCAA 2016 Biology Exam, Section B, Q6

The hormone insulin is a relatively small protein.
Researchers studying the production of insulin in the
cells of the pancreas noted that one of the early steps in
this process was the formation of a polypeptide called
preproinsulin.

Researchers noted that the formation of this polypeptide
required repeated use of different types of Molecule X,
as shown.

Molecule X

anticodon

a. i. What is the name of Molecule X? 1 mark
ii. How does Molecule X play a role in the production of preproinsulin? 3 marks

b. The coding information in the DNA molecule for preproinsulin is initially transferred to another molecule
(Molecule W). However, Molecule W has a different nucleotide sequence from the coding section of the
DNA molecule.
Describe how Molecule W is synthesised. 3 marks

More exam questions are available in your learnON title.

1.5 The structure of genes

KEY KNOWLEDGE

• The structure of genes: exons, introns and promoter and operator regions
Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

1.5.1 The structure of genes
coding region part of a gene that
contains the coded information for
making a polypeptide chain

flanking regions regions located
either downstream or upstream of
the coding region of a gene

The part of a gene that contains the coded information for making a protein is called
the coding region of a gene. The regions on either side of the coding region of a gene
are called flanking regions. The flanking region before the start of the coding region
is called the upstream region. The flanking region after the end of the coding region is
called the downstream region.

FIGURE 1.35 A simplified diagram outlining the key components in a eukaryotic gene

Flanking regions

Upstream

Coding region

Downstream
DIRECTION OF TRANSCRIPTION

Gene
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1.5.2 Exons and introns
The coding region of a gene is the segment of DNA double helix that includes the DNA template strand, which
encodes the information that will later be translated into the amino acid sequence of a polypeptide. This region
of a DNA template strand begins with a start signal (TAC) and, some
distance away, there is a stop signal (ATT or ATC or ACT). FIGURE 1.36 A coding region is

made up of exons broken into
segments by noncoding segments
known as introns.

Start Stop

Interrupted gene

Intron 1 Intron 2

Exon 3Exon 2Exon 1

An unexpected discovery about the genes in eukaryotes was made
in 1977. Until then, the coding region of a gene was thought to be
continuous. The coding region is made of two main parts — exons and
introns.

Exons contain the instructions for the synthesis of the protein and are
both transcribed and translated. They provide the instructions that code
for the amino acids in the produced protein.

The exons are separated by lengths of DNA that do not contain instructions relating to the protein chain. These
interrupting segments are called introns. They are transcribed in the nucleus but are cut out in RNA processing
and therefore are not translated to form the polypeptide product.

TIP: To avoid confusing the two terms exon and intron, think about INterruption and INtron to help remember the
functional difference. Introns are transcribed but not translated.

The number of exons and introns in genes varies. The DNA making up the HBB gene, which controls the
production of one chain of haemoglobin molecules, consists of three exons and two introns. The F8C gene,
which controls the production of factor VIII, which assists in blood clotting, consists of 26 exons and 25 introns.
Often, larger genes tend to have more exons and introns.

So, eukaryote genes are not like nursery rhymes in a book, where the reader starts at the beginning and reads
through to the end. The information in genes is broken up into segments, and the sections in between are filled
with other printed material that is unrelated.

1.5.3 Promoter regions — upstream

TATA box short base sequence
consistently found in the
upstream flanking region of the
coding region of genes of many
different species

promoter part of the upstream
flanking region of a gene where
RNA polymerase binds that
contains base sequences that
control the activity of that gene

The region of DNA on the template strand upstream from the coding region contains some particular base
sequences. These can be seen in figure 1.38. One part of the upstream region is rich in As and Ts and is often
called the TATA box, because the sequence TATA AA (or similar) occurs there. This is located around 25 to
35 base pairs from the transcription start site. This region is known as the promoter. The CAT or CAAT box,
located around 60 to 100 bases upstream of the transcription start site, is also part of some promoter regions.

The promoter is where transcription factors and RNA polymerase binds to initiate transcription. Without a
functioning promoter region, transcription cannot be properly initiated.

Observations related to the upstream region and promoter are as follows:
• Upstream sequences are invariably found in all organisms. It is reasonable to suggest that these upstream

sequences serve an important function since they have been maintained during
evolution.

• If upstream sequences are altered by mutation, the activity of the coding region
of the gene may be reduced or even become inactive. The absence of the
correct upstream signal is a cause of some inherited human diseases. One form
of thalassaemia is due to a missing TATA group in the upstream region
of the DNA of both copies of the specific gene in the people concerned.

• The upstream region includes segments of DNA to which hormones can attach.
The fact that some hormones can bind to DNA provides one clue as to how
hormones can influence the action of genes.
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These observations support the conclusion that specific DNA sequences upstream of the coding region of a gene
initiate transcription, the process by which the encoded information in the DNA coding region is transcribed
into mRNA. Promoters also act as sites where proteins called transcription factors can bind and regulate the
expression of genes.

CASE STUDY: Beta thalassaemia

Issues in the flanking regions can have drastic effects on the final protein product formed.

An example of this occurs in beta thalassaemia. Individuals with beta thalassaemia can have symptoms including
slow growth, fatigue, anemia, a pale or jaundiced appearance and a swollen abdomen. This is due to a mutation
that affects the beta chain of haemoglobin coded for by the HBB gene on chromosome 11.

Most often, this mutation occurs in the promoter region preceding the beta-globin genes, leading to issues with
producing the protein through transcription and translation.

FIGURE 1.37 Individuals with thalassaemia have
abnormal red blood cells, as seen in the below smear.

EXTENSION: The downstream region and parts of a gene

The DNA following the end of the coding region is referred to as the ‘downstream’ region (see figure 1.38).
About 20 bases downstream, the sequence AATAAA is usually found. If this sequence is altered, the gene
action is altered. The downstream region includes an ‘end transcription signal’, which terminates the process
of transcription of mRNA from the DNA template.

FIGURE 1.38 Regions of the template strand of a typical gene.

‘Upstream’

region

TAC ...... CTCCGGGAT ...... ACTCAT ... ATATA ... .... AATAAA ....

STOPSTART

Coding region
‘Downstream’

region
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1.5.4 Operator regions

operator a region found in an
operon where a repressor is able
to bind

repressor a protein produced
by a regulatory gene that
can bind to DNA and prevent
transcription

Operator regions are special sections found in prokaryotic genes. An operator
is found between the promoter and the gene being transcribed. It is the binding
site for repressor proteins. When a repressor (produced in another gene) binds to
the operator, it prevents the RNA polymerase binding to the promoter, and thus
transcription cannot be initiated. A specific operator region involved in the trp
operon will be explored in subtopic 1.6.

Resourceseses
Resources

eWorkbook Worksheet 1.7 The different structures in genes (ewbk-1972)

Weblink DNA structural features of eukaryotic TATA‐containing and TATA‐less promoters

KEY IDEAS

• Eukaryotic genes consist of a coding region and flanking regions.
• The coding region contains exons, which are translated into proteins, and introns, which are spliced out

before translation.
• One region in the flanking region is the upstream region. This contains the promoter region, where RNA

polymerase binds to commence transcription.
• The downstream region contains signals to stop transcription.
• The operator is a region in prokaryotes in which a repressor can bind to prevent transcription.

1.5 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.5 Quick quiz 1.5 Exercise 1.5 Exam questions

1.5 Exercise

1. MC Which of the following are found in eukaryotic genes?
A. Regions where hormones can attach in the upstream region
B. Non-coding segments known as exons, which are not translated in a protein product
C. A TATA box found in the downstream region for binding RNA polymerase
D. Flanking regions that are translated into regulatory proteins

2. Using words or diagrams, distinguish between the members of each of the following pairs:

intron and exona. coding region and flanking region.b.
3. List one difference between the promoter and operator regions.
4. The structure of genes in eukaryotic cells includes promoter regions, exons and introns. Explain their role

and function.
5. What would happen to a protein if introns were not removed?
6. Predict the relationship between gene size and number of introns.
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1.5 Exam questions

Question 1 (1 mark)
Source: VCAA 2017 Biology Exam, Section A, Q2

MC The lac operon was originally identified in Escherichia coli. The lac operon has three structural genes: lacZ,
lacY and lacA. The lacZ gene codes for the production of the enzyme 𝛽-galactosidase, which catalyses the
breakdown of lactose into glucose and galactose. Below is a diagram that shows the order of the genes found in
the lac operon. The dots represent the DNA nucleotides between the genes.

…

…
regulatory gene

…

…
promoter gene operator gene lacZ lacY lacA

…

…

To begin transcription of the three structural genes, RNA polymerase needs to bind to the
A. operator gene.
B. promoter gene.
C. regulatory gene.
D. structural genes

Question 2 (1 mark)
Source: VCAA 2018 Biology Exam, Section A, Q22

In humans, Duchenne muscular dystrophy (DMD) is caused by mutations in the dystrophin-encoding DMD gene.

The DMD gene contains 79 exons. In some patients, duplication of one exon occurs.

MC If the number of nucleotides in the duplicated exon is divisible by three, the
A. transcribed mRNA will contain many stop codons.
B. length of each of the 79 exons will increase by three nucleotides.
C. translated protein will be longer than the dystrophin protein found in a person without DMD.
D. dystrophin of these patients will show one amino acid change in the sequence compared to normal

dystrophin.

Question 3 (1 mark)
Source: VCAA 2006 Biology Exam 2, Section A, Q1

MC In eukaryotic organisms genes are
A. composed of DNA.
B. alternative forms of an allele.
C. composed of DNA and protein.
D. the same length as a chromosome.

Question 4 (3 marks)
Source: VCAA 2017 Biology Exam, Section B, Q1c

Different cells within an organism have different proteins. In some cases different proteins can be coded for by
the same gene.

Explain how the expression of a single gene can lead to the production of different proteins.

Question 5 (1 mark)

MC Which statement is correct regarding introns and exons?
A. Introns are sections of pre-mRNA retained in the mRNA when it leaves the nucleus.
B. Exons are sections of pre-mRNA that code for the translated polypeptide.
C. After the introns are removed from pre-mRNA, the exons are also removed.
D. Exons are the non-coding sections of the pre-mRNA.

More exam questions are available in your learnON title.
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1.6 Gene regulation

KEY KNOWLEDGE

• The basic elements of gene regulation: prokaryotic trp operon as a simplified example of the regulatory
process

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

The ability to regulate genes is important. There is a time and a place for every gene to be active — some genes
are on all the time, others are only on during development, and others are only on in certain tissues. There are
many ways to regulate genes. It is important to understand the types of genes to help understand this concept.

1.6.1 Types of genes
Eukaryotic cells have genes that contain a great level of complexity. Humans have around 21 000 genes, so the
accurate transcription and translation of these genes is vital for the concise production of proteins. Therefore,
there is a set structure for all genes in eukaryotic cells.

structural genes genes that
produce proteins that contribute
to the structure or functioning of
an organism

Genes vary in the functions that they carry out in the cells of an organism. Some
genes produce proteins that become part of the structure and the functioning of
the organism. These genes are termed structural genes.

regulator genes genes that
produce proteins that control the
activity of other genes

Some genes produce proteins that control the action of other genes. These genes
are termed regulator genes, and their actions determine whether other genes are
active (‘on’) or not (‘off’) and, if active, the rate at which their products are made.
Many of these act as DNA binding proteins, binding directly to sections on the
DNA. Other act as signalling molecules, binding to receptors on the cell surface.

CASE STUDY: Homeotic genes

Regulatory genes that control embryonic development are known as homeotic genes. These are a type of master
control gene. Homeotic genes control the action of hundreds of other genes that are needed to build the various
parts of an animal body in their correct locations.

FIGURE 1.39 Fly with mutations in homeotic genes that result in the appearance of a second pair of wings
instead of halteres and legs instead of antennae

Legs replace

antennae

Wings replace 

halteres
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Mutations in ‘master’ or homeotic genes result in the appearance of body parts in unexpected locations.

To access more information on this case study, please download the digital document.

Resourceseses
Resources

Digital document Case study: Homeotic genes (doc-35831)

Weblink Homeotic genes and body patterns

1.6.2 The trp operon

trp operon a collection of adjacent
genes in bacteria that code for the
enzymes needed in the production
of tryptophan

Tryptophan is an amino acid that the bacterium Escherichia coli (E. coli) is able to ingest from the surrounding
environment. E. coli is also able to synthesise tryptophan using enzymes encoded by five genes. However, as
to not waste energy, these enzymes are not produced in conditions when tryptophan is present. This is a basic
example of gene regulation, where the genes corresponding to the enzymes to synthesise tryptophan are only
active when required. This is controlled by the trp operon.

operon a cluster of adjacent
structural genes in bacteria
controlled by a single promoter and
operating as a coordinated unit

The tryptophan (trp) operon contains five structural genes that encode for the enzymes involved in the synthesis
of tryptophan (such as tryptophan synthetase) with an upstream promoter (Ptrp) and the tryptophan operator
sequence (Otrp). These five structural genes are trpA, trpB, trpC, trpD and trpE. Another unique aspect to the
operon is that the trp operator region partly overlaps the trp promoter. The operon regulates transcription when
tryptophan is in low abundances in the cell.

An operon is group of linked structural genes with a common promoter and operator that is transcribed as a
single unit. The expression of operons is controlled by regulator genes that produce repressor proteins.

The trp operon is comprised of the following components:
• structural genes: a gene that codes for any RNA or protein product other than a regulator (trpA, trpB,
trpC, trpD, and trpE, which encodes tryptophan synthetase)

• a regulatory gene: a gene that codes for a product (typically protein) that controls the expression of other
genes (usually at the level of transcription). In this case, the regulatory gene encodes for a repressor,
which when active, binds to DNA and thus regulates the expression of genes by decreasing the rate of
transcription.

• a promoter (Ptrp): The promoter is a short DNA segment where RNA polymerase
can attach and start transcription of the structural genes. The trp genes are
transcribed as a single entity with one long mRNA transcript being produced.

• an operator (O): An operator is a short DNA segment that provides a binding
site for a repressor, so transcription cannot occur.

The repressor protein requires tryptophan in order to be active. Therefore, the action of
the repressor and in turn the operon is influenced by the amount of tryptophan.

When tryptophan is present, the operon is switched OFF and tryptophan synthetase is not produced.

When tryptophan is absent, the operon is switched ON and tryptophan synthetase is produced.
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Presence of tryptophan
• When tryptophan is present, it binds to the repressor protein causing a configurational change in its shape,

allowing it to be active.
• This allows the repressor to bind at the operator.
• Therefore, RNA polymerase is unable to bind to the promoter and transcription does not occur. Thus the

operon is OFF (see figure 1.40a).

Absence of tryptophan
• When tryptophan is not present, the repressor is unable to bind to the operator (as it is still in an inactive

form).
• This means that RNA polymerase can bind to the promoter and start transcription of the structural

genes; thus, the operon is ON (see figure 1.40b).

FIGURE 1.40 Structure and regulation of the tryptophan operon in bacteria a. in the presence of tryptophan and
b. in the absence of tryptophan

trp operon: OFF

trp operon: ON

Presence of tryptophan

trpCtrpDtrpELeaderOperator

Transcription is blocked

Active

repressor

Inactive

repressor
Tryptophan

T

T

T

RR

R

RNA

polymerase

a.

b.

RNA

polymerase

Absence of tryptophan

Transcription proceeds

Inactive

repressor

Promoter trpAtrpB

trpCtrpDtrpELeaderOperator trpAtrpBPromoter

Proteins produced
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SAMPLE PROBLEM 4 Comparing operons
tlvd-1093

The diagram below shows another gene regulation system in bacteria, known as the lac operon.

RNA

polymerase

RNA

polymerase

lac operon: OFF

lac operon: ON

R

Active

repressor

R R

Transcription proceeds

Inactive

repressor

Active

repressor

R

Inducer

(lactose)

Operator lacZ lacZ lacZPi LacI Plac

Operator lacZ lacZ lacZPi LacI Plac

Transcription is blocked

Absence of inducer

Presence of inducer

lacZ: Gene for β-galactosidase

lacA: Gene for transacetylase

lacY: Gene for permease

State two ways in which the lac operon (shown in the diagram) differs from the trp operon. (2 marks)

THINK WRITE

1. Identify what the question is asking you to do.
This question asks you state differences.

TIP
• Comprehend what is being asked before writing

your response by highlighting and underlining
key terms.

• Be specific about the key word(s) used in the
statement.

2. State the differences between the two processes.
Ensure that you address BOTH processes, not just
one.

The repressor is inhibited by lactose in the lac
operon, whereas tryptophan activates the repressor
in the trp operon (1 mark).
There are five structural genes in the trp operon
compared to the lac operon, where there are
three (1 mark).
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Resourceseses
Resources

eWorkbook Worksheet 1.8 Exploring the trp operon (ewbk-1974)

Video eLesson The trp operon (eles-5079)

KEY IDEAS

• Genes can be classified as structural genes or as regulator genes.
• Regulator genes control the activity of other genes, switching them on or off, either directly through the action

of DNA-binding proteins or indirectly through the action of signalling proteins.
• The trp operon is found in many bacteria to help synthesise tryptophan. An operon is a cluster of adjacent

structural genes controlled by a single promoter.
• The structural genes in the trp operon are only expressed when tryptophan is absent.
• When tryptophan is present, it activates the repressor, which binds to a site on the operon known as an

operator, preventing RNA polymerase from transcribing the gene.

1.6 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.6 Quick quiz 1.6 Exercise 1.6 Exam questions

1.6 Exercise

1. Explain what is meant by the term operon.
2. How is the structure of an operon different to eukaryotic genes?
3. Why is it important for bacteria to only have trp genes transcribed in the absence of tryptophan?
4. If there is a mutation in the operator of the operon and the repressor was unable to bind, what would you

expect:
when tryptophan is presenta. when tryptophan is absent?b.

5. Using the trp operon in E. coli as an example, explain how gene regulation by transcriptional factors
expressed by regulatory genes can occur.

6. In what two ways is gene regulation in eukaryotes different from gene regulation in prokaryotes?
7. Define the functional difference between structural genes and regulatory genes.

1.6 Exam questions

Question 1 (1 mark)
Source: Adapted from VCAA 2020 Biology Exam, Section A, Q26

MC The trp operon in prokaryotes illustrates the switching off and on of genes.

The operator within the trp operon
is a regulatory gene.A. attaches RNA polymerase.B.
codes for the production of an enzyme.C. is the binding site for the repressor protein.D.

Question 2 (1 mark)
Source: VCAA 2016 Biology Exam, Section A, Q32

MC Which one of the following statements about gene regulation is correct?
A. Regulator genes are composed of mRNA.
B. Gene regulation is expressed only during the process of meiosis.
C. Regulator genes produce factors that alter the expression of another gene.
D. Gene regulation is not affected by environmental factors external to the cell.
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Question 3 (1 mark)
Source: VCAA 2009 Biology Exam 2, Section A, Q20

MC Regulatory and structural genes differ in their arrangement in the genomes of prokaryotic and eukaryotic
cells. In prokaryotic cells, regulatory genes are arranged side by side. This arrangement is known as an operon. In
eukaryotic cells, the regulatory genes and structural genes may be located on different chromosomes.

Therefore, it would be reasonable to say that
A. eukaryotic stem cells have all genes switched on.
B. the environment has no impact on whether a gene is switched on or off.
C. all bacterial operons are located on a large circular chromosome within the cell.
D. mutations in distant regulatory genes will have no effect on their related structural genes in eukaryotic cells.

Question 4 (4 marks)
Source: VCAA 2006 Biology Exam 2, Section B, Q7

Organisms can regulate the expression of their genes in a number of ways.
a. Suggest why an organism regulates the expression of its genes. 1 mark

One example in bacteria is the regulation of the expression of a gene which produces an enzyme (enzyme X)
involved in the metabolism of the amino acid tryptophan. Enzyme X is only produced when tryptophan is in high
concentration. This gene regulation involves several genes. Two of the genes include a gene for the production of
enzyme X and an operator gene. If a protein, called a repressor protein, binds to the operator gene, transcription
of the gene for enzyme X is stopped. If no repressor protein is bound to the operator, transcription of the gene for
enzyme X occurs. A summary of this regulation is shown in Figure 1.

FIGURE 1

repressor protein

binds to operator gene

No transcription

for production of 

enzyme X

operator

gene

gene for enzyme X
DNA sequence

b. The gene coding for enzyme X is not transcribed when the repressor protein binds to the operator gene. What
enzyme is prevented from functioning during this binding? 1 mark

When tryptophan binds to the repressor protein, the repressor protein can no longer bind to the operator gene.
(See Figure 2.)

FIGURE 2

repressor protein/tryptophan complexrepressor protein

plus tryptophan tryptophan

c. When tryptophan binds to the repressor protein what will happen to the production of enzyme X? 1 mark
d. Based on Figure 2, suggest how tryptophan prevents repressor protein function. 1 mark
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Question 5 (5 marks)
Source: VCAA 2007 Biology Exam 2, Section B, Q3

Bacteria require amino acids to produce proteins. For example, bacteria in a human intestine may absorb amino
acids from digested food, but at times there may be a deficiency of a particular amino acid. If this is the case, the
bacteria will produce the necessary amino acid themselves.

The diagram below is a regulation system in a bacterial cell involving the production of the amino acid
tryptophan. Note that there are two pathways (X and Y). Tryptophan is the regulatory compound in these two
pathways and acts as a repressor in both.

gene one

gene two

gene three

gene four

gene five

enzyme 1

enzyme 2

enzyme 3

enzyme 4

enzyme 5

precursor

compound 1

compound 2

compound 3

compound 4

tryptophan

regulation

pathway X
regulation

pathway Y

a. Explain what is meant by gene regulation. 1 mark
b. Describe the immediate outcome when tryptophan activates pathway X. 1 mark
c. Describe the immediate outcome when tryptophan activates pathway Y. 1 mark
d. Suggest how the action of tryptophan as a repressor in this system could be of selective advantage to a

bacterial cell in the digestive tract. 2 marks

More exam questions are available in your learnON title.
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1.7 Amino acids and polypeptides

KEY KNOWLEDGE
• Amino acids as the monomers of a polypeptide chain and the resultant hierarchical levels of structure that

give rise to a functional protein
Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

Proteins are the building blocks for life, providing the foundation for a variety of functions and structures. These
functions will be further explored in subtopic 1.8. Some of these functions include:

• providing structural support for cells and tissues, for example keratin in hair, fingernails and skin, and
collagen in skin and cartilage.

• providing the ability for humans and other animals to move, for example myosin in muscle.
• facilitating the transport of small molecules around the body, for example haemoglobin.
• controlling the rates of chemical reactions in organisms, for example enzymes (protease lipase, amylase).

Proteins are complex structures with a very particularly folded structure that enables them to achieve their
function. Proteins are made of polypeptides, which are chains of covalently bonded amino acids. We have
explored how nucleic acids are involved in producing these proteins through transcription and translation.
However, proteins have more complexity than just a string of amino acids.

1.7.1 Structure of amino acids
Polypeptides are large molecules built of sub-units called amino acids.

The general formula of an amino acid is shown in figure 1.41.

All amino acids have an amino group and a carboxyl group. Each amino acid also has one part of its molecule
that differs from other amino acids. The R group in the general formula is the part that varies. This causes great
differences in the properties of different amino acids and the proteins they form.

FIGURE 1.41 An amino acid

R
Variable group

Amino group H2N C  COOH Carboxyl group

H

TABLE 1.12 A list of the 20 amino acids, colour-coded according to their properties: hydrophobic (blue),
hydrophilic (pink), positively charged (green), negatively charged (orange) and hydrophobic and aromatic (purple)

 Alanine Arginine Asparagine
Aspartic acid
(or aspartate)

Cysteine

Glutamine
Glutamic acid
(or glutamate)

Glycine Histidine Isoleucine

Leucine Lysine Methionine Phenylalanine Proline

Serine Threonine Tryptophan Tyrosine Valine
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INVESTIGATION 1.6
elog-0013

What’s in a protein

Aim

To identify the presence of proteins and digest this protein into its monomers

EXTENSION: Where do amino acids come from?

There are 20 naturally occurring amino acids as listed in table 1.12 (refer to the Appendix for their structure).
Humans are unable to make all 20 amino acids and must rely on their food for the nine they are unable to make.
These include: histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine.

Not all plants can make all 20 amino acids, so a vegetarian diet should be well planned to ensure a balanced
intake of appropriate amino acids. Generally, animal proteins are a better source of amino acids for humans
because animal protein is more like that of humans.

1.7.2 Formation of a polypeptide chain
Proteins are assembled from amino acids that are joined by peptide bonds. Each peptide bond forms by
the linkage of an amino group from one amino acid and a carboxyl group of another amino acid (refer to
figure 1.42). A number of amino acids joined by peptide bonds form a polypeptide chain. This process requires
an input of energy.

FIGURE 1.42 Proteins are assembled from amino acids that are joined by peptide bonds. Note that the different
R groups are represented by different colours. The remainder of each amino acid molecule is identical.
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Condensation polymerisation to form polypeptides
The reaction that forms peptide bonds is an example of condensation polymerisation. Condensation refers
to the fact that water is released. (In hydrolysis, which occurs during the breakdown of polypeptides, water
is required.) The term polymerisation refers to monomers being bonded together to form a polymer (see
figure 1.43).

This process requires energy in the form of ATP to allow for the formation of a peptide bond between amino
acids.

FIGURE 1.43 Two monomers with different R groups come together by forming a peptide bond (CONH).
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1.7.3 Hierarchical structure of a functional protein
Polypeptides fold and organise into different shapes to form proteins. This folding depends on the amino acid
sequence. Protein structure is described at four different levels of organisation (see figure 1.44).

The four levels of protein structure are:
• primary — the order of amino acids in the molecule
• secondary — folding of some portion of the amino acid chain (note the three different modes)
• tertiary — the shape of the entire polypeptide chain
• quaternary — some proteins comprise a number of polypeptide chains.

FIGURE 1.44 The four levels of protein structure. The structures are clearly interrelated.
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Primary structure
The primary structure of a protein is the specific linear sequence of amino acids in the protein (figure 1.45).
Different proteins have different primary structures and hence have different functions. The sequence of
amino acids in a protein is determined by the genetic material in the nucleus. These are brought together as a
polypeptide during translation in the ribosome.

FIGURE 1.45 The primary structure of a protein

Peptide

bond

Leu LeuSer AspProGlu TyrAla Ile Ile Ser

Secondary structure

secondary structure a type of
protein structure where three
different folds of alpha helices,
beta-pleated sheets and random
coils can occur in amino acid
chains, depending on the R
groups in the different amino
acids

The next level of protein structure is the secondary structure, where three different folds can occur in amino
acid chains, depending on the R groups in the different amino acids (see figure 1.46).

Hydrogen bonds form between segments of the folded chain that have come close
together and help stabilise the three-dimensional shape of the protein. The
following are some examples of secondary structure.

alpha helix a type of secondary
structure in proteins that
appears as a tight twist

beta-pleated sheet a type of
secondary structure in proteins
that appears as folded sheets,
with a change in direction of the
polypeptide chain

random coiling a type of
secondary structure in proteins
that does not fit in as either a
alpha helix or beta-pleated sheet

1. Alpha helix: the major proteins of wool are keratins that have a spiral
secondary structure, known as an alpha helix (see figure 1.46a). If the fibre
is stretched and the hydrogen bonds are broken, the fibre becomes extended.
If the fibre is then ‘let go’, the hydrogen bonds reform and the fibre returns
to its original length. The secondary structure of myoglobin, the oxygen-
binding protein of muscle, consists mainly (75%) of a coiled alpha helix
structure.

2. Beta-pleated sheet: the major protein of silk is fibroin, which is fully
extended and lacks the coiling found in the structure of wool. The silk
molecules form a beta-pleated sheet (see figure 1.46b). The polypeptide
chains of silk are already extended and cannot be extended further.

3. Random coiling: the secondary structure of portions of a protein is called
random coiling if the portions do not conform to the shape of an alpha helix
or a beta-pleated sheet (see figure 1.46c).

FIGURE 1.46 Examples of some different types of secondary structures: a. alpha helices seen in keratin;
b. beta-pleated sheets found in silk fibroin; c. random coils seen in lactoferrin

Random coilBeta-pleated sheetAlpha helixa. b. c.

TOPIC 1 The relationship between nucleic acids and proteins 55

PAGE PROOFS



“c01TheRelationshipBetweenNucleicAcidAndProteins_PrintPDF” — 2021/5/9 — 10:19 — page 56 — #54

Tertiary structure

tertiary structure the total irregular
3D folding of a protein held together
by various bonds forming a complex
shape

The tertiary structure refers to the total irregular 3D folding held together by ionic or hydrogen bonds forming
a complex shape, such as that of myoglobin. The bonds form between side chains of amino acids to form a
complex structure. The tertiary structure depends on both the primary and the secondary structures.

The 3D shape that constitutes the tertiary structure of a protein is critical for its function. For example, if the
shape of an enzyme is changed, particularly at its active site, the protein can no longer function as an enzyme.

FIGURE 1.47 Tertiary structures of various proteins: a. thrombin; b. tubulin. Note the secondary structures in
each.

a. b.

The forces that maintain the tertiary structure of proteins are:
• hydrogen bonds
• ionic attractions between charged R groups
• interactions between hydrophobic R groups in the protein interior
• covalent disulfide cross links.

These bonds differ in their strength and frequency. Disulfide bridges are the strongest
bonds that can form in a tertiary structure. These are only able to occur between two
cysteine amino acids, between the sulfur in their R groups.

Quaternary structure

quaternary structure the final level
of protein structure in which multiple
polypeptides join together to form a
protein complex

FIGURE 1.48 The secondary and tertiary
structures seen within a quaternary haemoglobin
structure

The quaternary structure describes a structure in
which two or more polypeptide chains interact to
form aprotein. The resulting structure can be, for
example, globular as in haemoglobin (figure 1.48) or
fibrous as in collagen, the most common protein in skin,
bone and cartilage.

In haemoglobin, the quaternary molecular structure
comprises four chains: two alpha chains and two
beta chains. The amino acid sequence in a protein is
important. If the order of amino acids in either chain is
altered, a defective chain results. An individual inherits,
from each parent, the DNA that encodes the beta chain.
If a defect in this DNA is inherited from both parents, an
individual is unable to produce any normal haemoglobin
and has the genetic disorder beta thalassaemia.
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SAMPLE PROBLEM 5 Protein hierarchy
tlvd-1094

The image shows apoptosome, a protein involved in apoptosis or programmed cell death.

a. Describe the primary structure of this protein. (2 marks)
b. What secondary structures can be seen? Justify your response. (2 marks)
c. What is the highest level of hierarchy seen in this protein? What evidence is there of this? (2 marks)

THINK WRITE

a. Consider the primary structure as the sequence of
amino acids.
TIP Ensure you refer back to apoptosome rather
than making generic statements.

The primary structure of apoptosome is the
sequence of amino acids (1 mark). These amino
acids are joined by peptide bonds. Each amino
acid differs in the R group — there would be many
amino acids within the apoptosome (1 mark).

b. Consider the three secondary structures —alpha
helices, beta-pleated sheets and random coils.
For each of these, ensure you explain how you
determined their presence, as the question asked
for the response to be justified.

In the image, all three of alpha helices, beta pleated
sheets and random coils can be seen (1 mark). The
alpha helices are seen in green with their coiled
structure. The beta-pleated sheets are visible in blue.
The random coils are seen in red (1 mark).

c. As the protein has both tertiary and quaternary
structures, quaternary must be the highest.

The highest level of protein structure is quaternary
(1 mark). It is clear that apoptosome is made up of
7 different tertiary structures (1 mark).
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INVESTIGATION 1.7
elog-0804

Modelling protein structures

Aim

To model the different levels of protein organisation

Resourceseses
Resources

eWorkbook Worksheet 1.9 Protein structure and function (ewbk-2555)

Digital document Extension: The complexity of proteins (doc-35833)

Video eLessons Primary structure of proteins (eles-4169)
Different protein structures (eles-4145)

Interactivity Protein structure (int-0105)

Weblinks Protein folding

Protein folding simulations

KEY IDEAS

• Amino acids are the monomers of proteins. There are 20 main amino acids, each with a different R group.
• The structure of all proteins can be identified at the primary, secondary and tertiary levels. Proteins that

consist of more than one polypeptide chain have an additional quaternary level of structure.
• Amino acids are joined in a process called condensation polymerisation, where water is released and a

peptide bond is formed.

1.7 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.7 Quick quiz 1.7 Exercise 1.7 Exam questions

1.7 Exercise

1. MC What is the tertiary structure of a protein?
A. The total irregular folding held together by ionic, hydrogen or covalent bonds
B. When two or more polypeptide chains interact to form a protein
C. The folding of amino acid chains into alpha helices and beta-pleated sheets
D. The linear sequence of amino acids with different R groups

2. MC What molecule has an amino group and a carboxyl group without any peptide bonds?
A lipidA. A proteinB. An amino acidC. A nucleotideD.

3. What is the basic formula of an amino acid molecule?
4. How is a peptide bond formed?
5. Describe the four hierarchical levels of protein structure.
6. How does the R group of an amino acid determine the secondary and tertiary structure of a protein?
7. Draw a clear diagram showing the different levels of protein structure.
8. Disulfide bridges can only form between cysteine amino acids.

a. Suggest a reason that this may be the case.
b. Explain what you would expect if a protein did not contain any cysteine.
c. Methionine also contains sulfur but cannot form disulfide bridges. Research and explain why this is

the case.
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1.7 Exam questions

Question 1 (1 mark)
Source: Adapted from VCAA 2018 Biology Exam, Section A, Q3

MC The diagram represents adjacent amino acids being
joined together.

The joining of adjacent amino acids
NH

2

C

H

R C OH H N

H

C

R

H

C

OH

OO

H
2
O

A. results in the formation of a nucleic acid.
B. is an energy-releasing reaction.
C. is catalysed by DNA ligase.
D. is a condensation reaction.

Question 2 (1 mark)
Source: VCAA 2017 Biology Exam, Section A, Q1

MC Consider the structure and functional importance of proteins.

Which one of the following statements about proteins is correct?
A. A change in the tertiary structure of a protein may result in the protein becoming biologically inactive.
B. Proteins with a quaternary structure will be more active than proteins without a quaternary structure.
C. Two different proteins with the same number of amino acids will have identical functions.
D. Denaturation will alter the primary structure of a protein.

Question 3 (1 mark)
Source: VCAA 2008 Biology Exam 1, Section A, Q12

MC Insulin is a complex protein that is said to have a quaternary structure.

This means that insulin
cannot be denatured.A. lacks disulphide bridges.B.
contains all the known amino acids.C. has more than one polypeptide chain.D.

Question 4 (2 marks)
Source: VCAA 2015 Biology Exam, Section B, Q1a

The diagrams below represent examples of three levels of structure with respect to the folding and assembly of a
protein. The diagrams are not to scale.

alpha-helix human interferon

a polypeptide sequence

A.

C.

B.
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i. Complete the table below to indicate the diagram that represents the structural level of the protein
given. 1 mark

Structural level of protein Diagram (A., B. or C.)

primary

secondary

tertiary

ii. Name the molecular sub-unit of a protein. 1 mark

Question 5 (5 marks)
Source: VCAA 2016 Biology Exam, Section B, Q1

a. Immunoglobulins, or antibody molecules, have an important role in the immune system. They are made
up of two heavy chains and two light chains. Name the molecular monomer of these chains. 1 mark

Part of a mouse immunoglobulin molecule bound to an antigen is shown in the diagram below.

Two arrows point to two different types of secondary structures of the immunoglobulin molecule.
b. Give the name of each structure in the boxes provided. 2 marks

part of one heavy chain

part of one light chain

antigen

Source: Thomas Splettstoesser (www.scistyle.com)

c. Immunoglobulin molecules also display a tertiary structure and a quaternary structure.
Referring to the diagram, explain what ‘quaternary’ means. 2 marks

More exam questions are available in your learnON title.
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1.8 The proteome

KEY KNOWLEDGE
• Proteins as a diverse group of molecules that collectively make an organism’s proteome, including enzymes

as catalysts in biochemical pathways.
Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

1.8.1 The diversity of proteins
Although water is the main compound in living cells, about 18 per cent of living cells is protein. There are
thousands of different proteins in each cell, and many of these control the metabolic processes. These proteins
are made up of one or more polypeptide molecules, which in turn are made up of amino acid monomers.

A polypeptide on its own may be a functional protein; in other cases, a functional protein may be built of several
different polypeptide chains.

Proteins are very diverse polymers, greatly differing in their structure and their role. Table 1.13 lists a number of
different types of protein and their functions. Some examples of proteins are also shown in figure 1.49.

TABLE 1.13 Examples of proteins and their functions.

Type of protein Function Example

Structural Fibrous support tissue in skin, bone, tendons, cartilage,
blood vessels, heart valves, and cornea of the eye

Collagen, keratin

Enzyme Catalyse reactions ATP synthase

Contractile Muscle movement Myosin, actin

Immunoglobulin Defence against disease Antibodies

Hormone Regulate body activity Insulin, growth hormones

Receptor Respond to stimuli Insulin receptors

Transport Carry other molecules Haemoglobin

FIGURE 1.49 a. A scanning electron micrograph (SEM) of collagen bundles from connective tissue that wraps
around and supports nerve fibres (notice the characteristic banding of collagen fibres) b. An SEM of skeletal
muscle fibre showing the thick filaments that are made up of myosin c. A transmission electron micrograph (TEM)
showing Y-shaped antibodies (yellow)

a. b. c.
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The role of enzymes as catalysts
Catalysts are substances that speed up the rate of chemical reactions without the catalyst itself being used up in
the reactions. The basic function of enzymes is to increase the rate of almost all the chemical reactions in living
organisms and to do this within the prevailing conditions of temperature and pH within cells. In Topic 3, we will
explore how enzymes speed up the rates of chemical reactions in cells.

Consider the following scenario. The steak that you recently ate was broken down in the acidic conditions of
your stomach at body temperature over a period of several hours. This breakdown was the result of the catalytic
action of digestive enzymes such as pepsin and trypsin acting on the protein of the steak. To do the same without
enzymes also requires acidic conditions, but would require a few days (not hours) and a temperature of 100 °C
(not body temperature). Without enzymes, the speed of biochemical reactions would be far too slow to sustain
the living state.

FIGURE 1.50 Different enzymes involved in digestion

Amylase

Lipase Gelatinase

Trypsin Pepsin

EXTENSION: Are all enzymes proteins?

The exception to the statement ‘All enzymes are proteins’ was discovered by Thomas Cech (b. 1947) and Sidney
Altman (b. 1939), who discovered ribozymes. Ribozymes are catalytic RNA molecules that can cut themselves
out of long RNA sequences.

1.8.2 What is the proteome?

proteome the complete array of
proteins produced by a single
cell or an organism in a particular
environment

proteomics the study of the
proteome, the complete array of
proteins produced by an organism

In living organisms, proteins are involved in one way or another in virtually every chemical reaction. They may
be the enzymes involved, they may be the reactants or the products, or they may be all three. The complete array
of proteins produced by a single cell or organism in a particular environment is called
the proteome of the cell or organism. The study of the proteome is called
proteomics.

Scientists are moving away from investigating single proteins as no protein acts in
isolation from other proteins. They are now exploring the total pattern of proteins
produced by a cell and analysing these patterns to compare them with patterns from
different kinds of cells.
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Some questions when exploring various aspects of the proteome include:
• What are the differences?
• What are the similarities?
• What is the proteome profile of diseased tissue or even the fluids surrounding the tissue?
• In what ways do they differ from the healthy state?

Knowing that a protein exists is different from knowing how that protein operates. Understanding the structure
and function of various proteins enables us to make testable predictions about the roles of other proteins on the
basis of their structures. Knowledge of three-dimensional structures of well-known proteins may give insights
into their functions.

FIGURE 1.51 The proteome has a huge level of complexity compared to the genome and transcriptome.

Proteome complexity

Alternative promoters
Alternative splicing
mRNA editing

Transcriptome

~100 00 transcripts

AAA
AAA

AAA
AAA

AAA

Proteome

>1 000 000 proteins
Post-translational

modifications

Genome

20-25 000 genes

Resourceseses
Resources

Weblink Types of proteins

KEY IDEAS

• Proteins are very diverse, having functions involving structure, regulation and transport.
• A key role of proteins is to act as biological catalysts to speed up reactions. These proteins are known as

enzymes.
• The complement of proteins is known as the proteome. It is useful to study proteins together as many

influence other proteins.
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1.8 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.8 Quick quiz 1.8 Exercise 1.8 Exam questions

1.8 Exercise

1. MC What is the proteome?
A. All the genetic material in a cell that codes for proteins
B. The complete array of proteins produced by a single cell or organism
C. The examination of proteins with quaternary structures
D. The monomer of polypeptides

2. Give an example of:
a. a structural protein
b. a contractile protein
c. a conjugated protein.

3. a. What is a proteome?
b. What is the difference between the proteome and the genome of a species?
c. What are two advantages of studying the proteome over the genome?

4. Why is proteomics considered important?
5. An individual has a deficiency in an enzyme that catalyses the breakdown of lactose.

a. What are the possible consequences of this?
b. With reference to genes and proteins, explain how this may occur.

1.8 Exam questions

Question 1 (1 mark)
Source: VCAA 2019 Biology Exam, Section A, Q5

MC Which one of the following statements about proteins is correct?
A. The activity of a protein may be affected by the temperature and pH of its environment.
B. The primary structure of a protein refers to its three-dimensional protein shape.
C. Proteins are not involved in the human immune response.
D. A protein with a quaternary structure will be an enzyme.

Question 2 (1 mark)
Source: VCAA 2018 Biology Exam, Section A, Q2

MC The proteome is
A. the total DNA content that is present within one cell of an organism.
B. a complete set of chromosomes found inside a cell of an organism.
C. the entire set of proteins expressed by an organism at a given time.
D. the four hierarchical levels of protein structure.

Question 3 (1 mark)
Source: VCAA 2012 Biology Exam 1, Section A, Q8

MC Protein forms part of the structure of

polysaccharides.A. transfer RNA.B.
phospholipids.C. haemoglobin.D.

Question 4 (1 mark)
Source: VCAA 2011 Biology Exam 1, Section A, Q1

MC The term used to indicate all proteins in an organism is

protozoa.A. protease.B.
proteome.C. proterozoic.D.
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Question 5 (5 marks)
Source: Adapted from VCAA 2006 Biology Exam 1, Section B, Q1a

Scientists are now turning to the study of the proteome (all of the proteins) of an organism rather than the study
of single proteins.
a. Briefly outline one reason why the emphasis is now on the study of all the proteins of an organism

rather than on one protein at a time. 1 mark

Protein molecules come in many shapes and forms that can be classified into primary, secondary, tertiary and
quaternary. The secondary, tertiary and quaternary shapes arise as a result of different kinds of folding of a
primary structure. One kind of secondary structure is a pleated sheet where the primary molecule extends along
the folded sheet. The primary structures in the layers are held together by hydrogen bonding.

b. Explain why such a structure may be important in the function of a particular protein. 1 mark
c. Proteins can also be classified on the basis of their general function. Three of these functions are listed below.

• structural
• transport
• regulatory
Give an example of a protein for each of the functions listed. 3 marks

More exam questions are available in your learnON title.

1.9 Organelles involved in the protein secretory
pathway

KEY KNOWLEDGE
• The role of the rough endoplasmic reticulum, Golgi apparatus and associated vesicles in the export of

proteins from a cell via the protein secretory pathway
Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

Cells make a range of proteins for many purposes, such as the manufacture of haemoglobin, an oxygen-
transporting protein by developing human red blood cells in the bone marrow; the manufacture of the contractile
proteins actin and myosin by the muscle cells; and the manufacture of the hormone insulin and digestive
enzymes including lipases by different cells of the pancreas. Insulin is an example of a protein that is exported
from the cell in which it was manufactured.
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rough endoplasmic reticulum
endoplasmic reticulum with
ribosomes attached

vesicles membrane-bound
sacs found within a cell, such
as secretory vesicles, which are
involved in the export of proteins

Proteins produced in ribosomes at the rough endoplasmic reticulum that are intended for export must be
transferred to the Golgi apparatus and then to secretory vesicles. As there is no direct connection between the
membranes of the endoplasmic reticulum and the Golgi apparatus, the proteins are shuttled from the rough
endoplasmic reticulum to the Golgi apparatus in membrane-bound transition vesicles. Once there, the proteins are
taken into the Golgi apparatus, where they are concentrated and packaged into secretory vesicles. These vesicles
with their protein cargo move to the plasma membrane of the cell, merge with it and discharge their contents.

FIGURE 1.52 The secretory export pathway for proteins

Rough
endoplasmic
reticulum

Ribosomes

Secretory
vesicle

Golgi
apparatus

Membrane
fusion 
occurring

Transition
vesicle

Cytoplasm
of cell

Discharge by
exocytosis; 
for example,
a hormone

1.9.1 Ribosomes
Ribosomes are the sites in a cell where proteins are made. Eukaryotic ribosomes are
composed of strands of rRNA (ribosomal RNA) merged with about 80 ribosomal
proteins (r-proteins). It is on the ribosomes that amino acids are assembled and
joined into polypeptide chains or proteins.

Ribosomes are the sites of translation, in which amino acids are joined to form polypeptides.

FIGURE 1.53 Ribosomes

Ribosomes

To produce any protein, its specific sequence of amino acids must be
assembled, one by one, at the ribosome and joined by peptide bonds.
Ribosomes can join amino acids into a protein chain at the rate of
about 200 per minute.

The diameter of a ribosome is only about 0.03 µm. Because of their
very small size, ribosomes can be seen only through use of an electron
microscope (see figure 1.54). However, ribosomes are present in very
large numbers in a cell. Unlike many organelles, they are not enclosed
within a membrane.

Ribosomes were discovered in 1955 by George Palade (1912–2008)
and were originally called Palade particles. Palade was awarded a
Nobel Prize in 1974.

Within a cell, many ribosomes are attached to membranous channels
known as the endoplasmic reticulum. An estimated 13 million
ribosomes are attached to the rough endoplasmic reticulum in a typical
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human liver cell. Other ribosomes are found free in the cytosol. Proteins made by ‘free’ ribosomes are for local
use within the cell.

FIGURE 1.54 a. TEM image of a section of cell showing the rough endoplasmic reticulum (er) with ribosomes (ri)
and b. a 3D representation of ribosomes on the rough endoplasmic reticulum

ri

Ribosomes
a. b.

Transport channel

1.9.2 Rough endoplasmic reticulum
The endoplasmic reticulum is an interconnected system of membrane-enclosed flattened channels. Figure 1.55
shows part of the channels of the endoplasmic reticulum in a eukaryotic cell. When the endoplasmic reticulum
has ribosomes attached to the outer surface of its channels, it is known as rough endoplasmic reticulum. Proteins
produced by ribosomes on the endoplasmic reticulum are generally exported from the cell.

Through its network of channels, the rough endoplasmic reticulum is involved in transporting some of the
proteins to various sites within a cell.

FIGURE 1.55 a. Rough endoplasmic reticulum b. False-coloured scanning electron micrograph of part of a
eukaryotic cell showing channels of rough endoplasmic reticulum

Rough endoplasmic

reticulum

a. b.

TOPIC 1 The relationship between nucleic acids and proteins 67

PAGE PROOFS



“c01TheRelationshipBetweenNucleicAcidAndProteins_PrintPDF” — 2021/5/9 — 10:19 — page 68 — #66

Proteins delivered from the ribosomes into the channels of the rough endoplasmic reticulum are also processed
before they are transported. The processing of proteins within the rough endoplasmic reticulum includes:

• attaching sugar groups to some proteins to form glycoproteins
• folding proteins into their correct functional shape or conformation
• assembling complex proteins by linking together several polypeptide chains, such as the four polypeptide

chains that comprise the haemoglobin protein.

1.9.3 Golgi apparatus

FIGURE 1.56 The Golgi apparatus
or Golgi complex

Golgi

complex

Some cells produce proteins that are intended for use outside the cells
where they are formed. Examples include the following proteins that
are produced by one kind of cell and then exported (secreted) by those
cells for use elsewhere in the body:

• the digestive enzyme pepsin, produced by cells lining the stomach
and secreted into the stomach cavity

• the hormone insulin, produced by cells in the pancreas and
secreted into the bloodstream

• protein antibodies, produced in special lymphocytes and secreted
at an area of infection.

How do these substances get exported from cells? The cell organelle
responsible for packaging substances for export out of cells is the
Golgi apparatus, also known as the Golgi complex.

The Golgi apparatus has a multi-layered structure composed of stacks
of membrane-lined channels (see figures 1.56 and 1.57). The Golgi
apparatus is named after Camillo Golgi, who in 1898 first identified
this cell organelle.

The Golgi apparatus packages proteins into vesicles for export from the cell through exocytosis.

FIGURE 1.57 a. False coloured TEM image of the Golgi apparatus (orange). Note the stacks of flattened
membrane-lined channels with their wider ends that can break free as separate vesicles. b. 3D representation
of the Golgi apparatus

b.a.
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1.9.4 Vesicles
The secretory vesicles with their protein cargo break free from the Golgi apparatus. These membrane-bound
vesicles move to the plasma membrane of the cell, where they fuse with it and discharge their protein contents to
the exterior through exocytosis.

FIGURE 1.58 a. Vesicles associated with the Golgi apparatus b. Transmission electron micrograph of a small part
of a pancreatic ascinar cell that exports the pancreatic proenzymes it synthesises

Vesicle

b.a.

Resourceseses
Resources

eWorkbook Worksheet 1.10 Exploring organelles in protein synthesis (ewbk-2557)

KEY IDEAS

• Ribosomes are cell organelles where proteins are manufactured during translation.
• The endoplasmic reticulum is made of a series of membrane-bound channels.
• The rough endoplasmic reticulum is so named because of the presence of ribosomes on the external surface

of its membranes.
• Rough endoplasmic reticulum is involved in the processing of proteins and in their transport.
• The Golgi apparatus packages substances into vesicles for export from a cell.
• Vesicles move towards the plasma membrane and expel contents using exocytosis.
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1.9 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.9 Quick quiz 1.9 Exercise 1.9 Exam questions

1.9 Exercise

1. Identify whether each of the following is true or false. Justify your response.
a. The RNA of the ribosomes is made in the nucleolus.
b. The folding of a protein into its functional 3D shape takes place on the ribosomes.
c. Ribosomes are membrane-bound organelles that form part of the cell cytoplasm.
d. The channels of the Golgi apparatus are connected to those of the ER.

2. A scientist wishes to examine ribosomes in a liver cell.
a. Where should the scientist look: in the nucleus or the cytoplasm?
b. What kind of microscope is likely to be used by the scientist: a light microscope or a transmission electron

microscope? Explain.
3. In the synthesis of proteins for secretion, explain how vesicles are used in rough endoplasmic reticulum and

the Golgi apparatus, including the way in which they form and are reabsorbed.
4. Explain how secretory organelles including vesicles export a protein product from the cell through exocytosis.

1.9 Exam questions

Question 1 (1 mark)
Source: VCAA 2019 Biology Exam, Section A, Q2

MC Which one of the following organelles has the role of synthesising proteins from their monomers?
A. Golgi apparatus
B. ribosomes
C. vesicles
D. nucleus

Question 2 (1 mark)
Source: VCAA 2015 Biology Exam, Section A, Q5

MC All specialised cells that secrete protein molecules
A. have a rigid cell wall.
B. contain numerous lysosomes.
C. contain functional chloroplasts.
D. have an extensive Golgi apparatus.

Question 3 (1 mark)
Source: VCAA 2016 Biology Exam, Section A, Q7

MC In animal cells, tight junctions are multi-protein complexes that mediate cell-to-cell adhesion and regulate
transport through the extracellular matrix.

Proteins that form these complexes are made within the cell.

One pathway for the production of protein for these junctions is
A. nucleus – ribosome – Golgi apparatus – vesicle – endoplasmic reticulum.
B. nucleus – ribosome – endoplasmic reticulum – vesicle – Golgi apparatus.
C. nucleus – vesicle – endoplasmic reticulum – Golgi apparatus – ribosome.
D. nucleus – vesicle – Golgi apparatus – ribosome – endoplasmic reticulum.
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Question 4 (1 mark)
Source: VCAA 2010 Biology Exam 1, Section A, Q19

MC At extremely low oxygen levels, important cellular proteins unravel. Another intracellular protein, Hsp60, has
been discovered in a wide range of prokaryotic and eukaryotic cells. This protein may bind to other proteins and
prevent their unravelling.

It would be reasonable to infer that Hsp60
A. is manufactured at free ribosomes.
B. has a structure which is secondary.
C. is produced continuously by a cell.
D. is produced in equal amounts by living cells in a multicellular organism.

Question 5 (2 marks)
Source: VCAA 2009 Biology Exam 1, Section B, Q5e and f

The following diagram shows some detail of a cell from a thyroid gland.

nucleus

thyroglobulin

thyroid

follicle

cell

•

•

••

••
•

•
•
•

• •

• •

••

•
•
•

••
•

•

••

•
•

•
•

•

••

•
•

••
•

iodine

P
N

M

thyroxine

a. Name structure M. 1 mark
b. Name structure N. 1 mark

More exam questions are available in your learnON title.
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1.10 Review
1.10.1 Summary

Nucleotides

Nitrogenous base

Sugar

Phosphate

mRNA

rRNA

tRNA

Ribosomes

Rough endoplasmic

reticulum

Golgi apparatus

Secretory vesicles

Primary structure

Secondary structure

Tertiary structure

Quaternary structure

DNA

RNA

Transcription

RNA processing

Translation

Introns and exons

Promoter

Operator

Proteome

Amino acid

Hierarchical structure

Protein synthesis

Gene structure and

regulation

Protein/polypeptides

The relationship between

nucleic acids and

proteins

Nucleic acids

Nucleus

Resourceseses
Resources

eWorkbook Worksheet 1.11 Reflection — Topic 1 (ewbk-4532)

Practical investigation eLogbook Practical investigation eLogbook — Topic 1 (elog-0001)

Digital documents Key terms glossary — Topic 1 (doc-34409)
Key ideas summary — Topic1 (doc-34412)

Exam question booklet Exam question booklet — Topic 1 (eqb-0012)
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1.10 Exercises
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

1.10 Exercise 1: Review questions
1. a. When two monomers such as amino acids join together, a molecule of water is produced. Use a diagram

with two amino acid molecules to explain where this water comes from.
b. How many water molecules would be required to completely hydrolyse a protein polymer that contained

100 monomers? (Note: Hydrolysing involves breaking a polymer down into its monomers.)

2. Before the introduction of genetically engineered insulin for use by people with diabetes, the protein
hormone was extracted from beef or pig pancreas. Explain how you would expect the sequence of amino
acids in the beef and pig insulin to compare with that in humans.

3. A particular small polypeptide contains nine amino acids. The polypeptide has been fragmented in various
experiments by breaking particular peptide bonds. The fragments obtained were:

• ser – cys – his – pro – arg – cys
• pro – arg – cys
• X – gly – met – cys
• his – pro – arg – cys
• X – gly – met – cys – ser – cys.

X is known to be the first amino acid in the polypeptide. What is the primary structure of the polypeptide?

4. Assume that the nitrogenous base sequence in the coding strand in a DNA molecule is:

A T C G A C A T G G A A T A C C T C

a. What is the base sequence in the complementary template strand?
b. How many amino acids does this piece of DNA code for?

5. The following is part of the nitrogenous base sequence in the template strand of part of a gene:

… T A T G G G C A T G T A A T G G G C …

a. Identify the base sequence in each of the following:
i. the complementary DNA strand
ii. the mRNA that would be transcribed from this template.

b. How many codons are present in this mRNA?
c. List the anticodons that correspond with each codon.

6. Refer to the genetic code (see table 1.11) and answer the following questions.
a. Which codons in mRNA control the addition of the amino acid gly?
b. How many codons contain the information to add the amino acid lys to a protein? For each codon, write

the complementary anticodon.
c. When the mRNA codon UUU is translated, which amino acid is added to a protein chain?

7. A protein includes the following amino acids in part of its structure:

… – val – thr – lys – pro – …

a. How many codons are needed for the instruction to put these amino acids into place?
b. Write this instruction in genetic code, as it would appear in mRNA. Would you predict that your code

would be identical to that written by all your fellow students? Explain.

8. A mutation in one gene (G1) affects just one kind of protein produced by a cell. A mutation in another gene
(G2) affects a large number of different kinds of proteins produced by that cell. One of these genes carries
the coded instructions to make one kind of tRNA. The other carries coded information to make one kind of
salivary enzyme.
Which is more likely to be the gene for the tRNA: G1 or G2? Explain.
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9. A segment of mRNA has the base sequence:

… C A U A A G A A U C U U G C … 

a. Write the base sequence of the DNA template strand.
b. Write the amino acids that would be translated from this mRNA segment.
c. Assume that a base substitution occurs in the original DNA so that the third base (U) of the mRNA is

replaced by a G:

… C A G* A A G A A U C U U G C …

Write the amino acid sequence that would result from this change.

d. Assume that a base addition occurs in the original DNA so that a G is added between the third and fourth
bases, which is shown in the mRNA below:

… C A U G*A A G A A U C U U G C …

Write the amino acid sequence that would result from this change.

e. On the basis of this information, what kind of change in DNA has a more extensive effect on the protein
resulting from gene translation — a base substitution or a base addition? Explain.

10. a. Where would you find the following in eukaryotes?
i. A codon
ii. Gene transcription in action
iii. An anticodon
iv. Gene translation in action

b. Suggest possible identities for the following.
i. A STOP codon
ii. An amino acid that has six codons coding for it
iii. A self-replicating molecule that carries information in coded form
iv. The cell organelle to which an mRNA molecule attaches for translation

11. Undertake some online research to find the gene that causes cystic fibrosis (the search term OMIM may be
useful). Answer the following questions about the gene that causes cystic fibrosis.
a. How many exons are there in the DNA of this gene?
b. The pre-mRNA is longer than the mRNA. Explain.
c. The coding sequence within the mRNA is shorter than the mRNA. Explain.
d. What relationship exists between the number of bases in the coding sequence of the mRNA and the

number of amino acids in the protein product?

12. E. coli bacteria have a requirement for amino acids, including tryptophan (trp). These bacteria can take up
trp from their environment, but if it is not available, E. coli can synthesise this amino acid. The five genes
involved in the synthesis of tryptophan are part of a system called the trp operon.
a. As well as the five structural genes needed to synthesise trp, what other DNA segments form part of the

trp operon?
b. Draw a rough line diagram showing the essential components of the trp operon.
Consider a situation in which tryptophan is present in the environment in which the E. coli bacteria are
growing.
c. Under these conditions, do the E. coli need to synthesise trp?
d. Under these conditions, would you expect that the trp operon would be repressed or be activated?
If tryptophan is not available from the environment in which the bacteria are growing, they will manufacture
it themselves.
e. Under these conditions, would you expect that the trp operon would be repressed or be active?
When the trp operon is repressed, the structural genes that encode the various enzymes needed are silent.
f. Identify a possible means by which the trp operon might be repressed.
When the trp operon is activated, the structural genes that encode the various enzymes needed for its
synthesis and transport from cells are transcribed and translated.
g. Identify a possible means by which the trp operon might be activated.
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13. Haemoglobin is a protein that is vital in carrying oxygen around the blood.
a. Draw a clearly labelled monomer of haemoglobin.
b. Explain the steps involved in producing a polypeptide of haemoglobin through protein synthesis.
c. Describe the process in which monomers of haemoglobin are joined together. Where does this process

occur?
d. Haemoglobin has both a specific secondary structure and a tertiary structure. Identify the difference

between these two terms.
Haemoglobin is made of 4 different sub-units: two alpha and two beta sub-units. This forms the quaternary
structure of haemoglobin. One disorder that affects haemoglobin is thalassaemia, which is a genetically
inherited disease. It can vary in severity, depending on how many sub-units are affected.
One form of thalassaemia, known as beta thalassaemia, is prevalent amongst Mediterranean populations.
e. Mutations in those with beta thalassaemia are often found to have occurred in the upstream region of the

HBB (haemoglobin beta) gene rather than in the coding region of chromosome 11. Explain how this can
prevent the production of a protein.

f. Two siblings were tested for thalassaemia. When their DNA code was examined at the HBB gene, it was
found that they had differences in their genetic code, but they produced the exact same primary structure
of haemoglobin. Referring to features of the genetic code, explain how this occurred.

14. Nucleotides are the monomers of nucleic acids.
a. Which part of a nucleotide would be the same between polymers of DNA and RNA?
b. RNA exists in three main forms. Explain how each of these forms is involved in protein synthesis.
Some relevant anticodons for amino acids are shown in the table below.

Anticodon Amino acid
ACC trp

GAG leu

GUA his

AUA tyr

CGA ala

UAA ile

A section of protein was examined and found to have the following amino acid sequence:

ala – tyr– ile – his

c. What base sequence would be found on the initial DNA template strand, assuming that only the
anticodons in the above table were used?

d. It was found that the protein above was coded for by a regulatory gene. What are regulatory genes and
how do they function?
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1.10 Exercise 2: Exam questions

Resourceseses
Resources

Teacher-led videos Teacher-led videos for every exam question

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VCAA 2012 Biology Exam 1, Section A, Q5

A particular DNA double helix is 100 nucleotide pairs long and contains 25 adenine bases.

The number of guanine bases in this DNA double helix would be

A. 25

B. 50

C. 75

D. 100

Question 2

Source: VCAA 2019 Biology Exam, Section A, Q11

Two different cells taken from the same human were viewed using a microscope.

The diagrams below show the structure of the two cells, not drawn to the same scale.

a neutrophil a neuron

Sources (from left): KaterynaKon/Shutterstock.com; SebastianKaulitzki/Shutterstock.com

Which one of the following is a correct conclusion to reach when comparing the two cells?

A. At any given time, the genes expressed in each cell may be different.

B. All proteins in each cell will have similar tertiary structures.

C. The two cells have the same proteome.

D. The two cells have different genomes.
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Question 3

Source: Adapted from VCAA 2018 Biology Exam, Section A, Q20

Consider the following sequence of six amino acids that make up part of a polypeptide.

phe leu pro val tyr ala

A mutation within the gene coding for this sequence of six amino acids resulted in the following six amino acids in
the same position.

phe leu ala val tyr ala

This change in the sequence of amino acids was caused by

A. a deletion of a nucleotide.

B. an insertion of a nucleotide.

C. a substitution of a nucleotide.

D. an inversion of adjacent nucleotides.

Question 4

Source: VCAA 2006 Biology Exam 1, Section A, Q11

There are 4 polypeptide chains in a human haemoglobin molecule. The monomers in a small section of each of the
4 chains is shown.

chain 1... leu-ser-pro-ala-asp-lys-thr-asn-val-lys...

chain 2... leu-thr-pro-glu-glu-lys-ser-ala-val-thr...

chain 3... leu-ser-pro-ala-asp-lys-thr-asn-val-lys...

chain 4... leu-thr-pro-glu-glu-lys-ser-ala-val-thr...

Consider the sections of the chains shown.

The information given suggests that

A. each of the chains is the result of the same DNA sequence.

B. each total chain contains the same number of monomers.

C. adjacent monomers are linked by a peptide bond.

D. each monomer is specified by a nucleotide.

Question 5

Source: Adapted from VCAA 2019 Biology Exam, Section A, Q4

Structural genes can be switched off and turned on by transcriptional factors expressed by regulatory genes. In
prokaryotes, a group of genes associated with the synthesis of tryptophan is grouped together in a single operon
called the trp operon.

Transcription of the structural genes within the trp operon results in the production of molecules of

A. a transcription factor.

B. a repressor protein.

C. tryptophan.

D. mRNA.
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Question 6

Source: VCAA 2011 Biology Exam 1, Section A, Q10

Consider the following cell.

R

Q

S

T

The synthesis of

A. glucose occurs in structure Q.

B. DNA occurs in structure R.

C. RNA occurs at structure S.

D. protein occurs at structure T.

Question 7

A mutation in the regulatory gene for the trp operon has led to the production of a repressor that is unable to bind
to tryptophan. Which of the following statements is correct?

A. RNA polymerase would be prevented from transcribing the structural genes.

B. Tryptophan would never be produced by this bacterium.

C. The repressor would be permanently active.

D. The structural genes in the trp operon would be constantly on.

Question 8

Geneticists studying the nematode worm Caenorhabiditis elegans found a gene that codes for a 22-nucleotide
strand of ‘microRNA’. The microRNA binds to a complementary sequence in a particular target mRNA in
C. elegans, thus preventing the translation of the target mRNA into a protein.

What term describes the type of gene that codes for the ‘microRNA’ in C. elegans?

A. A structural gene

B. A regulator gene

C. A promoter sequence

D. A transcription unit
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Question 9

Source: VCAA 2009 Biology Exam 1, Section A, Q25

The proteome is the complete collection of proteins in any given cell or organism.

The study of proteomics is concerned with the systematic, large-scale analysis of a proteome. A range of
techniques are used to identify all proteins and their components, and the amount of each present. The
information is stored in a database.

The following diagram outlines one approach to a study of the proteins in a cell. Steps T and R are alternative
steps that can be taken.

identification

amounts

descriptive

information

database
step R step S

step T

step Q

mixture containing

all proteins of

an organism

proteins separated

– individual ones can

be identified

peptides separated

– individual ones

can be identified

mixture containing

all peptides of

an organism

From this information it is reasonable to conclude that

A. step Q involves the use of peptidases.

B. step R involves the joining of proteins to form polypeptides.

C. children with the same parents would have identical proteins.

D. the number of amino acids in the mixture containing all proteins is the same as the amino acids in the
separated peptides.

Question 10

A cell is found to have a large number of ribosomes, rough endoplasmic reticulum and Golgi apparatuses. What is
the likely identity of this cell?

A. A muscle cell found in the triceps of a body builder

B. A pancreatic cell secreting the hormone insulin into the bloodstream

C. A red blood cell circulating in the bloodstream

D. A phagocytic cell that engulfs foreign matter such as bacteria

Section B — Short answer questions

Question 11 (6 marks)

Source: Adapted from VCAA 2018 Biology Exam, Section B, Q1

Tryptase is an enzyme that is released, along with histamine and other chemicals, from human mast cells. Nucleic
acids encode instructions for the synthesis of tryptase in a mast cell.

a. Outline the steps of translation in the synthesis of tryptase. 3 marks

b. After being synthesised, tryptase is released from mast cells via exocytosis.
Name three different organelles directly associated with the transport of the synthesised tryptase
within or from mast cells and state the role of each organelle in this process. 3 marks
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Question 12 (6 marks)

Source: Adapted from VCAA 2012 Biology Exam 1, Section B, Q3

Human insulin is a macromolecule composed of two amino acid chains. The chains are connected by disulfide
bonds.

a. To what group of macromolecules does insulin belong? 1 mark

Insulin found in other animals varies from human insulin. The following table compares all the differences seen in
the primary structure of human, cow, pig and sheep insulin.

Amino acid position number within

Alpha chain Beta chain

-8 - 9 - 10- -30-
human -thr - ser - ile- thr

cow -ala - ser - val- ala

pig -thr - ser - ile- ala

sheep -ala - gly - val- ala

b. What is meant by the term ‘primary structure’ of the insulin macromolecule? 1 mark

c. Humans with diabetes take insulin injections to maintain their health.
If supplies of human insulin were not available, which one of the other three animals listed in the table
would be the best source of insulin?
Explain your reason for choosing this particular animal. 2 marks

d. Refer back to table 1.11, which contains the genetic code for protein production.
Use the information in the table to explain

i. the different sequence of nucleotides in humans and cows with respect to the DNA coding for the
amino acid at position 30. 1 mark

ii. whether the sequence of nucleotides in DNA coding for the amino acid at position 30 will be
identical in cows, pigs and sheep. 1 mark

Question 13 (3 marks)

Source: VCAA 2018 Biology Exam, Section B, Q6

a. Describe the functional difference between a structural gene and a regulatory gene. 2 marks

The Hox genes are master regulatory genes that influence cells in a particular location of an animal embryo in
order to develop structures for that part of the body.

In the brine shrimp, Artemia, the expression of the Hox genes Ubx and Scr results in the growth of either a
swimming appendage or a feeding appendage, depending on whether the genes are expressed in cells that are in
the mid-region of the body or that are near the mouth. These specialised appendages are labelled in the diagram
below.

feeding

appendages

position of

mouth

swimming

appendages

Adult brine shrimp (Artemia)

b. Describe one way that genes are regulated so that the same genes can produce different appendages
when the genes are expressed in different locations in the Artemia embryo 1 mark
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Question 14 (4 marks)

Source: VCAA 2019 Biology Exam, Section B, Q1

Diagrams of two molecules that are required for the production of proteins within a cell are shown below.

Molecule 1 Molecule 2

Sources (from left): Designua/Shutterstock.com; PannaKotta/Shutterstock.com

a. Complete the table below to describe two differences between the monomers of the two molecules. 2 marks

Molecule 1 Molecule 2
Difference 1
Difference 2

b. Ten amino acids that form part of a protein are shown below.

-phe-val-asn-gln-his-leu-cys-gly-ser-his-

The section of an RNA molecule found in the nucleus of the cell associated with the translation of these
10 amino acids was found to contain over 300 monomers.
Explain how there can be over 300 monomers in this section of the RNA molecule but only 10 amino
acids translated. 2 marks

Question 15 (5 marks)

The trp operon is a section of the chromosome in the bacterium Escherichia coli. The trp operon controls the
production of enzymes involved in the synthesis of tryptophan.

The trp operon contains:
• five structural genes
• a promoter sequence
• an operator sequence.

a. Define the term operon. 1 mark

b. The operon is controlled by a regulator gene known as trp, which produces a repressor.
Explain the mechanism of action of this repressor if tryptophan was present. 2 marks

c. A mutation occurs in the repressor, where it is unable to bind to tryptophan. Explain what would
occur in the bacteria when tryptophan was present. 2 marks
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1.10 Exercise 3: Biochallenge

Resourceseses
Resources

eWorkbook Biochallenge — Topic 1 (ewbk-8082)

Solutions Solutions — Topic 1 (sol-0657)

Past VCAA examinations
Sit past VCAA examinations and receive immediate feedback, marking guides and examiner’s report notes.
Access Course Content and select ‘Past VCAA examinations’ to sit the examinations online or offline.

Test maker
Create unique tests and exams from our extensive range of questions, including past VCAA questions.
Access the assignments section in learnON to begin creating and assigning assessments to students.
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Online Resources Resources

Below is a full list of rich resources available online for this topic. These resources are designed to bring ideas to life,
to promote deep and lasting learning and to support the different learning needs of each individual.

eWorkbook

1.1 eWorkbook — Topic 1 (ewbk-1880) ⃞
1.2 Worksheet 1.1 Reviewing cell size and surface area to

volume ratios (ewbk-1962) ⃞
Worksheet 1.2 Labelling organelles (ewbk-1964) ⃞
Worksheet 1.3 Structure of the membrane and
membrane transport (ewbk-1966) ⃞

1.3 Worksheet 1.4 Comparing DNA and RNA (ewbk-1968) ⃞
1.4 Worksheet 1.5 Case study analysis: Alternative splicing of

pre-mRNA (ewbk-2551) ⃞
Worksheet 1.6 Gene expression and protein synthesis
(ewbk-1970) ⃞

1.5 Worksheet 1.7 The different structures in genes
(ewbk-1972) ⃞

1.6 Worksheet 1.8 Exploring the trp operon (ewbk-1974) ⃞
1.7 Worksheet 1.9 Protein structure and function

(ewbk-2555) ⃞
1.9 Worksheet 1.10 Exploring organelles in protein synthesis

(ewbk-2557) ⃞
1.10 Worksheet 1.11 Reflection — Topic 1 (ewbk-4532) ⃞

Biochallenge — Topic 1 (ewbk-8082) ⃞

Solutions

1.10 Solutions — Topic 1 (sol-0657) ⃞

Practical investigation eLogbook

1.1 Practical investigation eLogbook — Topic 1
(elog-0001) ⃞

1.2 Investigation 1.1 Viewing and staining cells
(elog-0003) ⃞
Investigation 1.2 Membrane transport across a
semi-permeable membrane (elog-0005) ⃞

1.3 Investigation 1.3 Extraction of DNA (elog-0007) ⃞
Investigation 1.4 Building a model of DNA and RNA
(elog-0009) ⃞

1.4 Investigation 1.5 Using the genetic code to model
protein synthesis (elog-0011) ⃞

1.7 Investigation 1.6 What’s in a protein (elog-0013) ⃞
Investigation 1.7 Modelling protein structures
(elog-0804) ⃞

Digital documents

1.1 Key science skills — VCE Biology Units 1–4
(doc-34326) ⃞
Key terms glossary — Topic 1 (doc-34409) ⃞
Key ideas summary — Topic 1 (doc-34412) ⃞

1.3 Extension: Mitochondrial DNA (doc-35832) ⃞
1.4 Codon and triplet charts (doc-36165) ⃞
1.6 Case study: Homeotic genes (doc-35831) ⃞
1.7 Extension: The complexity of proteins (doc-35833) ⃞

Teacher-led videos

Exam questions — Topic 1 ⃞

1.3 Sample problem 1 Comparing DNA and RNA
(tlvd-1090) ⃞

1.4 Sample problem 2 Applying transcription (tlvd-1091) ⃞
Sample problem 3 Combining transcription and translation
(tlvd-1092) ⃞

1.6 Sample problem 4 Comparing operons (tlvd-1093) ⃞
1.7 Sample problem 5 Protein hierarchy (tlvd-1094) ⃞

Video eLessons

1.2 Living organisms are made of cells (eles-4165) ⃞
Mechanisms of membrane transport (eles-2463) ⃞

1.3 DNA structure (eles-4211) ⃞
1.4 Transcription (eles-4167) ⃞

Translation (eles-4168) ⃞
1.6 The trp operon (eles-5079) ⃞
1.7 Primary structure of proteins (eles-4169) ⃞

Different protein structures (eles-4145) ⃞

Interactivities

1.2 Movement across membranes (int-0109) ⃞
1.3 Complementary DNA (int-0133) ⃞

RNA structure (int-0111) ⃞
1.4 Transcription (int-8125) ⃞

Protein synthesis (int-0112) ⃞
Comparing transcription and translation (int-0113) ⃞
Translation (int-8126) ⃞

1.7 Protein structure (int-0105) ⃞

Weblinks

1.2 Cells resources ⃞
1.3 DNA and genes resources ⃞
1.4 Transcription and translation practice ⃞

DNA to RNA to protein simulations ⃞
Examining protein synthesis in fireflies ⃞

1.5 DNA structural features of eukaryotic TATA‐containing
and TATA‐less promoters ⃞

1.6 Homeotic genes and body patterns ⃞
1.7 Protein folding ⃞

Protein folding simulations ⃞
1.8 Types of proteins ⃞

Exam question booklet

1.1 Exam question booklet — Topic 1 (eqb-0012) ⃞

Teacher resources

There are many resources available exclusively for
teachers online.

To access these online resources, log on to www.jacplus.com.au
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