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How to use this revision guide

Welcome to the Biology Study and Revision Guide for the IB Diploma! This book will help you
plan your revision and work through it in a methodological way. The guide follows the Biology
syllabus topic by topic, with revision questions at the end of each section to help you check your
understanding.

There are 11 topics in the full Biology syllabus. Topics 1-6 form the Core of the syllabus and are
tested at both Standard Level (SL) and Higher Level (HL). Topics 7-11 are Additional Higher
Level (AHL) and need to be covered by Higher Level candidates only.

There are four optional topics in Biology, one of which you will study as part of your course.
Option topics are divided into subtopics; some are Core and some AHL only. The Option topic is
tested in Paper 3.

The syllabus is divided into several components; each component is highlighted throughout this
guide:

Essential idea: These are found at the start of each numbered subsection and summarize the key
concepts on which each subtopic is based.

These are the main scientific concepts that you need to know.

APPLICATIONS

This applies the ‘Understandings’ you have learnt and gives specific applications for this
knowledge. Applications can also involve demonstrating mathematical calculations or practical
skills.

These are specific skills that are developed from the understandings. For example, you will be
asked to draw and annotate specific diagrams throughout the course.

NATURE OF SCIENCE

The Nature of Science (NoS) is an overarching theme in all the sciences, providing a
comprehensive account of the nature of science in the twenty-first century. Each
subtopic has a NoS point, giving a specific example in context illustrating some aspect
of the nature of science, linked to part of the syllabus. These can be tested in exams.

These boxes highlight important information you need to know and revise.

Expert tip

These tips give advice that will help you boost your final grade.

Common mistake

These identify typical mistakes that candidates make and explain how you can avoid
them.




Key definitions

The definitions of essential key terms are provided on the page where they appear.
These are words that you can be expected to define in exams. The glossary available
on-line contains a list of all key definitions.

Case studies are used to illustrate specific parts of the course. Examples are given in
the relevant sections of the book.

QUICK CHECK QUESTIONS

Use these questions at the end of each section to make sure you have understood a
topic. They are short, knowledge-based questions that use information directly from the
text.

EXAM PRACTICE

Practice exam questions are provided. Use them to consolidate your revision and
practise your exam skills.

Features to help you succeed

You can keep track of your revision by ticking off each topic heading in the book. Tick each box
when you have:

revised and understood a topic

tested yourself using the Quick check questions

used the Exam practice questions and gone online to check your answers.

Online material can be found on the website accompanying this book:
www.hoddereducation.com/IBextras

Online material includes:

Option chapters

exam advice

a list of useful past paper questions

answers to Quick check questions and exam practice questions

glossary of key definitions

checklists

mindmaps.

Use this book as the cornerstone of your revision. Don’t hesitate to write in it and personalize

your notes. Use a highlighter to identify areas that need further work. You may find it helpful to
add your own notes as you work through each topic. Good luck!


http://www.hoddereducation.com/IBextras

Topic 1 Cell biology

1.1 Introduction to cells

Essential idea: The evolution of multicellular organisms allowed cell specialization and cell
replacement.

Cell theory and life processes

Cell theory states that:

all living organisms are made of cells
cells are the smallest unit of life
existing cells have come from other cells.

All living organisms carry out the following functions: nutrition, metabolism, growth, response to
stimuli, excretion, homeostasis, and reproduction.

Expert tip

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

Expert tip

The presence of genetic material in a structure does not necessarily indicate life, as
DNA is chemically stable and can persist in dead organic matter. Also, viruses, which
are usually considered to be non-living, contain genetic material.

Cell size and cell growth

As cells increase in size, their surface area: volume ratio decreases. This limits cell size as cells
with smaller surface areas compared to their size cannot absorb sufficient nutrients and remove
waste at sufficient rate to support life.

In order to form multicellular organisms, cells join together. Whereas single-celled organisms
must carry out all life processes, the cells of multicellular organisms can become specialized and
have specific roles. Specialized cells are organized into tissues and organs.

A tissue is a group of similar cells that are specialized to perform a particular function, such as
heart muscle tissue of a mammal.

An organ is a collection of different tissues which performs a specialized function, such as the
heart of a mammal.
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Figure 1.1 How surface area compared 1o size changes as abjects such as
cells increase in size

Expert tip

Both surface area and volume get larger as cells increase in size, although the volume
gets larger at a faster rate and so the surface area : volume ratio decreases. This limits
cell size as the smaller surface area compared with cell size in larger cells means that
oxygen and food cannot be transported into the cell and wastes removed at sufficient
rate to maintain metabolic activities: the surface area is insufficient in size and a larger
volume means longer diffusion time.

Multicellular organisms

Cells, tissues, organs, and organ systems have their own properties, and multicellular organisms
themselves have properties that emerge from the interaction of their cellular components (see

Figure 1.2).
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Figure 1.2 Tissues of part of the mammalian gut

Expert tip

The cells and tissues of the small intestine (Figure 1.2) have their own properties and
functions, but when they work together they allow the whole organ to carry out the
emergent properties of peristalsis, digestion, food absorption, and transport.

Stem cells

A stem cell is a cell that has the capacity for repeated cell division while maintaining an
undifferentiated state, and the subsequent capacity to differentiate into mature cell types.

The capacity of stem cells to divide and differentiate along different pathways:

allows for embryological development
makes stem cells suitable for therapeutic uses.

Stem cells are undifferentiated cells present in all multicellular organisms.
By division they are capable of giving rise to more cells of the same type.
From these, differentiated cells are then formed.

Expert tip

Stem cells have the ability to divide repeatedly.

Embryological development

All cells in a multicellular organism contain the same genetic code, as they are produced from the
same original parent cell. Cell differentiation takes place when some genes and not others are



expressed in a cell’s genome. For example, to make a muscle cell, the genes involved with
creating muscle cells are switched on and other genes that are not needed are not activated.

Embryonic stem (ES)  Adult stem cells
cells

these are undifferentiated undifferentiated cells capable of cell
cells capable of continual divisions, these give rise to a limited

cell division and of range of cells within a table, for
developing into all the example blood stem cells give rise to
cell types of an adult red and white blood cells and platelets
organism only

these make up the bulk  occurring in the growing and adult

of the embryo as it body, within most organs, they replace
commences dead or damaged cells, such as in
development bone marrow, brain and liver

Table 1.1 Differences between embryonic and adult stem cells

Expert tip

At later stages of embryological development most cells lose the ability to differentiate
as they develop into the tissues and organs that make up the organism, such as blood,
nerves, liver, brain, and many others. However, a very few cells within these tissues do
retain many of the properties of embryonic stem cells, and these are called adult stem
cells.

If stem cells can be isolated in large numbers and maintained in viable cell cultures, they have
uses in medical therapies to replace or repair damaged organs.

APPLICATIONS

Disease The effects Source of stem cells Treatment
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Expert tip

You need to be able to explain the use of stem cells in the treatment of Stargardt’s
disease and one other named condition.

APPLICATIONS
Questioning cell theory

NATURE OF SCIENCE

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

In addition to the familiar unicellular and multicellular organization of living things, there are a
few multinucleate organs and organisms that are not divided into separate cells. This type of
organization is called acellular. Examples include:

the pin mould Rhizopus, in which the body consists of fine, thread-like structures called hyphae

the striped muscle fibres that make up the skeletal muscles of mammals provide an example of an
acellular organ

the internodal cells of the giant alga Nitella are also multinucleate.

L508s
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Measuring microscopic objects (Practical

1)

Expert tip

You need to know how to use a light microscope to investigate the structure of cells and
tissues, and how to draw cells and their internal structure as seen with a light
microscope (Practical 1).

The size of cells, or components of cells, can be calculated given the amount of magnification
and a scale drawing of the object. Simple equations can be used to calculate the magnification or
actual size of the specimen.



mim |

LT

Figure 1.3 Memory diagram showing
how to calculate the magnification,
actual size, or image size of an object.
Remember the equation as AIM or |
AM, and remember to convert units so
that they are the same for both | and A

Expert tip

You need to know how to calculate the magnification of drawings and the actual size of
structures and ultrastructures shown in drawings or micrographs (Practical 1).

I = size of image (drawing of an object on paper)

A = actual size of the object being measured

M = magnification (the size of an object compared to its actual size, i.e. the number of times
larger an image is than the specimen)

SoM=I/A; A=I/MandI=A x M.

For example, for a particular plant cell of 150 um diameter, photographed with a microscope and
then enlarged photographically, the magnification in a print showing the cell at 15 cm diameter
(150 000 pm) is: 150 000/150 = 1000x.

Expert tip

You need to be able to understand the functions of life in Paramecium and one named
photosynthetic unicellular organism. Make sure you choose examples of typical
unicellular photosynthetic organisms such as Chlorella or Scenedesmus, rather than
organisms that can feed both heterotrophically and photosynthetically (i.e. Euglena).

QUICK CHECK QUESTIONS

What are the seven life processes?

Outline how the functions of life are carried out by Paramecium and one named
photosynthetic unicellular organism.

Research involving stem cells is growing in importance and raises ethical issues.
Ouitline ethical issues concerning the therapeutic use of stem cells. Evaluate the use of

stem cells from specially created embryos, from the umbilical cord blood of a new-born
baby, and from an adult’s own tissues.




Common mistake

If you do not convert values to the same unit of measurement your results will be
incorrect by a factor of 100, 1000 or even 1 000 000. Make sure you convert values to
the same unit before carrying out the calculation:

Convert mm into ym by multiplying by 1000.

Convert ym into mm by dividing by 1000.

Expert tip

Scale bars can be used as a way of indicating actual sizes in drawings and micrographs,
and can be used to calculate magnification. Magnification is calculated by dividing the
actual length of the scale bar by the length indicated on the scale bar.

Essential idea: Eukaryotes have a much more complex cell structure than prokaryotes.

Eukaryotes have a compartmentalized cell structure. This means that the internal cell structure
contains organelles, such as mitochondria and endoplasmic reticulum. Each organelle has a
different function (see Table 1.3), carrying out a specific biological process.

Expert tip

The purpose of compartmentalization is:

To group together chemicals that need to produce specific metabolic reactions (e.g. the
reactants of respiration are found within the mitochondria). The relatively large size of
these cells means that without such compartmentalization, reactants would be less likely
to meet up and metabolize.

To establish physical boundaries for chemical reactions and thus enable the cell to carry
out different metabolic activities at the same time.

To establish specific locations for processes within the cell.

Eukaryotic cells: These types of cells contain a large, obvious nucleus. They include
cells of plants, animals, fungi, and protoctista. The surrounding cytoplasm contains
many different membranous organelles.

Prokaryotic cells: These cells contain no true nucleus and their cytoplasm does not have
the organelles of eukaryotes. They are bacterial cells.
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Toble 1.2 Cell organelles - structure and function

Expert tip

Vesicles form from RER and carry proteins to the Golgi apparatus. Once proteins have
been processed, vesicles bud from the Golgi apparatus and travel to the membrane.
Vesicles fuse with the plasma membrane to transport materials outside the cell.

Common mistake

Do not confuse the terms ‘nucleus’ and ‘nucleolus’.

Prokaryotes have a simple cell structure without compartmentalization. This is because:

The cells are very small, ca. 1 um in length. This means that chemical reactions in cells can take
place without reactants having to be enclosed within organelles.

The total sum of all the chemicals within the cytoplasm can carry out all the functions of life.
Many organelles, such as mitochondria and chloroplasts, are the same size as prokaryotic cells.

Common mistake
Cell walls are not only found in plant cells — prokaryote cell walls exist as well.

Common mistake

Do not confuse 70S and 80S ribosomes: 70S ribosomes are found in prokaryotic cells
and 80S in eukaryotic cells.




There are many differences between eukaryotic and prokaryotic cells:

Prokaryotic cells Eukaryotic cells

much smaller (<5 larger than 10 micrometres (up to 100

micrometres) micrometres, although egg cells can be
much larger)

DNA is circular DNA is linear

naked DNA DNA associated with histone proteins

no membrane-bound membrane-bound organelles, such as
organelles mitochondria

DNA not in nucleus  DNA enclosed in nuclear envelope
but free-floating in

cytoplasm

70S ribosomes 80S ribosomes

cell wall made of cell wall present in plants (made of
peptidoglycan cellulose) and fungi (made of chitin) but
(murein) not animals

Table 1.4 Comparing prokaryotic and eukaryotic cells

Expert tip

If asked to compare or distinguish between the structure of eukaryotic and prokaryotic
cells, a table can be used so that a point by point comparison can be made. Make sure
that valid, precise comparisons of the features are made, for example when referring to
differences in ribosomes or cell sizes, a quantified answer is required such as ‘70S
ribosomes’ (prokaryotes) paired with ‘80S ribosomes’ (eukaryotes), and ‘smaller than 5
micrometres’ (prokaryotes) paired with ‘larger in size, up to 100 micrometres’
(eukaryotes). Note, the command term ‘compare’ includes both similarities and
differences.

Some prokaryotic cells have a flagellum for motility (Figure 1.4).

Both eukaryotic and prokaryotic cells have a plasma membrane, cytoplasm, and ribosomes.

You need to be able to draw a labelled diagram of the ultrastructure of prokaryotic cells based on
electron micrographs.

Drawings of prokaryotic cells should show the cell wall, pili, and flagella, and plasma membrane
enclosing cytoplasm that contains 70S ribosomes and a nucleoid with naked DNA.
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Figure 1.4 Drawing of a prokaryotic cell

Common mistake

Pili and flagella are sometimes drawn by candidates as floating around outside the cell,
not touching the cell wall. Make sure these structures are drawn so they attach to the
cell wall. Flagella are often drawn too short in relation to the overall length of the cell.
The diameter of ribosomes should not be too large in relation to the rest of the cell
structures.

You need to be able to draw a labelled diagram of the ultrastructure of eukaryotic cells based on
electron micrographs.
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Figure 1.5 Drawing of a eukaryotic call



Common mistake

The term ‘naked DNA' refers to DNA without histone proteins, and does not mean DNA
that is not surrounded by a nuclear membrane.

Expert tip

Some eukaryotic cells have a cell wall, such as those found in the plant and fungi
kingdoms. The cell wall is an extracellular structure (i.e. is found outside the plasma
membrane) and should not be confused with the intracellular organelles.

Expert tip

Flagella are used in cell motility — they rotate in a clockwise or counter-clockwise
direction, in a motion similar to that of a propeller. The term ‘corkscrew’ is a standard
way of describing the appearance of a flagellum.

Pili are made of protein and are used to attach a bacterial cell to specific surfaces or to
other cells.

Nucleoid refers to a lighter area of the prokaryotic cytoplasm that contains the DNA of
the cell.

Common mistake
Flagella are not only found in prokaryotic cells — some protoctistans have them also.

Expert tip

Drawings of eukaryotic cells should show a plasma membrane enclosing cytoplasm that
contains 80S ribosomes and a nucleus; mitochondria and other membrane-bound
organelles should be present in the cytoplasm. Some eukaryotic cells have a cell wall
(shown in Figure 1.5, on the outside of the plasma membrane).

The impact of electron microscopy on celi
biology

NATURE OF SCIENCE

Developments in scientific research follow improvements in apparatus — the invention of
electron microscopes led to greater understanding of cell structure.

Electron microscopes have a much higher resolution than light microscopes.

Key definition

Resolution — the ability to tell that two objects that are very close together are distinct
objects rather than just one. The amount of detail that can be seen.

The electron microscope uses electrons to make a magnified image in much the same way as the
optical microscope uses light. However, because an electron beam has a much shorter
wavelength, its resolving power is much greater.

Most organelles cannot be viewed (i.e. resolved) by light microscopy and none is large enough
for internal details to be seen. It is by means of the electron microscope that we have learnt about



the fine details of cell structure. This is why the electron microscope is used to resolve the fine
detail of the contents of cells, the organelles, and cell membranes, collectively known as cell
ultrastructure.

Expert tip

Resolution and magnification are two different factors in a microscope. Magnification is
how many more times larger an object appears, and resolution means the amount of
detail that can be seen. There is no point magnifying an object if the resolution is lost.

APPLICATIONS

Prokaryotes grow to full size and then divide in two by a process called binary fission.
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Figure 1.6 The staps of the cell cycle and binary fission

Common mistake

Bacteria do not divide by mitosis — this process occurs only in eukaryotes.




QUICK CHECK QUESTIONS

Outline the structure and function of organelles within the following two types of cell, and
explain how specific organelles adapt them to their specific function:

a exocrine gland cells of the pancreas
b palisade mesophyll cells of the leaf.

i

Interpret the following electron micrographs to identify the organelles present. Deduce
the function of these specialized cells.

Figure 1.7 Electron micrograph
of cell A, x5 200

Figure 1.8 Electron micrograph of cell
B, x4000



Figure 1.9 Electron micrograph
of cell C, x23300

1.3 Membrane structure

Essential idea: The structure of biological membranes makes them fluid and dynamic.

The structure of the plasma membrane

A plasma membrane is a structure common to both eukaryotic and prokaryotic cells. The plasma
membrane:

maintains the integrity of the cell (it holds the cell’s contents together)
is a barrier across which all substances entering and leaving the cell pass.

4
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Cell membranes have four components:

phospholipid
protein
carbohydrate
cholesterol.

The membrane is said to have a ‘fluid mosaic’ structure because:

the phospholipids and proteins, when viewed from above the membrane, form a mosaic structure
(i.e. a sea of phospholipids with proteins interspersed between them)

the components of the membrane, i.e. the proteins and phospholipids, are weakly bonded to one
another and so can move between each other, i.e. the structure is ‘fluid’.

Expert tip

You need to be able to draw a labelled diagram of the fluid mosaic model of the plasma
membrane. Drawings of the fluid mosaic model of membrane structure can be two
dimensional rather than three dimensional. Individual phospholipid molecules should be
shown using the symbol of a circle with two parallel lines attached. A range of
membrane proteins should be shown including glycoproteins.

The phospholipid component

The lipid of membranes is phospholipid. A phospholipid has a ‘head’ composed of a glycerol
group to which is attached one ionized phosphate group. This latter part of the molecule has



hydrophilic properties. The remainder of the phospholipid consists of two long, fatty acid
residues consisting of hydrocarbon chains. These ‘tails” have hydrophobic properties.
Phospholipids form bilayers in water due to the amphipathic properties of phospholipid
molecules.

Key definitions

Hydrophilic — attracted to water (i.e. ‘water-loving’); hydrogen bonds readily form
between the phosphate head and water molecules.

Hydrophobic — repelled by water (i.e. ‘water-hating’).

Bilayer — two rows of phospholipids, with the fatty acids pointing towards each other
and the phosphates on the outside.

Amphipathic — a molecule that is partly hydrophilic and partly hydrophobic.
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Figure 1.11 The amphipathic nature of phospholipids
In the lipid bilayer, attractions between the hydrophobic hydrocarbon tails on the inside and

between the hydrophilic glycerol/phosphate heads and the surrounding water on the outside make
a stable and strong barrier.



Common mistake

When asked to draw a plasma membrane, do not misinterpret the question and draw a
diagram of a whole eukaryotic cell with a plasma membrane around its margin. Draw a
section through a membrane as shown in Figure 1.10. On diagrams showing structure
the commonest errors are to place particular types of proteins or cholesterol in the
wrong position — make sure you position these features correctly:

Do not place cholesterol molecules next to the phosphate heads; they should be
embedded in the bilayer and appear smaller than the hydrophobic tails.

Peripheral proteins should be positioned on the membrane surface, not fully embedded
and flush with the surface.

Channel proteins, by definition, require a channel or pore.

The protein component
Membrane proteins are diverse in terms of structure, position in the membrane, and function.

The proteins of plasma membranes are globular proteins (see page 51). The proteins can be
divided into two groups:

integral proteins: proteins partially or fully buried in the lipid bilayer

peripheral proteins: proteins superficially attached on either surface of the lipid bilayer (see Figure
1.10).

Some of these membrane proteins may act as channels for transport of metabolites, or be
enzymes and carriers, and some may be receptors or antigens.

The carbohydrate component

The carbohydrate molecules of the membrane are relatively short-chain polysaccharides. They
occur only on the outer surface of the plasma membrane. Some of these molecules are attached to
the proteins (glycoproteins) and some to the lipids (glycolipids). Collectively, they are known as
the glycocalyx. Its various functions include:

cell—cell recognition
acting as receptor sites for chemical signals
acting as the binding of cells into tissues.

Common mistake
Do not confuse membrane fluidity with membrane permeability.

APPLICATIONS

Cholesterol has the effect of disturbing the close-packing of the phospholipids, thereby increasing
the flexibility of the membrane. Cholesterol in mammalian membranes reduces membrane
fluidity and permeability to some solutes. Cholesterol is a steroid, with a hydroxyl (OH) group
and hydrocarbon chain on either side of the carbon ring structure (Figure 1.12).
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Figure 1.13 The interaction between cholasterol and the phospholipid bilayer
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The quantity of cholesterol present varies with the ambient temperatures that cells experience.

In low temperatures, the cholesterol maintains the fluidity of the membrane by forcing apart the
phospholipids and maintaining distance between them, thereby sustaining movement between the
components of the membrane.

In higher temperatures, bonds between the cholesterol and phospholipids maintain the structural
integrity of the membrane and prevent them from becoming too fluid, and potentially



disintegrating under high temperatures.

o0
Analysing evidence: Contrasting models of
membrane structure

NATURE OF SCIENCE

Using models as representations of the real world — there are alternative models of
membrane structure.

Davson—Danielli model

In 1935, chemical analysis of cell membranes indicated the presence of large amounts of protein,
along with phospholipid molecules.

Scientists Hugh Davson and James Danielli suggested that the phospholipid bilayer was located
between two layers of proteins (i.e. is sandwiched between them). Pores were thought to be
present in places in the membrane.

globular
proteins

phospholipid <
bilayer

Figure 1.14 The Davson—Danielli model

The Davson—Danielli model was accepted for many years.
Evidence from electron microscopy led to the proposal of the Davson—Danielli model:

electron micrographs appeared to show a three-layered structure (Figure 1.15)

the three layers were taken to be the phospholipid bilayer (the lighter central section) surrounded
by two layers of protein (dark layers either side of the lighter area).
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Figure 1.15 Electron micrograph
that seems to support the Davson-
Danielli model

There were several problems with the Davson—Danielli model:

The amount and type of membrane proteins vary a great deal among different cells. Improved
biochemical tests showed that they were globular and varied in size, and so unlikely to form
structural protein layers.

Membrane proteins are mainly hydrophobic and would therefore not have been found where the
model positioned them, i.e. facing the aqueous cytoplasm or extracellular environment (they
would have to be mainly hydrophilic to do that). The hydrophobic part of the protein would be
attracted to the fatty acid tails of the phospholipids.

The model was ultimately proved to be incorrect (i.e. it was falsified):

Attempts to extract the protein from plasma membranes indicated that, while some occurred on
the external surfaces and were easily extracted, others were buried within or across the lipid
bilayers; these proteins were more difficult to extract.

Freeze-etching studies of plasma membranes show that when a membrane is, by chance, split
open along its mid-line, some proteins are seen to occur buried within or across the lipid bilayers
(Figure 1.16), confirming the existence of transmembrane/integral proteins.

Experiments in which specific components of membranes were ‘tagged’ by reaction with marker
chemicals (typically fluorescent dyes) showed component molecules to be continually on the
move within membranes. If cells tagged with a red marker were fused with cells tagged with a
green marker, the red and green markers became mixed within the membrane of the fused cell.



This evidence shows that a plasma membrane could be described as strong but ‘fluid’, and that
the proteins are not fixed in a peripheral layer but are free to move within the membrane.

Key definition
Freeze-etching — cells are rapidly frozen and then fractured.
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NATURE OF SCIENCE

Falsification of theories with one theory being superseded by another — evidence
falsified the Davson—Danielli model.

QUICK CHECK QUESTIONS

Explain why the cell membrane is described as having a ‘fluid mosaic’ structure.
State the difference between a lipid bilayer and the double membrane of many
organelles.

Outline the evidence that was used to falsify the Davson—Danielli model of membrane
structure.

Singer—Nicolson model

Analysis of the falsification of the Davson—Danielli model led to the Singer—Nicolson model.
This fluid mosaic model (page 16), proposed by Jonathan Singer and Garth Nicholson in 1972, is
the model accepted today.

1.4 Membrane transport

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

Passive and active transport

Particles move across membranes by simple diffusion, facilitated diffusion, osmosis, and active
transport. The fluidity of membranes also allows materials to be taken into cells by endocytosis
or released by exocytosis. Vesicles move materials within cells.



Key definitions

Diffusion — movement of particles from higher to lower concentration through the
phospholipid bilayer. Movement is passive (i.e. no direct energy needed).

Facilitated diffusion — movement of particles from higher to lower concentration
through integral proteins (carrier or channel proteins). Movement is passive.

Osmosis — the diffusion of water molecules across a partially permeable membrane,
from lower to higher solute concentration (Figure 1.19). Movement is passive.

Active transport — movement of particles from lower to higher concentration, using
energy from ATP that has been created during respiration. Movement is through carrier
proteins.

Passive transport — no direct energy needed.

Endocytosis — formation of vesicles as the plasma membrane pinches inwardly, taking
material into the cell.

Exocytosis — vesicles fuse with the membrane and material is exported from the cell.

Particles that move through the phospholipid bilayer are small or non-polar (non-charged) — this
includes the processes of diffusion and osmosis.

Polar (charged) or larger molecules must move through the membrane via carrier or channel
proteins — this includes the processes of facilitated diffusion and active transport (see page 22).
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Figure 1.17 Mechanisms of movement across memkranes



Method Uses ATP  Uses proteins Specific Controllable

simple X X N X
diffusion
05mosis X X v (water only) b
facilitatad X vy "y iy
diffusion
active g s i e
transport
vesicles v X v v

Table 1.5 Summary of membrane transport

Common mistake

Osmosis involves the movement of water molecules, not just ‘particles’, from lower to
higher solute concentration across semi-permeable membranes.

Endocytosis and exocytosis use vesicles to move materials out from or into the cell. Vesicle
formation relies on the fluidity in membranes, which is due to weak bonding between the
phospholipid tails and the presence of cholesterol (page 16). Bends/kinks in the phospholipid tails
prevent close packing, thereby contributing to flexibility. Without this flexibility, the membrane
would be unable to pinch off from or fuse with the plasma membrane.

Common mistake

Many candidates state that diffusion happens without the need for energy instead of
without the need for ATP. Substances moving by diffusion travel using thermal/kinetic
energy. You need to say that diffusion happens without the need for ATP.

Common mistake

It is not enough to say that ‘energy’ is needed for active transport — ATP must be
mentioned.
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Figure 1.18 Demchstrations of camosis: a) using dialysis tubing; b weing an
asmismeter

Expert tip
Osmosis can be explained in terms of solute concentration, with water moving from
lower to higher solute concentration, or in terms of water potential, with water molecules

moving from higher to lower water potential.
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Figure 1.20 Transport by endocytosis (taking matter into cells) and
exocytosis (matter moving out from cells via vesicles)

Expert tip

Active transport involves movement against a concentration gradient, using energy from
ATP. Protein pumps/carrier proteins are used, but not channel proteins. Channel
proteins are used in passive transport to enable solutes to diffuse down concentration
gradients.




Expert tip

Protein pumps are specific for the molecule they transport.

Common mistake
Do not confuse endocytosis and exocytosis:

Endocytosis: formation of vesicles as the plasma membrane pinches inwardly, taking
material into the cell.

Exocytosis: vesicles fuse with the membrane and material is exported from the cell.

Expert tip

The word ‘vesicle’ should be used for the structure formed by the membrane in
endocytosis. Similarly, in exocytosis it is vesicles that fuse with the membrane.

APPLICATIONS

Structure and function of sodium-
potassium pumps for active transport and
potassium channels for facilitated diffusion
in axons
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Figure 1.21 The scdiumdpotassium ion punmp
Sodium—potassium pumps are globular proteins that span the axon membrane. In the preparation
of the axon for the passage of the next nerve impulse, there is active transport of potassium (K™
ions in across the membrane and sodium (Na+) ions out across the membrane. This activity of the

Nat/K* pump involves transfer of energy from ATP. The outcome is that potassium and sodium
ions gradually concentrate on opposite sides of the membrane.

Potassium protein channels allow potassium back into the axon, by facilitated diffusion,
following the transmission of a nerve impulse — this restores the electrical potential of the axon.

Expert tip

A nerve impulse is transmitted along the axon of a nerve cell by a momentary reversal in
electrical potential difference in the axon membrane, brought about by rapid movements
of sodium and potassium ions. You can see the structure of a nerve cell and its axon in
Figure 6.30 (page 183).




APPLICATIONS
Tissues or organs in medical procedures

Tissues or organs to be used in medical procedures must be bathed in a solution with the same
osmolarity as the cytoplasm to prevent osmosis (isotonic).

In animal cells, the absence of a protective cellulose wall generates a serious problem in terms of
water relations. A typical animal cell — a red blood cell is a good example — when placed in pure
water or a hypotonic solution will quickly break open from the pressure generated by the entry of
an excessive amount of water by osmosis. This is illustrated in Figure 1.22. Notice that the same
cells, when placed in a hypertonic solution, shrink in size due to net water loss from the
cytoplasm.
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In mammals and other animals the osmotic concentration of body fluids (blood plasma and tissue
fluid) is very carefully regulated, maintaining the same osmotic concentration inside and outside
body cells (isotonic conditions), which avoids such problems. This process is an aspect of
osmoregulation.

When human organs are donated for transplant surgery they have to be maintained in a saline
solution that is isotonic with the cells of the tissues and organs, in order to prevent damage to
cells due to water uptake or loss during transit to the recipient patient.

Key definitions

Isotonic — when the external solution is the same concentration (i.e. has the same
solute potential) as the cell solution (cytosol), and there is no net entry or exit of water
from the cell by osmosis.

S@

Estimation of osmolarity in tissues by
bathing samples in hypotonic and
hypertonic solutions (Practical 2)



NATURE OF SCIENCE

Experimental design — accurate quantitative measurements in osmosis experiments are
essential. In this experiment you need to accurately pipette the solution from tube to
tube in the process of serial dilution, and accurately measure the mass of the tissue
strips at the beginning and end of the experiment. Limitations of the method or
equipment lead to inaccuracies in final measurements (i.e. measurements at variance
from true values).

Key definitions

Hypotonic — when the external solution is less concentrated (i.e. has a lower solute
potential) than the cell solution (cytosol), and there is a net inflow of water into the cell
by osmosis.

Hypertonic — when the external solution is more concentrated (i.e. has a higher solute
potential) than the cell solution (cytosol), and there is a net flow of water out of the cell
by osmosis.

Osmolarity — the concentration of a solution expressed as the total number of solute
particles per litre.

Aim
Put potato tissue in a range of sucrose solutions of different osmolarity to see how they change in
mass and length.

Estimate the osmolarity of potato tissue by finding the concentration of sucrose where there is no
change in mass or length.

Evaluate the experiment in order to comment on the accuracy of the results.
Make up six sucrose solutions of 1.0,0.8,0.6,0.4,0.2, and 0.0 mol dm_3 (see Table 1.6).

100 cm? of 1 mol dm™> solution was taken and the following dilutions carried out:

Volume of Volume of 1 mol Concentration of
distilled dm~3 sucrose/cm3  sucrose/mol dm=3
water/cm3
2 8 0.8
4 6 0.6
6 4 0.4
8 2 0.2

Table 1.6 Preparing different concentrations of sucrose solution, 0.8 mol dm=3 - 0.2
mol dm~3

Prepare 30 chips of potato using the cork borer, each 30 mm in length.
Weigh and measure each chip and record the masses (each length should be 30 mm).

Put the chips in each of the solutions. Repeat each sucrose concentration five times (i.e. have five
boiling tubes containing the solution at each concentration, with a chip of known mass and length



in each).

After 40 minutes, remove the chips and re-weigh and re-measure them — take care to remove any
excess solution first.

Calculate the percentage change in mass and percentage change in length for all chips. This is
calculated by working out the change in mass, dividing it by the original mass and multiplying by
100 (to produce a percentage).

Plot a graph of percentage change (y-axis) against sucrose concentration (x-axis) for both length
and mass.

Estimate the concentration of the potato tissue (its solute potential). This is the point when there is
no change in mass/length (i.e. no net osmosis because the solute potential is the same in the
solution as the cell cytosol). Is it the same for both length and mass?

The results should follow the following pattern in Figure 1.23.
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Figure 1.23 Percent change in mass
of potato chips at different
sucrose molarities

Expert tip

Description of results: At sucrose concentrations less than 0.32 mol dm=3 potato chips
increased in mass. At sucrose concentrations greater than this value, the chips

decreased in mass. At 0.32 mol dm™S there was no change in mass of the potato chips.
Analysis of results: At sucrose concentrations less than 0.32 mol dm‘3, the solution is
hypotonic compared with the cell tissue and so water moved into the cells by osmosis,

increasing their mass. At sucrose concentrations greater than 0.32 mol dm=3 the
solution is hypertonic compared with the potato tissue, and so water moved from the

chip cells by osmosis, decreasing mass. At 0.32 mol dm™3 the solution is isotonic
compared with the potato cells (i.e. the same sucrose concentration) and so there is no
net movement of water, and so the chips remain the same mass.




QUICK CHECK QUESTIONS

Distinguish between diffusion and facilitated diffusion.

When a concentrated solution of glucose is separated from a dilute solution of glucose
by a partially permeable membrane, determine which solution will show a net gain of
water molecules.

Explain, using your knowledge of osmosis, what happens to a fungal spore that
germinates after landing on jam made from fruit and its own weight of sucrose.

Distinguish between the following pairs:
a proteins and lipids in cell membranes
b active transport and bulk transport
¢ endocytosis and exocytosis.

Common mistake

It is incorrect to say there is ‘no osmosis’ at the isotonic point — water is still moving in
and out of the chip, but at the same rate in both directions (i.e. there is no net
movement).

1.5 The origin of cells

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

Cells are formed by division of pre-existing
cells

Cell theory (page 7) states that cells can only be formed by division of pre-existing cells. At one
time it was believed that cells could arise spontaneously — known as ‘spontaneous generation’.
Louis Pasteur carried out experiments to falsify spontaneous generation.

APPLICATIONS
Pasteur’s experiments

Pasteur’s experiments proved that spontaneous generation of cells and organisms does not now
occur on Earth.

NATURE OF SCIENCE

Testing the general principles that underlie the natural world — the principle that cells
only come from pre-existing cells needs to be verified.

Louis Pasteur was a French microbiologist who established that life does not spontaneously
generate. The bacteria that ‘appear’ in broth are microbes freely circulating in the air, which
contaminate exposed matter. The results of Pasteur’s experiment, carried out in 1862 (Figure
1.24), confirmed that the air contains ‘invisible’ spores of microorganisms. When these spores
reach favourable fluids or liquids (such as the nutrient broth that Pasteur used) they ‘germinate’,
giving rise to huge populations of microorganisms by cell division. The result is that nutrient



liquids become cloudy, and nutrient solids grow visible colonies and moulds. All these cells have
arisen by division of pre-existing cells.

Pasteur’'s experiment, in which broth was
sterilized (1), and then either exposed to air
(3) or protected from air-borne spores in a
swan-necked flask (2). Only the broth in

3 became contaminated with bacteria.

Figure 1.24 Pasteur’s experiment

The first cells must have arisen from non-living material.
The formation of living cells from non-living materials would have required the following steps:

the synthesis of simple organic molecules, such as sugars and amino acids
the assembly of these molecules into polymers (page 42)
the development of self-replicating molecules, the nucleic acids

the retention of these molecules within membranous sacs, so that an internal chemistry developed,
different from that of the surrounding environment.

Experimental evidence for the origin of organic

molecules

S.L. Miller and H.C. Urey (1953) investigated how simple organic molecules might have arisen
from the ingredients present on Earth before there was life.

They used a reaction vessel in which particular environmental conditions could be reproduced.
For example, strong electric sparks (simulating lightning) were passed through mixtures of
methane, ammonia, hydrogen, and water vapour (representing the conditions that would have
been present on the early Earth) for a period of time.

They discovered that amino acids were formed naturally, as well as other compounds (Figure
1.25).

Their experiment confirmed that organic molecules can be synthesized outside cells, in the
absence of oxygen.



The experiment has been repeated, using different gaseous mixtures and other sources of energy
(e.g. UV light), in similar apparatus.

The products have included amino acids, fatty acids, and sugars such as glucose.
In addition, nucleotide bases have been formed.
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Figure 1.25 Apparatus for
simulating early chemical evolution.
Apparatus like this has been used
with various gases to investigate
the organic molecules that may be
synthesized.

From these experiments, it is possible to see how a wide range of organic compounds could have
formed on Earth before life existed, including some of the building blocks of the cells of
organisms.

Assembly of the polymers of living things

For polymers to be assembled, monosaccharides (the simple sugars — building blocks for
polysaccharides), amino acids (building blocks for proteins), and fatty acids (for lipid synthesis)
would need to come together in ‘pockets’ where further chemical reactions between them were
possible. This might have happened in water close to laval flows of volcanoes or at the vents of
sub-marine volcanoes where the environment is hot, the pressure is high, and the gases being
vented are often rich in sulfur and other compounds.

Origin of self-replicating molecules

In living organisms today, DNA codes for the synthesis of proteins, which in turn leads to the
assemblage of other molecules, cells, and organisms. However, DNA or its components have not
been synthesized in Miller and Urey’s experiment. How could, then, DNA have first been
synthesized? It was discovered that RNA, as well as being an information molecule, may also



function as an enzyme. Although RNA fragments are fairly inefficient enzymes, they may have
catalysed the formation of DNA.

Expert tip

The universality of the genetic code: The 64 codons in the genetic code of DNA have
the same meaning in nearly all organisms. The fact that the code is common to life
supports the idea of a common origin of life on Earth; that the very first DNA has
sustained an unbroken chain of life from the first cells on Earth to all cells in organisms
alive today. Only the most minor variations in the genetic code have arisen in the
evolution and expansion of life since it originated 3500 million years ago.

Endosymbiosis

The origin of eukaryotic cells can be explained by the endosymbiotic theory (Figure 1.26). The
eukaryotic cell may have formed from large prokaryote cells that came to contain their
chromosome (whether of RNA or DNA) in a sac of infolded plasma membrane, leading to the
formation of a distinct nucleus. Prokaryotic cells that were taken into primitive eukaryotic cells
may have survived as organelles inside the host cell, rather than being digested as food.
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Figure 1.26 Origin of the eukaryotic cell

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



Expert tip

You are expected to know evidence for the endosymbiotic theory. You do need to know
about the origin of eukaryote cilia and flagella.

Evidence for the endosymbiont theory:

prokaryotes are known to inhabit some eukaryotic cells

mitochondria contain a circular molecule of DNA, together with small (70S) ribosomes, just like a
bacterial cell

chloroplasts also contain a circular molecule of DNA, together with small (70S) ribosomes
chloroplasts and mitochondria reproduce by binary fission, just as prokaryotes do

chloroplasts and mitochondria transcribe mRNA from their DNA, and synthesize specific proteins
in their ribosomes, as prokaryotes do

chloroplasts and mitochondria are similar in size to prokaryotes.

QUICK CHECK QUESTIONS

Explain why we can expect that, of all the fossils found in sedimentary rock, those of the
lowest strata may bear the least resemblance to present-day forms.

Outline the evidence from Pasteur’s experiments that falsified the idea that cells and
organisms had arisen by spontaneous generation.

Explain what is meant by the ‘endosymbiont theory’.

Essential idea: Cell division is essential but must be controlled.

This cycle has three main stages:

Interphase: cell carries out its function, and prepares for division.

Mitosis: division of the nucleus by a process that results in two nuclei, each with an identical set
of chromosomes.

Cytokinesis: division of the cytoplasm and whole cell.

Interphase is a very active phase of the cell cycle with many processes occurring in the nucleus
and cytoplasm. In interphase, DNA replicates so that double-stranded chromosomes are formed.
Organelles are made and mitochondria and chloroplasts replicate. ATP is made in readiness for
cell division.

Key definitions

Cell cycle — cells arise by the division of existing cells, grow, and then divide.
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Figure 1.27 The stages of the cell gycle

Control of the cell cycle

The stages of the cell cycle (Figure 1.27) consist of distinct phases, known as G1, S, G2, M, and
C. The cell cycle is regulated by a molecular control system. The key points of this system are:

In the cell cycle there are key checkpoints where signals operate. These are stop points which
have to be overridden.

Three checkpoints are recognized — at G1, G2, and in M.

At the G2 checkpoint, if the ‘go-ahead’ signal is received here, the cell goes through M to C, for
example.

The molecular control signal substances in the cytoplasm of cells are proteins known as kinases
and cyclins.

Kinases are enzymes that either activate or inactivate other proteins. Kinases are present in the
cytoplasm all the time, though sometimes in an inactive state.

Kinases are activated by specific cyclins, so they are referred to as cyclin-dependent kinases
(CDKs).

Cyclin concentrations in the cytoplasm change constantly. As the concentrations of cyclins
increase, they combine with CDK molecules to form a complex which functions as a mitosis-
promoting factor (MPF).

As MPF accumulates, it triggers chromosome condensation, fragmentation of the nuclear
membrane and, finally, spindle formation — that is, mitosis is switched on.

By anaphase of mitosis, destruction of cyclins commences (but CDKs persist in the cytoplasm).
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Expert tip

Proteins synthesis occurs in G1. Although there is synthesis of spindle proteins and
histones in G2, this is not the main activity occurring in this gap stage.

NATURE OF SCIENCE

Serendipity and scientific discoveries — the discovery of cyclins was accidental. The
discovery of cyclins came partly from work investigating protein synthesis in the eggs of
sea urchins by a team led by Professor Tim Hunt. In this work it was found that a
minority of some proteins went through short, abrupt cycles of increasing and
decreasing concentration. High threshold levels of these individual proteins were found
to correlate with changes in the cell cycle. Through this and other work on yeast cells
(by Professor Paul Nurse) the roles of four different proteins in the cell cycle were
discovered. These proteins were named cyclins. Paul Nurse and Tim Hunt, with Leland
Hartwell, were awarded the Nobel Prize in 2001 for their contributions to the discovery of
the control of the cell cycle.

Mitosis is division of the nucleus into two genetically identical daughter nuclei.
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Figure 1.29 Mitosisin an animal c2ll

Prophase
 The chromosomes shorten and thicken (i.e. condense) by a process of supercoiling and
become visible as long thin threads.

* Only at the end of prophase is it possible to see that chromosomes consist of two chromatids
held together at the centromere.

* The nucleolus gradually disappears.
* The nuclear membrane breaks down.

Metaphase



* The centrioles move to opposite ends of the cell.
* Microtubules in the cytoplasm start to form into a spindle, radiating out from the centrioles
(Figure 1.29).

* Microtubules attach to the centromeres of each pair of chromatids, and these are arranged at
the equator of the spindle. (In plant cells, a spindle of the same structure is formed, but without
the presence of the centrioles.)

Anaphase
* The centromeres divide, the spindle fibres shorten and the chromatids are pulled by their
centromeres to opposite poles.
Telophase

* A nuclear membrane reforms around both groups of chromosomes at opposite ends of the
cell.

* The chromosomes decondense by uncoiling, becoming chromatin again.
* The nucleolus reforms in each nucleus.

Expert tip

You need to know the sequence of events in the four phases of mitosis.

Common mistake

To avoid confusion in terminology, you should refer to the two parts of a chromosome as
sister chromatids, while they are attached to each other by a centromere in the early
stages of mitosis. Once the chromatids have been separated into separate cells, they
can be referred to as distinct chromosomes.

Expert tip

When drawing the stages of mitosis, make sure you show a membrane (intact or
disappearing) in prophase, the number of chromosomes changing during the different
stages, and the movement of chromosomes (not chromatids) in anaphase. Make sure
diagrams are large enough so that their structures are distinct and easily labelled.

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

Key definition
Cytokinesis — division of the cytoplasm.

Cytokinesis follows telophase. In animal cells, division is by in-tucking of the plasma membrane
at the equator of the spindle, ‘pinching’ the cytoplasm in half. In plant cells, the Golgi apparatus
forms vesicles of new cell wall materials, which collect along the line of the equator of the
spindle, known as the cell plate. Here the vesicles coalesce to form the new plasma membranes
and cell walls between the two cells.

Interphase follows division of the cytoplasm, and the cell cycle repeats itself.

Expert tip



There is a distinction between cytokinesis in plant and animal cells. Unlike animal cells,
plant cells cannot proceed with a cleavage furrow. A plant cell has a cell wall, so during
telophase a cell plate must form in the location of the old metaphase plate, which divides
the old cell into two new ones.

APPLICATIONS

The correlation between smoking and
incidence of cancers

Carcinogens are found in the ‘tar’ component of cigarette smoke. Epidemiology (the study of the
incidence and distribution of diseases, and of their control and prevention) first identified a likely
causal link between smoking and disease. In 1950, an American study of over 600 smokers,
compared with a similar group of non-smokers, found lung cancer was 40 times higher among
the smokers. The risk of contracting cancer increased with the number of cigarettes smoked
(Table 1.7).

Number of cigarettes Incidence of cancer/100 000

smoked/day men

0 15

10 35

15 60

20 135

30 285

40 400

Table 1.7 Cancer rates and numbers of cigarettes smoked/day

Source: American Cancer Society

Expert tip

A carcinogen is any agent that may cause cancer by damage (mutations) to the DNA
molecules of chromosomes. Mutations of different types may build up in the DNA of
body cells that are exposed to these substances.

A survey of smoking in the UK was commenced in 1948, at which time 82% of the male
population smoked, of whom 65% smoked cigarettes. This had fallen to 55% by 1970, and
continued to decrease. In the same period, the numbers of females who smoked remained just
above 40% until 1970, after which numbers also declined (Figure 1.30).



Mutagens are agents that cause gene mutations; anything that causes a mutation may
cause a cancer, such as chemicals in tobacco smoke. Mutagens also include X-rays,
short-wave ultraviolet light, and some viruses.

In normal cells, oncogenes control the cell cycle and cell division. If a mutation occurs in
an oncogene it can become cancerous, leading to malfunction in the control of the cell
cycle, uncontrolled cell division, and tumour formation.

A primary tumour is a cancer growing at the site where the abnormal growth first
occurred. Secondary tumours form when cancerous cells detach from the primary
tumour, penetrate the walls of lymph or blood vessels, and circulate around the body,
causing tumours elsewhere. Metastasis is the movement of cells from a primary tumour
to set up secondary tumours.
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Analyse the following photomicrograph and calculate the mitotic index:

Count the number of cells visible.
Count the number of cells undergoing mitosis.

Figure 1.31 Calculating the mitotic index

Key definition

Mitotic index — the number of cells undergoing mitosis divided by the total number of
cells visible.

Expert tip

Number of cells in photomicrograph = 95, so mitotic index = 10/95 = 0.105 (expressed
as a percentage, 10.5% of the cells are in mitosis).

Expert tip

You need to be able to identify the phases of mitosis in cells viewed with a microscope
or in a micrograph.




QUICK CHECK QUESTIONS
Identify the phases of mitosis shown in cells in Figure 1.32.

Figure 1.32 Mitasis

Outline how mutagens, oncogenes, and metastasis are involved in the development of
primary and secondary tumours.

How is the mitotic index used in the identification and treatment of cancer?




EXAM PRACTICE

The synthesis of complex organic molecules in sea water is believed to be an important
step in the evolution of life on Earth. Researchers investigated if the evaporation of sea
water containing amino acids could catalyse the formation of dipeptides such as divaline
(valine—valine) under prebiotic Earth conditions. They placed different amino acid
combinations in a chamber to simulate the evaporation cycles between high tides and
shallow seas. In one investigation the amino acid valine was used as the substrate and
the percentage yield of divaline was measured after different numbers of evaporation
cycles. The experiment was repeated without a catalyst and with either glycine or
histidine as catalysts.

2.25
2.00 H
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1.50 —
1.25
1.00
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1 4 7

evaporation cycles

Key:
[ no catalyst

[ ] glycine
[] histidine

percentage yield of divaling/9t

Source: D. Fitz et al. (2007) ‘Chemical evolution toward the origin of life’, Pure and
Applied Chemistry, 79 (12), 2101-2117. Reproduced with permission from I[UPAC.

a Outline the effect of repeated evaporation cycles on divaline yields using glycine as
a catalyst.
[2]
b Compare the effectiveness of the two amino acid catalysts used in this experiment.
[3]
M13/4/BIOLO/SP3/ENG/TZ1/XX Paper 3 Option D, Question D1 a)-b)




Topic 2 Molecular biology

2.1 Molecules to metabolism

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

The carbon atom, how it forms stable
compounds, and its significance

Carbon has unique properties:

Atoms combine (or ‘bond’) to form molecules in ways that produce a stable arrangement of
electrons in the outer shells of each atom. Carbon has four electrons in its second shell, and is
able to form four strong, stable bonds, called covalent bonds. In covalent bonding, electrons are
shared between atoms (Figure 2.1).

Covalent bonds are the strongest bonds found in biological molecules. Carbon atoms are able to
form covalent bonds with atoms of oxygen, nitrogen, and sulfur, forming different groups of
organic molecules with distinctive properties.

Expert tip

Carbon atoms are able to react with each other to form extended and extremely stable
chains. These ‘carbon skeletons’ may be straight chains, branched chains, or rings.
Carbon atoms can form more than one bond between them, e.g. carbon atoms may
share two electrons to form a double bond. Carbon compounds that contain double
carbon=carbon bonds are known as ‘unsaturated’, e.g. unsaturated fats.

Expert tip

Compounds containing carbon and hydrogen are known as organic compounds.
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Figure 2.1 Methane, the simplest organic compound



What is metabolism?

The molecules involved are collectively called metabolites.

Many metabolites are made in organisms.
Others are imported from the environment, e.g.
* food substances
° water
* carbon dioxide and oxygen.

Metabolism actually consists of linear sequences and cycles of enzyme-catalysed reactions, such
as seen in respiration (page 66), photosynthesis (page 69), and protein synthesis (page 61).

Key definition

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

Enzymes are biological catalysts (page 50). All metabolic reactions may be classified according
to whether they involve the build-up (anabolic reactions) or breakdown of organic molecules
(catabolic reactions).

Key definitions

Catalyst — a substance that speeds up the rate of a chemical reaction. Catalysts are
effective in small amounts and remain unchanged at the end of the reaction.

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

Catabolism — the breakdown of complex molecules into simpler molecules including the
hydrolysis of macromolecules into monomers.

APPLICATIONS
Synthesis of urea

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

Key definition

Synthesis — produce a new substance as a result of a chemical or biological reaction
involving simpler substances.

NATURE OF SCIENCE

Falsification of theories — the artificial synthesis of urea helped to falsify vitalism.

Urea is a waste product made by liver cells. Excess amino acids are broken down to produce
ammonia. Ammonia is combined with carbon dioxide to make urea and water. Urea is a toxic
substance and so is filtered from the blood in the kidneys, and expelled in urine (see page 301).

The production of urea in the liver is catalysed by enzymes. Urea can also be produced
artificially, and used to make nitrogen fertilizer to improve crop yield. The chemical reactions to
artificially produce urea do not use enzymes, and the reactions are different.

It was once believed that organic compounds could only be produced by chemical processes
within living things. The view was that a vital force or ‘spark’ in life created the molecules of



living matter, and that the chemicals of life could not be reproduced by test-tube reactions in the
lab. This theory was known as vitalism. In 1828, German chemist Frederick Wohler heated
ammonium cyanate, an inorganic compound, and produced urea. Urea is a waste product made
by the liver (Figure 2.2).

0
|
/N
HoN™ NH,

Figure 2.2 The molecular structure
of urea

Wohler had therefore shown that it was possible to synthesize biological material from non-
biological substances. The results of his demonstration disproved vitalism.

Idﬂentifying biochemicals (sugars, lipids
and amino acids)

Carbohydrates
Carbohydrates (also known as sugars):

contain carbon, hydrogen, and oxygen
contain hydrogen and oxygen in the ratio 2 : 1 (e.g. glucose = CgH[20g, sucrose = C12H22011)

do not contain nitrogen or sulfur.

Expert tip

You need to be able to draw molecular diagrams of glucose, ribose, a saturated fatty
acid, and a generalized amino acid.

The carbon atoms of an organic molecule may be numbered. This allows us to identify which
atoms are affected when the molecule reacts and changes shape.



Jlucose — askk carbon the bwo forme of glucose depend o Lhe glucose in

sugar (CgHyaOgl positions of the —H and —OH attached yranase rings
to cabon 1
CH5OH :
£CH, Y thJHECH OH
Hcl L -
| |
H r'C 4C/H r'e
OH ﬁ/k \GH H
| Cﬂ[ | ‘ 3&- |
Q- OH :
OH H
ce glucose H OH For simplicity and convenience it is the H OH
skeletal formulae that are most frequently B-gucose
tsed in recarding hicckemical reactions and
showing the structure of biologically active &
molecu es, ’ TH;0H OH
g O |
4
ol A5
12 |
skeletal formula skeletal forrula  HC H
of co-glucose of fgluzosc OH
ribose — a five carbor sugar (CcHqg0s)
. CH,0H OH CH,0H OH
C Q
,1("‘#; ‘K““ﬁ e
IN_I/|
H |3—2 | H
oF oA oH OH

Figure 2.3 Molecular structure of glucose andribose. Carbon atomns are
numbered starting from the first carben on the right

Expert tip

Only the ring forms of ribose, a-glucose, and B-glucose (right-hand H and OH reversed
so the OH is at the top and H at bottom) are expected in drawings.

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

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

Proteins

Proteins:

contain carbon, hydrogen, oxygen, and nitrogen
may contain sulfur.

Proteins are made from amino acids (Figure 2.4). Amino acids contain two functional groups:
an amino group (-NH»)
an organic acid group (carboxyl group -COOH).
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Figure 2.4 Amino acid structure. The
R groups for glycine and alanine
are shown

Expert tip

The R groups of the 20 amino acids of proteins are very variable in structure.

Lipids
Lipids:
contain carbon, hydrogen, and oxygen

have relatively less oxygen than carbohydrates
do not contain nitrogen or sulfur.

Fatty acids (Figure 2.5) react with glycerol to form triglycerides (Figure 2.7).
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Figure 2.5 An unsaturated fatty acid

Expert tip

Examples of lipids include:

triglycerides (Figure 2.6)

phospholipids (Figure 2.7)

steroids, e.g. cholesterol (Figure 1.12, page 17).
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QUICK CHECK QUESTIONS

Describe the differences between anabolic and catabolic reactions.

Draw molecular diagrams of glucose, ribose, a saturated fatty acid, and a generalized
amino acid.

Outline the differences between condensation and hydrolysis reactions.

A

Expert tip
You need to be able to identify the following biochemicals from molecular diagrams:

sugars including monosaccharides and disaccharides
lipids including triglycerides, phospholipids, and steroids
proteins or parts of polypeptides showing amino acids linked by peptide bonds.

2.2 Water

Essential idea: Water is the medium of life.

Properties of water



NATURE OF SCIENCE

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

Hydrogen bonding

The positively charged hydrogen atoms of one molecule of water are attracted to negatively
charged oxygen atoms of nearby water molecules, causing forces called hydrogen bonds.

These are weak bonds compared to covalent bonds, yet they are strong enough to hold water
molecules together and to attract water molecules to charged particles or to a charged surface.
Hydrogen bonds account for the unique properties of water.

Common mistake

A common misconception is to think that hydrogen bonds are strong and therefore take

large amounts of energy to break. Individual hydrogen bonds are in fact weak, but

because water molecules are small, large numbers of hydrogen bonds are formed within

water so collectively they have a highly significant effect.

Hydrogen bonding and dipolarity explain the cohesive, adhesive, thermal, and solvent properties

of water.
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Cohesive and adhesive properties of water

Water molecules stick together as a result of hydrogen bonding. The forces between molecules
are called cohesive forces. These bonds continually break and reform with other, surrounding
water molecules but, at any one moment, a large number are held together by their hydrogen

bonds.



Materials with an affinity for water are described as hydrophilic (page 16). Water adheres
strongly to most surfaces and can be drawn up long columns, such as through narrow tubes like
the xylem vessels of plant stems, without danger of the water column breaking (Chapter 9).

Key definitions
Cohesion — the force by which individual molecules stick together.

Adhesion — the force by which individual molecules stick to surrounding materials and
surfaces.

Related to the property of cohesion is the property of surface tension. The outermost molecules of
water on, for example, a lake form hydrogen bonds with the water molecules below them. This
gives water a very high surface tension — higher than any other liquid except mercury. The
surface tension of water is exploited by insects that ‘surface skate’ (Figure 2.9).

-
Figure 2.9 A pond skater moving
over the water surface

Thermal properties of water

Heat energy and the temperature of water

A lot of heat energy is required to raise the temperature of water. This is because energy is needed
to break the hydrogen bonds that restrict the movements of water molecules.

* This property of water is its specific heat capacity. The specific heat capacity of water is the
highest of any known substance.

* Consequently, aquatic environments like streams and rivers, ponds, lakes, and seas are very
slow to change temperature when the surrounding air temperature changes. Aquatic environments
have much more stable temperatures than do terrestrial (Iand) environments.

* Another consequence is that the cells and bodies of organisms do not change temperature
readily. Large animals tend to have a stable body temperature in the face of a fluctuating
surrounding temperature, whether in extremes of heat or cold.

Expert tip

Because a great deal of heat is lost with the evaporation of a small amount of water,
cooling by evaporation of water is economical on water loss.

Evaporation and heat loss

The hydrogen bonds between water molecules make it difficult for them to be separated and to
evaporate. This means that much energy is needed to turn liquid water into water vapour (gas).



* This amount of energy is the latent heat of evaporation, which for water is very high. The
evaporation of water in sweat on the skin, or in transpiration from green leaves, causes marked
cooling because the escaping molecules take a lot of energy with them.

Common mistake

Many candidates do not distinguish between ‘heat capacity’ and ‘specific heat capacity’.
Many do not use the term ‘latent heat of evaporation’ correctly.

Heat energy and freezing

The amount of heat energy that must be removed from water to turn it to ice is very great, as is
that needed to melt ice.

* This amount of energy is the latent heat of fusion and is very high for water. As a result, both
the contents of cells and the water in the environment are always slow to freeze in extreme cold.

Heat capacity is a property of a quantity of matter. For example, two litres of water have a greater
heat capacity than one litre of water.

Specific heat capacity is a property of certain substance. Water has a greater specific heat capacity
than iron.

Expert tip

There is a difference between the energy needed to heat water (heat capacity) and the
energy needed to evaporate water (latent heat of evaporation). Sweating and
transpiration have cooling effects because of the energy needed for evaporation, not
raising the temperature of water.

Solvent properties of water

Water is a powerful solvent for polar substances such as:

jonic substances like sodium chloride (Nat and CI7)

* all cations (positively charged ions) and anions (negatively charged ions) become surrounded
by a shell of orientated water molecules (Figure 2.10)

Expert tip

Once dissolved, molecules (the solute) are free to move around in water (the solvent)
and so are more chemically reactive than when in the undissolved solid.

carbon-containing (organic) molecules with ionized groups (such as the carboxyl group —-COO™
and amino group —-NH3)

* soluble organic molecules like sugars dissolve in water due to the formation of hydrogen
bonds with their slightly charged hydroxyl groups (-OH) (Figure 2.10).



lonic compounds like
Mall dissolve in water,

MNaCl == Na* + CI-

with a group of orientated water molecules
around each ion

cleoHCg’
NN

Sugars and alcohols dissolve due to hydrogen
bonding between polar groups in their malecules
(e.g. — OH) and the polar water molecules

Figure 2.10 Water as universal solvent

Hydrophilic or hydrophobic substances
Substances can be hydrophilic or hydrophobic (see also Chapter 1, page 16).

Substances attracted to water (above) are hydrophilic.

Non-polar substances are repelled by water, as in the case of oil on the surface of water. Non-polar

substances are hydrophobic (water-hating).

APPLICATIONS

Comparison of the thermal properties of
water with those of methane

Water has a relative molecular mass of only 18, yet it is a liquid at room temperature. This
contrasts with other small molecules that are gases, for example, methane (CHy4) of molecular

mass 16.

Expert tip

You need to know at least one example of a benefit to living organisms of each property

of water.




Water and methane are small molecules with atoms linked by covalent bonds. Water molecules,
however, are polar and so can form hydrogen bonds, whereas methane molecules are non-polar
and so do not form hydrogen bonds — these factors mean water and methane have very different
physical properties (Table 2.1).

Property Water Methane
boiling point/°C 100 -160
specific heat capacity/J/g/°C 4.2 2.2
latent heat of vaporization/J g‘1 2257 760

Table 2.1 Comparing the physical properties of water and methane

In the case of water, hydrogen bonds pull the molecules very close to each other, which is why
water is a liquid at the temperatures and pressure that exist over much of the Earth’s surface. As a
result, we have a liquid medium with distinctive thermal properties (see page 38).

Expert tip

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

APPLICATIONS
Use of water as a coolant in sweat

Because the latent heat of vaporization for water is very high, the evaporation of water in sweat
on the skin causes marked cooling. This is experienced when you stand in a draught after a
shower. Since a great deal of heat is lost with the evaporation of a small amount of water, cooling
by evaporation of water is very efficient.

evapaoration

Figure 2.11 The evaporation of
sweat from the skin cools the body

APPLICATIONS
Transport of metabolites in the blood — and
their solubilities in water



A number of metabolites are carried around the body in the blood plasma, many of which
dissolve in water. Not all metabolites are soluble in water, however. Table 2.2 shows the ways in
which some essential metabolites are carried in the blood, compared with their solubility in water.

Metabolite Solubility Mechanism of transport in the blood

in water

glucose highly dissolved in the blood plasma
soluble

amino soluble  dissolved in the blood plasma

acids

cholesterol insoluble in particles called low-density lipoproteins
(LDLs or ‘bad’ cholesterol) and in high-
density lipoprotein particles (HDLs or
‘good cholesterol’) (page 168)

fats (lipids) insoluble absorbed in the gut (into lacteals) as
droplets, emulsified by bile salts;
transported about the body as water-
soluble phospholipids

oxygen low combined with hemoglobin in the red
solubility blood cells (page 78)
in plasma

sodium highly

: as Na* and CI~ ions, dissolved in the
chloride soluble

plasma

Table 2.2 Transport of metabolites in the blood

QUICK CHECK QUESTIONS

Outline the relationships between the properties of water and benefits to life.
Compare the thermal properties of water and methane.
Explain how water is used as a coolant in sweat.

2.3 Carbohydrates and lipids

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

Carbohydrates



Monosaccharide monomers, such as glucose and ribose (Figure 2.3), are linked together by
condensation reactions to form disaccharides and polysaccharide polymers.

Key definition

Monomer — a molecule that can be bonded to other identical molecules to form a
polymer.

Carbohydrates — general formula Cx(H20)y,

Monosaccharides Disaccharides Polysaccharides
simple sugars (e.g. two simple sugars very many simple
glucose and fructose condensed sugars condensed
with six carbon atoms; together (e.g. together (e.g.
ribose with five carbon  sucrose, lactose, starch, glycogen,
atoms) maltose) cellulose)

Table 2.3 Summary of the three types of carbohydrates commonly found in living things

Monosaccharides — the simple sugars

Monosaccharides:
are carbohydrates with relatively small molecules

are soluble in water.

Glucose is a monosaccharide. Other monosaccharide sugars produced by cells and used in
metabolism include:

3-carbon sugars (trioses), early products in photosynthesis (page 226)

5-carbon sugars (pentoses), namely ribose and deoxyribose (page 226).

The pentoses ribose and deoxyribose are components of the nucleic acids (page 56).

Glucose and fructose are reducing sugars. When heated with an alkaline solution of copper(Il)

sulfate (a blue solution, called Benedict’s solution), the sugar reduces Cu2+ ions to Cu™ ions,

forming a brick-red precipitate of copper (I) oxide.



Figure 2.12 The test for reducing
sugar. Far left tube is a control with
distilled water; the subsequent tubeas
(left to right) contain 0.1%, 1%, and
10% glucose solution. Far right tubea
contains sucrose — not a reducing
sugar so no colour change seen

Disaccharides

Disaccharides are carbohydrates made of two monosaccharides combined together. For example,
sucrose is formed from a molecule of glucose and a molecule of fructose chemically combined
together.

When two monosaccharide molecules are combined to form a disaccharide, a molecule of water
is also formed as a product, so this type of reaction is known as a condensation reaction. The
linkage between monosaccharide residues, after the removal of H-O-H between them, is called a



glycosidic linkage (Figure 2.13). This comprises strong, covalent bonds. The condensation
reaction is brought about by an enzyme.

In the reverse process, disaccharides are ‘digested’ to their component monosaccharides in a
hydrolysis reaction. This reaction involves adding a molecule of water (hydro-) as splitting (-
lysis) of the glycosidic linkage occurs. It is catalysed by an enzyme, too, but it is a different
enzyme from the one that brings about the condensation reaction.

Key definitions

Condensation — reaction in which two molecules combine to form a larger molecule,
producing HoO as a by-product.

Hydrolysis — a chemical process in which a molecule of water is added to a substance,
splitting it into smaller subunits.

Apart from sucrose, other disaccharide sugars produced by cells and used in metabolism include:

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

Expert tip

You need to know that sucrose, lactose, and maltose are examples of disaccharides,
produced by combining monosaccharides.
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Figure 2.13 Disaccharides and the monosaccharides that form them

Polysaccharides

Polysaccharides may function as storage molecules and structural compounds.

Starch is used by plants for energy storage.
Glycogen is used by animals for energy storage.
Cellulose forms plant cells walls.

Polysaccharides are built from very many monosaccharide molecules condensed
together, linked by a glycosidic bond. ‘Poly’ means many, with often thousands of
monosaccharide molecules making up a polysaccharide. A polysaccharide is an
example of a giant molecule called a macromolecule. Normally, each polysaccharide
contains only one type of monomer, e.g. cellulose is built from the monomer glucose.



The structural differences between cellulose and starch arise from the fact they are made from
different isomers of glucose:

Starch molecules are made from alpha-glucose, where glucose monomers are oriented in the same
direction (i.e. all CHpOH groups on the same side of the molecule).

Cellulose molecules are made from beta-glucose, where glucose monomers alternate in
orientation, each 180 ° to the previous and proceeding one (Figure 2.14).
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Figure 2.14 Starch and cellulose

Lipids

Fats and oils are triglycerides

Fats and oils are compounds called triglycerides.
They are formed by reactions, between fatty acids and an alcohol called glycerol, in which water
is removed (condensation reactions).
Three fatty acids combine with one glycerol to form a triglyceride.
The bond formed between glycerol and a fatty acid is called an ester bond.
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Figure 2.15 Fatty acids and glycerol, the building blocks of lipids

Expert tip
Fats and oils are both lipids:

oils are liquid at 20 °C (room temperature)
fats are solid at room temperature.

Expert tip

The fatty acids present in fats and oils have long hydrocarbon ‘tails’.

These are typically of about 16—18 carbon atoms long, but may be anything between 14
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Figure 2,18 Triglycerides ars Toermed by condensation from three fatty adids and one glyceral

Fatty acids can be saturated, monounsaturated or

polyunsaturated



As well as the length of the chain, lipids can vary on bonds between the carbon atoms.

Carbon atoms, combined together in chains, may contain one or more double bonds.

A double bond is formed when adjacent carbon atoms share two pairs of electrons, rather than the
single electron pair shared in a single bond (Figure 2.1, page 33).

Carbon compounds that contain double carbon=carbon bonds are known as unsaturated
compounds.

When all the carbon atoms of an organic molecule are combined together by single bonds (the
hydrocarbon chain consists of -CH>—CH»— repeated again and again), then the compound is

described as saturated.

Common mistake

Glycerol is not a fatty acid. Candidates sometimes make this mistake because glycerol
is part of a triglyceride together with fatty acids. Nor is it a sugar, because the ratio of
elements carbon : hydrogen : oxygen needed to be considered a sugar (1 :2: 1) is
incorrect (3 : 8 : 3). Glycerol in fact belongs to the alcohol family of organic compounds.

Expert tip

You do not need to remember specific named examples of fatty acids.

This difference between saturated and unsaturated is important in the fatty acids that are
components of dietary lipids.

Lipids built exclusively from saturated fatty acids are known as saturated fats. Saturated fatty
acids are major constituents of butter, lard, suet, and cocoa butter.

Lipids built from one or more unsaturated fatty acid are referred to as unsaturated fats. These
occur in significant quantities in many common fats and oils — they make up about 70% of the
lipids present in olive oil.

Where there is a single double bond in the carbon chain of a fatty acid, the compound is referred
to as a monounsaturated fatty acid.

Lipids with two (and sometimes three) double bonds are called polyunsaturated fatty acids: they
occur in large amounts in vegetable seed oils, such as maize, soya, and sunflower seed oils.

Expert tip

Fats with unsaturated fatty acids melt at a lower temperature than those with saturated
fatty acids, because their unsaturated hydrocarbon tails do not pack so closely together
in the way those of saturated fats do. Polyunsaturated fats are important to the health of
our arteries.

Cis and trans fatty acids

Unsaturated fatty acids can be cis or trans isomers.

Key definition

Isomer — two or more compounds with the same formula but a different arrangement of
atoms in the molecule, and different corresponding properties.

In many organic molecules, rotation of one part of the molecule with respect to another part is
possible about a single covalent -C—C—- bond.

However, when two carbon atoms are joined by a double bond (—C=C-) there is no freedom of
rotation at this point in the molecule. We can demonstrate the significance of this in a



monounsaturated fatty acid shown in Figure 2.17, where the double bond occurs in the mid-point
of the hydrocarbon chain, between carbon atoms 9 and 10.

In one possible form of this molecule (Figure 2.17), the two parts of the hydrocarbon chain are on
the same side of the double bond. This molecule is the cis form of the acid.

The alternative form (Figure 2.17) has the two parts of the hydrocarbon chain on opposite sides.
This is the trans form of the molecule.

Expert tip

Many organic compounds exist in isomeric forms. As well as cis and trans falty acids, in
the ring structure of glucose the positions of the —H and —OH groups that are attached to
carbon atom 1 may interchange, giving rise to two isomers known as a-glucose and f3-
glucose (Figure 2.3, page 37).

The cis and frans fats are significant because:

our enzymes can ‘recognize’ the difference between cis and trans forms of molecules at their
active sites (page 50); enzymes of lipid metabolism generally recognize and can trigger
metabolism of the cis forms, but not the trans forms

diets rich in frans fats increase the risk of coronary heart disease by raising the levels of LDL
cholesterol in the blood and lowering the levels of HDL cholesterol.

C47H33C00H, en unsaturated fatty add

H HHHGFF HHUHMHHHUHMHH H H 0
[ R S s e R O
H—C—C—C—C—C—C—C—(=(—(——C—C—C—C—C—C
1R T Y N N A R S
H H HH F H H H HHHHH H —
no rotaticn possible
akout the double bond
I
# \\
F—C—(CH,HCH, ff/ \H_‘_ CHy(Chy);—C —H
ik PI —
F—C—({CH;;CODH H—C —(CH,|-C COH
cis form iolzic acid) trans form

Figure 2.17 Cis and trans fatty acids

Expert tip

Carbohydrates and lipids are both sources of energy. Carbohydrates are for short-term
storage and lipids for long-term storage. When comparing carbohydrates to lipids for the
amount of energy storage, it is essential to compare them based on the same given
mass.

APPLICATIONS
Cellulose and starch: structure and
function



Cellulose

Cellulose is a polymer of 3-glucose molecules combined together by glycosidic bonds between
carbon-4 of one B-glucose molecule and carbon-1 of the next.
Successive glucose units are linked at 180 ° to each other (Figure 2.18), forming a straight chain.

The cellulose structure is stabilized and strengthened by hydrogen bonds between adjacent
glucose units in the same strand and, in fibrils of cellulose, by hydrogen bonds between parallel
strands.

In plant cell walls, additional strength comes from the cellulose fibres being laid down in layers
that run in different directions.

The strong tensile strength of cellulose prevents the cell wall from breaking, even when high
pressure develops inside the cell due to osmosis.

Expert tip

Both amylose and amylopectin are hydrophilic but too large to be soluble in water. This
is useful in cells where there is a large amount of glucose that needs to be stored, as the
insoluble starch does not have osmotic effects.
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Figure 218 Cellulose

Starch

Starch is a mixture of two polysaccharides:

Amylose is an unbranched chain of several thousand 1,4 linked a-glucose units, forming a helix.

Amylopectin has shorter chains of 1,4 linked a-glucose units but, in addition, there are branch
points of 1,6 links along its chains (Figure 2.19). A more globular molecule is produced than
amylose.

Expert tip

Starch’s usefulness lies in the compactness and insolubility of its molecule. It is readily
hydrolysed to form sugar when required.



Starch is tested for by adding a solution of iodine in potassium iodide. lodine molecules
fit into the centre of the starch helix, creating a blue—black colour.
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Figure 2.19 The structure of starch

In starch, the bonds between glucose residues bring the molecules together as a helix (i.e. curved
rather than the straight molecules of cellulose). The whole starch molecule is stabilized by
countless hydrogen bonds between parts of the component glucose molecules.

Glycogen

Glycogen:

is a polymer of a-glucose, chemically very similar to amylopectin, although larger and more
highly branched, making it more compact overall

as well as being made by animals, is also made by some fungi and bacteria

is one of our body’s energy reserves and is used and respired as needed

is a useful store of energy in cells where there is a large amount of glucose because the insoluble
glycogen has no osmotic effects (i.e. water is not drawn into the cells, which would happen if
glucose were dissolved in water within the cytosol).
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Figure 2.20 The structure of glycogen, showing the
branched chain of ¢-glucose subunits

Summary of differences between starch molecules,
cellulose, and glycogen

Polysaccharide Monosaccharide Bonds

Cellulose B-glucose 1,4

Starch: amylose a-glucose 1,4

Starch: a-glucose 1,4 and 1,6

amylopectin

Glycogen a-glucose 1,4 and 1,6 (more 1,6 than

amylopectin)

Table 2.4 Comparing the structure of polysaccharides

Expert tip

Granules of glycogen are seen in liver cells, muscle fibres and throughout the tissues of
the human body. The one exception is in the cells of the brain. Here, virtually no energy
reserves are stored. Instead, brain cells require a constant supply of glucose from the
blood circulation.
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Use of molecular visualization software to
compare cellulose, starch and glycogen

Locate and download the free software ‘JMol’ by means of a search engine. Directions on
downloading and using JMol can be accessed at: http://jmol.sourceforge.net/download/
Open the software, choose ‘Molecules to look at’ and then the file ‘Starch, cellulose and
glycogen’.

Left click on the molecules to rotate them. Right click to display a menu. Choose ‘Zoom’ to
magnify and make further observations. Relate what you have seen to the images of these
molecules shown on pages 45-46.

There are other websites that use JMol, wh