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Introduction


Welcome to the second edition of Cambridge International AS & A Level Biology. This textbook has been revised to comprehensively cover the Cambridge International AS & A Level Biology syllabus (9700) for first examination from 2022.

This textbook is part of a suite of resources, which also includes a Practical Skills Workbook, Online Teacher’s Resources and a Study and Revision Guide.


How to use this book

This textbook, endorsed by Cambridge Assessment International Education, has been designed to make your study of biology as successful and rewarding as possible.


Organisation

The book is divided into two parts. Topics 1–11 cover the AS Level syllabus content and Topics 12–19 cover the content required by students studying the full A Level course. The titles of the topics in the book match those in the syllabus exactly. In almost all cases, the subheadings within topics also match those in the syllabus.

Answers to questions are included at the back of the book.



Features

Each topic contains a number of features designed to help you navigate the syllabus content effectively.

At the start of each topic, there is a blue box that provides a summary of the syllabus points to be covered in that topic. These are the exact Learning outcomes listed in the syllabus.
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Learning outcomes

By the end of this topic, you will be able to:


	1.1.1  make temporary preparations of cellular material suitable for viewing with a light microscope

	1.1.2  draw cells from microscope slides and photomicrographs

	1.1.3  calculate magnifications of images and actual sizes of specimens from drawings, photomicrographs and electron micrographs (scanning and transmission)

	1.1.4  use an eyepiece graticule and stage micrometer scale to make measurements and use the appropriate units, millimetre (mm), micrometre (μm) and nanometre (nm)

	1.1.5  define resolution and magnification and explain the differences between these terms, with reference to light microscopy and electron microscopy
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Each topic also has a number of Starting points, key bits of information that it may be useful to remind yourself of before you begin to read.
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Starting point


	•  An understanding of the principles of microscopy shows why light and electron microscopes have been essential in improving our knowledge of cells.
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Question exercises give you opportunities to test your understanding of the topic.
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Question


	1  State the essential processes characteristic of living things.
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Material that goes beyond the requirements of the Cambridge International AS & A Level syllabus, but which may be of interest, especially to those of you planning to study Biology at a higher level, is clearly labelled in Extension boxes.
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EXTENSION

Alternatively, images of cells and tissues viewed may be further magnified, displayed or projected (and saved for printing out) by the technique of digital microscopy. A digital microscope is used, or an appropriate video camera is connected by a microscope coupler or eyepiece adaptor that replaces the standard microscope eyepiece. Images are displayed via video recorder, TV monitor or computer.
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At the end of each topic, there is a Summary of the key points that have been covered.
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SUMMARY


	•  Cells are the building blocks of living things. They are derived from other cells by division and they are the site of all the chemical reactions of life (metabolism). A cell is the smallest unit of organisation we can say is alive.

	•  Cells are extremely small. They are measured in units of a thousandths of a millimetre (a micron – μm) and they must be viewed by microscopy. In the laboratory we view them by light microscopy using a compound microscope.

	•  The cells of plants and animals have common features, including a nucleus, cytoplasm and cell membrane. To observe and resolve the detailed structures within the cytoplasm, electron microscopy is required. The distinctive features of plant cells are a cellulose cell wall, the presence of large permanent vacuoles and the possible presence of chloroplasts, the site of photosynthesis.

	•  The simplest cellular organisation is shown by bacteria. Here there is no true nucleus. These unicellular organisms are called prokaryotes. The cells of plants, animals and fungi are larger and they have a true nucleus. These living things are called eukaryotes.

	•  Examination of transmission electron micrographs has revealed that the cytoplasm of the eukaryotic cell contains numerous organelles, some about the size of bacteria, suspended in an aquatic solution of metabolites (called the cytosol) surrounded by the cell surface membrane.

	•  Many of the organelles are membrane-bound structures, including the nucleus, mitochondria, chloroplasts, endoplasmic reticulum, Golgi apparatus and lysosomes. The organelles have specific roles in metabolism. The biochemical roles of the organelles are investigated by disrupting cells and isolating the organelles for further investigation.

	•  Viruses are non-cellular structures that consist of a core of nucleic acid (DNA or RNA) surrounded by a protein coat, called a capsid. They are extremely small when compared with bacteria, and they can reproduce only inside specific living cells, so viruses function as endoparasites in their host organism.
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Finally, each topic ends with a set of End of topic questions; some are exam-style questions written by the author, others are taken from Cambridge International AS & A Level Biology (9700) past examination papers. Both of these have marks allocated per question part. There are also some questions that test knowledge recall and have no marks allocated.
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END OF TOPIC QUESTIONS


	1  a  Place the following organelles in order of size, starting with the smallest:
lysosome mitochondria nucleus ribosome

[2]


	    b  What is the most likely role of the pores in the nuclear envelope (membrane), given that the nucleus controls and directs the activities of the cell?
[1]






	c  i   Where in the cell are the ribosomes found?
[2]


	    ii  How does the function of ribosomes vary according to where they occur?
[2]





	d  Which cell structures synthesise and transport lipids in the cell?
[3]


	e  Which of the organelles of the cell are surrounded by a double membrane?
[3]





	f  i   What is the origin of the cristae within the mitochondria?
[1]


	    ii  What is the value of the surface area the cristae provide?
[2]





	g  Name a cell in which you would expect to find a large number of lysosomes and say why.
[4]




[Total: 20]
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Assessment

If you are following the Cambridge International AS Level course, you will take three examination papers:


	•  Paper 1 Multiple Choice (1 hour 15 minutes)

	•  Paper 2 AS Level Structured Questions (1 hour 15 minutes)

	•  Paper 3 Advanced Practical Skills (2 hours)



If you are studying the Cambridge International A Level course, you will take five examination papers. These are Papers 1, 2 and 3, and also:


	•  Paper 4 A Level Structured Questions (2 hours)

	•  Paper 5 Planning, Analysis and Evaluation (1 hour 15 minutes)



The information in this section is based on the 9700 syllabus for examination from 2022. You should always refer to the appropriate syllabus document for the year of your examination to confirm the details and for more information. The syllabus document is available on the Cambridge International website at www.cambridgeinternational.org.


Command words

The table below, taken from the syllabus, includes command words used in the assessment for this syllabus. The use of the command word will relate to the subject context. Make sure you are familiar with these.




	Command word
	What it means





	Assess
	Make an informed judgement



	Calculate
	Work out from given facts, figures or information



	Comment
	Give an informed opinion



	Compare
	Identify/comment on similarities and/or differences



	Contrast
	Identify/comment on differences



	Define
	Give precise meaning



	Describe
	State the points of a topic/give characteristics and main features



	Discuss
	Write about issue(s) or topic(s) in depth in a structured way



	Explain
	Set out purposes or reasons/make the relationships between things evident/provide why and/or how and support with relevant evidence



	Give
	Produce an answer from a given source or recall/memory



	Identify
	Name/select/recognise



	Outline
	Set out main points



	Predict
	Suggest what may happen based on available information



	Sketch
	Make a simple drawing showing the key features



	State
	Express in clear terms



	Suggest
	Apply knowledge and understanding to situations where there are a range of valid responses in order to make proposals/put forward considerations








Notes for teachers


Key concepts

These are the essential ideas that help learners to develop a deep understanding of the subject and to make links between the different topics. Although teachers are likely to have these in mind at all times when they are teaching the syllabus, the following icons are included in the textbook at points where the key concepts particularly relate to the text.

[image: ]

Cells as the units of life

A cell is the basic unit of life and all organisms are composed of one or more cells. There are two fundamental types of cell: prokaryotic and eukaryotic. Understanding how cells work provides an insight into the fundamental processes of all living organisms.

[image: ]

Biochemical processes

Cells are dynamic structures within which the chemistry of life takes place. Biochemistry and molecular biology help to explain how and why cells function as they do.

[image: ]

DNA, the molecule of heredity

Cells contain the molecule of heredity, DNA. DNA is essential for the continuity and evolution of life by allowing genetic information to be stored accurately, to be copied to daughter cells, to be passed from one generation to the next and for the controlled production of proteins. Rare errors in the accurate copying of DNA, known as mutations, result in genetic variation and are essential for evolution.

[image: ]

Natural selection

Natural selection acts on genetic variation and is the major mechanism in evolution, including speciation. Natural selection results in the accumulation of beneficial genetic mutations within populations and explains how populations can adapt to meet the demands of changing environments.

[image: ]

Organisms in their environment

All organisms interact with their biotic and abiotic environment. Studying these interactions allows biologists to understand better the effect of human activities on ecosystems, to develop more effective strategies to conserve biodiversity and to predict more accurately the future implications for humans of changes in the natural world.

[image: ]

Observation and experiment

The different fields of biology are intertwined and cannot be studied in isolation. Observation, enquiry, experimentation and fieldwork are fundamental to biology, allowing relevant evidence to be collected and considered as a basis on which to build new models and theories. Such models and theories are further tested by experimentation and observation in a cyclical process of feedback and refinement, allowing the development of robust and evidence-based conceptual understandings.



Additional support

A number of other Hodder Education resources are available to help teachers deliver the Cambridge International AS & A Level Biology syllabus.


	•  The Cambridge International AS & A Level Biology Practical Skills Workbook is a write-in resource designed to be used throughout the course and provides students extra opportunities to test their understanding of the practical skills required by the syllabus.

	•  The Cambridge International AS & A Level Biology Online Teacher’s Resources include an introduction to teaching the course, a scheme of work and additional teaching resources.

	•  The Cambridge International AS & A Level Biology Study and Revision Guide is a stand-alone resource that is designed to be used independently by students at the end of their course of study as they prepare for their examinations. This title has not been through the Cambridge International endorsement process.
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AS LEVEL

1 Cell structure
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All organisms are composed of cells. Knowledge of the structure and function of cells underpins much of biology. The fundamental differences between eukaryotic and prokaryotic cells are explored and provide useful biological background for Topic 10 Infectious diseases. Viruses are introduced as non-cellular structures, which gives students the opportunity to consider whether cells are a fundamental property of life.

The use of light microscopes is a fundamental skill that is developed in this topic and applied throughout several other sections of the syllabus.
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Learning outcomes

By the end of this topic, you will be able to:


	1.1.1  make temporary preparations of cellular material suitable for viewing with a light microscope

	1.1.2  draw cells from microscope slides and photomicrographs

	1.1.3  calculate magnifications of images and actual sizes of specimens from drawings, photomicrographs and electron micrographs (scanning and transmission)

	1.1.4  use an eyepiece graticule and stage micrometer scale to make measurements and use the appropriate units, millimetre (mm), micrometre (μm) and nanometre (nm)

	1.1.5  define resolution and magnification and explain the differences between these terms, with reference to light microscopy and electron microscopy
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Starting point


	•  An understanding of the principles of microscopy shows why light and electron microscopes have been essential in improving our knowledge of cells.
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1.1 The microscope in cell studies


Introducing cells

The cell is the basic unit of living matter – the smallest part of an organism which we can say is alive. It is cells that carry out the essential processes of life. We think of them as self-contained units of structure and function. Some organisms are made of a single cell and are known as unicellular. Examples of unicellular organisms are introduced in Figure 1.1 on the next page. In fact, there are vast numbers of different unicellular organisms in the living world, many with a very long evolutionary history.

Other organisms are made of many cells and are known as multicellular organisms. Examples of multicellular organisms are the mammals and flowering plants. Much of the biology in this book is about multicellular organisms, including humans, and the processes that go on in these organisms. But remember, single-celled organisms carry out all the essential functions of life too, only these occur within the single cell.



[image: ]

Question


	1  State the essential processes characteristic of living things.
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Cell size

Cells are extremely small – most are only visible as distinct structures when we use a microscope (although a few types of cells are just large enough to be seen by the naked eye).


[image: ]

Figure 1.1 Introducing unicellular organisation

*Plasmids are illustrated in Figure 1.25 (page 25) and in Figure 19.5 (page 463).



Observations of cells were first reported over 300 years ago, following the early development of microscopes (see Figure 1.2). Today we use a compound light microscope to investigate cell structure – perhaps you are already familiar with the light microscope as a piece of laboratory equipment. You may have used one to view living cells, such as the single-celled animal, Amoeba, shown in Figure 1.1.




	1 metre (m) = 1000 millimetres (mm)



	1 mm = 1000 micrometres (μm) (or microns)



	1 μm = 1000 nanometres (nm)





Table 1.1 Units of length used in microscopy

Since cells are so small, we need suitable units to measure them. The metre (symbol m) is the standard unit of length used in science. This is an internationally agreed unit, or SI unit. Look at Table 1.1 – it shows the subdivisions of the metre that we use to measure cells and their contents. These units are listed in descending order of size. You will see that each subdivision is [image: ] of the unit above it. The smallest units are probably quite new to you; they may take some getting used to.

The dimensions of cells are expressed in the unit called a micrometre or micron (μm). Notice this unit is one thousandth (10−3) of a millimetre. This gives us a clear idea about how small cells are when compared to the millimetre, which you can see on a standard ruler.

Bacteria are really small, typically 0.5–10 μm in size, whereas the cells of plants and animals are often in the range 50–150 μm, or larger. In fact, the lengths of the unicellular organisms shown in Figure 1.1 are approximately:




	Chlamydomonas
	30 μm



	Amoeba
	400 μm (but its shape and therefore length varies greatly)



	Escherichia coli
	2 μm







[image: ]

Question


	2  Calculate

	a  how many cells of 100 μm diameter will fit side by side along a millimetre

	b  the magnification of the image of Escherichia coli in Figure 1.1.
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Figure 1.2 Early steps in the development of the cell theory





Cell theory

Many biologists helped to develop the idea that living things are made of cells. This idea has become known as the cell theory. This concept evolved gradually during the nineteenth century, following a steadily accelerating pace in the development of microscopy and biochemistry. You can see a summary of these developments in Figure 1.2.




Microscopy

A microscope is used to produce a magnified image of an object or specimen. Today, cells can be observed by two fundamentally different types of microscopy:


	•  the compound light microscope, using visible light;

	•  the electron microscope, using a beam of electrons.



In this course you will be using the light microscope frequently, and we start here, using it to observe temporary preparations of living cells. Later, we will introduce the electron microscope and the changes this has brought to the study of cell structure.



Light microscopy

We use microscopes to magnify the cells of biological specimens in order to see them at all. Figure 1.3 shows two types of light microscope. You do not need to know the structure of a light microscope.

In the simple microscope (the hand lens), a single biconvex lens is held in a supporting frame so that the instrument can be held close to the eye. Today a hand lens is used to observe external structure. However, some of the earliest detailed observations of living cells were made with single-lens instruments (see Figure 1.2).

In the compound microscope, light rays are focused by the condenser on to a specimen on a microscope slide on the stage of the microscope. Light transmitted through the specimen is then focused by two sets of lenses (hence the name ‘compound’ microscope). The objective lens forms an image (in the microscope tube) which is then further magnified by the eyepiece lens, producing a greatly enlarged image.


[image: ]

Figure 1.3 Light microscopy



Cells and tissues examined with a compound microscope must be sufficiently transparent for light rays to pass through. When bulky tissues and parts of organs are to be examined, thin sections are cut. Thin sections are largely colourless.


Examining the structure of living cells

Living cells are not only tiny but also transparent. In light microscopy it is common practice to add dyes or stains to introduce sufficient contrast and so differentiate structure. Dyes and stains that are taken up by living cells are especially useful.


	1  Observing the nucleus and cytoplasm in onion epidermis cells
A single layer of cells, known as the epidermis, covers the surface of a leaf. In the circular leaf bases that make up an onion bulb, the epidermis is easily freed from the cells below, and can be lifted away from a small piece of the leaf with fine forceps. Place this tiny sheet of tissue on a microscope slide in a drop of water and add a cover slip. Irrigate this temporary mount with iodine (I2/KI) solution (Figure 1.4). In a few minutes the iodine will penetrate the cells, staining the contents yellow. The nucleus takes up the stain more strongly than the cytoplasm, while the vacuole and the cell walls are not stained at all.


[image: ]

Figure 1.4 Preparing living cells for light microscopy





	2  Observing chloroplasts in moss leaf cells
A leaf of a moss plant is typically mostly only one cell thick. Remove a leaf from a moss plant, mount it in water on a microscope slide and add a cover slip. Then examine individual cells under medium and high power magnification. No stain or dye is used in this investigation.

What structures in these plant cells are visible?


	3  Observing nucleus, cytoplasm and cell membrane in human cheek cells
Take a smear from the inside lining of your cheek, using a fresh, unused cotton bud you remove from the pack. Touch the materials removed by the ‘bud’ on to the centre of a microscope slide, and then immediately submerge your cotton bud in 1% sodium hypochlorite solution (or in absolute alcohol). Handle the microscope slide yourself, and at the end of the observation immerse the slide in 1% sodium hypochlorite solution (or in absolute alcohol). To observe the structure of human cheek cells, irrigate the slide with a drop of methylene blue stain (Figure 1.4), and examine some of the individual cells with medium and high power magnification.

How does the structure of these cells differ from plant cells?


	4  Examining cells seen in prepared slides and in photomicrographs
The structures of cells can also be observed in prepared slides and in photomicrographs made from prepared slides. You might choose to examine the cells in mammalian blood smears and a cross-section of a flowering plant leaf, for example. Alternatively (or in addition) you can examine photomicrographs of these (Figure 8.6b on page 172 and Figure 7.2 on page 144).






Recording observations

What you see with a compound microscope may be recorded by drawings of various types. For a clear, simple drawing:


	•  use a sharp HB pencil and a clean eraser

	•  use unlined paper and a separate sheet for each specimen you record

	•  draw clear, sharp outlines and avoiding shading or colouring

	•  use most of the available space to show all the features observed in the specimen

	•  label each sheet or drawing with the species, conditions (living or stained), transverse section (TS) or longitudinal section (LS), and so forth

	•  label your drawing fully, with labels positioned clear of the structures shown, remembering that label lines should not cross

	•  annotate (add notes about function, role or development), if appropriate

	•  include a statement of the magnification under which the specimen has been observed (for example, see pages 9–10).
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Figure 1.5 Recording cell structure by drawing
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EXTENSION

Alternatively, images of cells and tissues viewed may be further magnified, displayed or projected (and saved for printing out) by the technique of digital microscopy. A digital microscope is used, or an appropriate video camera is connected by a microscope coupler or eyepiece adaptor that replaces the standard microscope eyepiece. Images are displayed via video recorder, TV monitor or computer.
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Calculating the linear magnification of drawings, photomicrographs (and electron micrographs)

Since cells and the structures they contain are small, the images of cells and cell structures (photographs or drawings) that we make are always highly magnified so that the details of structure can be observed and recorded. Because of this, these images typically show a scale bar to indicate the actual size of the cell or structure. Look at Figure 1.6 – this is a case in point.

From the scale bar we can calculate both the size of the image and the magnification of the image.


[image: ]

Figure 1.6 Recording size by means of scale bars




	1  Size of the Amoeba in Figure 1.6
Use a ruler to measure the length of the image of cell. This is 78 mm.

Use a ruler to measure the length of the scale bar. This is 16 mm.

(Note that the scale represents an actual length of 0.1 mm.)

It is very important in these calculations to make sure that the units for the size of the image and the actual size of the specimen are the same – either millimetres (mm) or micrometres (μm). Millimetres can be converted to micrometres by multiplying by one thousand. Micrometres can be converted to millimetres by dividing by one thousand.

So:

[image: ]

(Note that Amoeba moves about by streaming movements of its cytoplasm. In this image the cell is extended and its length seems large, perhaps. It is equally likely to be photographed in a more spherical shape, of diameter one tenth of its length here.)


	2  Magnification of the Amoeba
[image: ]


	3  Finally, given the magnification of an image, we can calculate its real size
Look at the images of the human cheek cell in Figure 1.22 (page 21).

Measure the observed length of the cell in mm. It is 75 mm.

Convert this length to μm: 75 mm = 75 × 1000 μm = 75 000 μm

[image: ]

This size is greater than many human cheek cells. It suggests these epithelial cells are squashed flat in the position they have in the skin, perhaps.
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Question


	3  Using the magnification given for the photomicrograph of the cell of Elodea in Figure 1.22 (page 21), calculate the actual length of the cell.
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Measuring microscopic objects

The size of a cell can be measured under the microscope. A transparent scale called a graticule is mounted in the eyepiece at a point called the focal plane. There is a ledge for it to rest on. In this position, when the object under observation is in focus, so too is the scale. The size (e.g. length, diameter) of the object may then be recorded in arbitrary units.


[image: ]

Figure 1.7 Measuring the size of cells



Next, the graticule scale is calibrated using a stage micrometer. This is a tiny, transparent ruler which is placed on the microscope stage in place of the slide and then observed. With the graticule and stage micrometer scales superimposed, the actual dimensions of the object can be estimated in microns. Figure 1.7 shows how this is done. Once the size of a cell has been measured, a scale bar line may be added to a micrograph or drawing to record the actual size of the structure, as illustrated in the photomicrograph in Figure 1.6. Alternatively, the magnification can be recorded.



The magnification and resolution of an image

Magnification is the number of times larger an image is than the specimen. The magnification obtained with a compound microscope depends on which of the lenses you use. For example, using a ×10 eyepiece and a ×10 objective lens (medium power), the image is magnified ×100 (10 × 10). When you switch to the ×40 objective lens (high power) with the same eyepiece lens, then the magnification becomes ×400 (10 × 40). These are the most likely orders of magnification used in your laboratory work.

Actually, there is no limit to magnification. For example, if a magnified image is photographed, then further enlargement can be made photographically. This is what may happen with photomicrographs shown in books and articles.

[image: ]

So, if a particular plant cell with a diameter of 150 μm is photographed with a microscope and the image is enlarged photographically, so that in a print of the cell the

[image: ]

If a further enlargement is made, to show the same cell at a diameter of 30 cm

[image: ]

In this particular case the image size has been doubled, but the detail will be no greater. You will not be able to see, for example, details of cell surface membrane structure however much the image is enlarged. This is because the layers making up a cell’s membrane are too thin to be seen as separate structures using the light microscope.

The resolving power (resolution) of a microscope is its ability to separate small objects that are very close together. If two separate objects cannot be resolved they will be seen as one object. Merely enlarging them will not separate them.

The resolution achieved by a light microscope is determined by the wavelength of light. Visible light has a wavelength in the range 400–700 nm. (By ‘visible’ we mean our eyes and brain can distinguish light of wavelength of 400 nm (violet light) from light of wavelength of 700 nm, which is red light.)

In a microscope, the limit of resolution is approximately half the wavelength of light used to view the object. So, any structure in a cell that is smaller than half the wavelength of light cannot be distinguished from nearby structures. For the light microscope the limit of resolution is about 200 nm (0.2 μm). This means two objects less than 0.2 μm apart may be seen as one object.



[image: ]

Question


	4  Calculate the magnification obtained with a ×6 eyepiece and a ×10 objective lens.
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To improve on this level of resolution the electron microscope is required (Figure 1.8).
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Figure 1.8 Magnification a) without and b) with resolution






Electron microscopy – the discovery of cell ultrastructure

The electron microscope uses electrons to make a magnified image in much the same way as the light microscope uses light. However, because an electron beam has a much shorter wavelength its resolving power is much greater. For the electron microscope used with biological materials, the limit of resolution is about 5 nm. (The size of a nanometre is given in Table 1.1 on page 2.)

Only with the electron microscope can the detailed structure of the cell organelles be observed. This is why the electron microscope is used to resolve the fine detail of the contents of cells. The fine detail of cell structure is called cell ultrastructure. It is difficult to exaggerate the importance of electron microscopy in providing our detailed knowledge of cells.
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Question


	5  Distinguish between ‘resolution’ and ‘magnification’.
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Figure 1.9 shows an electron microscope. In an electron microscope, the electron beam is generated by an electron gun, and focusing is by electromagnets, rather than glass lenses. We cannot see electrons, so the electron beam is focused on to a fluorescent screen for viewing or on to a photographic plate for permanent recording. You do not need to know the structure of an electron microscope.
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Figure 1.9 Using the transmission electron microscope
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Question


	6  Given the magnification of the TEM of a liver cell in Figure 1.10, calculate

	a  the length of the cell

	b  the diameter of the nucleus.
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EXTENSION

Limitations of the electron microscope – and how these are overcome

The electron microscope has revolutionised the study of cells. It has also changed the way cells can be observed. The electron beam travels at very high speed but at very low energy. This has practical consequences for the way biological tissue is observed at these very high magnifications and resolution.

Next we look into these outcomes and the way the difficulties are overcome.


	1  Electrons cannot penetrate materials as well as light does
Specimens must be extremely thin for the electron beam to penetrate and for some of the electrons to pass through. Biological specimens are sliced into very thin sections using a special machine called a microtome. Then the membranes and any other tiny structures present in these sections must be stained with heavy metal ions (such as lead or osmium) to make them absorb electrons at all. (We say they become electron-opaque.) Only then will these structures stand out as dark areas in the image.


	2  Air inside the microscope would deflect the electrons and destroy the beam
The interior of the microscope must be under a vacuum. Because of the vacuum, no living specimens can survive inside the electron microscope when in use. Water in cells would boil away in a vacuum.

As a result, before observations are possible, a specimen must have all the water removed. Sections are completely dehydrated. This has to be done while keeping the specimen as ‘life-like’ in structure as is possible. This is a challenge, given that cells are 80–90 per cent water. It is after the removal of water that the sections have the electron-dense stains added.

The images produced when this type of section is observed by the electron microscope are called transmission electron micrographs (TEMs) (Figure 1.10).
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Figure 1.10 Transmission electron micrograph of a liver cell, with interpretive drawing



In an alternative method of preparation, biological material is instantly frozen solid in liquid nitrogen. At atmospheric pressure this liquid is at −196°C. At this temperature living materials do not change shape as the water present in them solidifies instantly.

This solidified tissue is then broken up in a vacuum and the exposed surfaces are allowed to lose some of their ice. The surface is described as ‘etched’.

Finally, a carbon replica (a form of ‘mask’) of this exposed surface is made and coated with heavy metal to strengthen it. The mask of the surface is then examined in the electron microscope. The resulting electron micrograph is described as being produced by freeze etching.

A comparison of a cell nucleus prepared as a thin section and by freeze etching is shown in Figure 1.11. The picture we get of nucleus structure is consistent. It explains why we can be confident that our views of cell structure obtained by electron microscopy are realistic.
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Figure 1.11 Transmission electron micrographs from thin-sectioned and freeze-etched material



An alternative form of electron microscopy is scanning electron microscopy. In this, a narrow electron beam is scanned back and forth across the surface of the whole specimen. Electrons that are reflected or emitted from this surface are detected and converted into a three-dimensional image. Larger specimens can be viewed by scanning electron microscopy rather than by transmission electron microscopy, but the resolution is not as great (see Figure 1.12).
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Figure 1.12 Scanning electron micrographs
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1.2 Cells as the basic units of living organisms
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The cell is the basic unit of all living organisms. The interrelationships between these cell structures show how cells function to transfer energy, produce biological molecules including proteins and exchange substances with their surroundings. Prokaryotic cells and eukaryotic cells share some features, but the differences between them illustrate the divide between these two cell types.
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Learning outcomes

By the end of this topic, you will be able to:


	1.2.1  recognise organelles and other cell structures found in eukaryotic cells and outline their structures and functions, limited to: cell surface membrane; nucleus, nuclear envelope and nucleolus; rough endoplasmic reticulum; smooth endoplasmic reticulum; Golgi body (Golgi apparatus or Golgi complex); mitochondria (including the presence of small circular DNA); ribosomes (80S in the cytoplasm and 70S in chloroplasts and mitochondria); lysosomes; centrioles and microtubules; cilia; microvilli; chloroplasts (including the presence of small circular DNA); cell wall; plasmodesmata; and large permanent vacuole and tonoplast of plant cells

	1.2.2  describe and interpret photomicrographs, electron micrographs and drawings of typical plant and animal cells

	1.2.3  compare the structure of typical plant and animal cells

	1.2.4  state that cells use ATP from respiration for energy-requiring processes

	1.2.5  outline key structural features of a prokaryotic cell as found in a typical bacterium, including: unicellular, generally 1–5 μm diameter, peptidoglycan cell walls, circular DNA, 70S ribosomes, and absence of organelles surrounded by double membranes

	1.2.6  compare the structure of a prokaryotic cell as found in a typical bacterium with the structures of typical eukaryotic cells in plants and animals

	1.2.7  state that all viruses are non-cellular structures with a nucleic acid core (either DNA or RNA) and a capsid made of protein, and that some viruses have an outer envelope made of phospholipids
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Today we recognise that the statement that cells are the unit of structure and function in living things really contains three basic ideas.


	•  Cells are the building blocks of structure in living things.

	•  Cells are the smallest unit of life.

	•  Cells are made from other cells (pre-existing cells) by division.



To this we can now confidently add two concepts.


	•  Cells contain a blueprint (information) for their growth, development and behaviour.

	•  Cells are the site of all the chemical reactions of life (metabolism).



No ‘typical’ cell exists – there is great variety among cells. However, we shall see that most cells have features in common. Using a compound microscope, the initial appearance of a cell is of a sac of fluid material, bound by a membrane and containing a nucleus.

A cell consists of a nucleus surrounded by cytoplasm, contained within the cell surface membrane. The nucleus is the structure that controls and directs the activities of the cell. The cytoplasm is the site of the chemical reactions of life, which we call ‘metabolism’. The cell surface membrane, sometimes called the plasma membrane, is the barrier controlling entry to and exit from the cytoplasm.

Animal and plant cells have these three structures in common. In addition, there are many tiny structures in the cytoplasm, called organelles. Most of these organelles are found in both animal and plant cells. An organelle is a discrete structure within a cell, having a specific function. Organelles are all too small to be seen at this magnification. We have learnt about the structure of organelles using the electron microscope (see page 10).

There are some important basic differences between plant and animal cells. For example, there is a tough, slightly elastic cell wall, made largely of cellulose, present around plant cells. Cell walls are absent from animal cells.

A vacuole is a fluid-filled space within the cytoplasm, surrounded by a single membrane. Plant cells frequently have a large permanent vacuole. By contrast, animal cells may have small vacuoles, and these are often found to be temporary structures.
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Question


	7  Draw up a table to highlight the differences between plant and animal cells.
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Green plant cells contain organelles called chloroplasts in their cytoplasm. These are not found in animal cells. Chloroplasts are where green plant cells manufacture food molecules by a process known as photosynthesis.

The centrosome, an organelle that lies close to the nucleus in animal cells, is not present in plants. This tiny organelle is involved in nuclear division in animal cells (see page 116).

Finally, the way organisms store energy-rich reserves differs, too. Animal cells may store glycogen (see page 41); plants cells normally store starch (see page 40).


Studying cell structure by electron microscopy

Look back at Figure 1.10 (on page 11). Here the organelles of a liver cell are shown in a transmission electron micrograph (TEM) and identified in an interpretive diagram. You can see immediately that many organelles are made of membranes – but not all of them.

In the living cell there is a fluid around the organelles. The cytosol is the aqueous (watery) part of the cytoplasm in which the organelles are suspended. The chemicals in the cytosol are substances formed and used in the chemical reactions of life. All the reactions of life are known collectively as metabolism, and the chemicals are known as metabolites.

Cytosol and organelles are contained within the cell surface membrane. This membrane is clearly a barrier of sorts. It must be crossed by all the metabolites that move between the cytosol and the environment of the cell.

Cytosol, organelles and the cell surface membrane make up a cell – a unit of structure and function which is remarkably able to survive, prosper and replicate itself. The molecules present in cells and how the chemical reactions of life are regulated are the subject of Topic 2. The structure of the cell membrane and how molecules enter and leave cells is the subject of Topic 4.

The structure and function of the organelles is what we consider next. Our understanding of organelles has been built up by examining TEMs of very many different cells. The outcome, a detailed picture of the ultrastructure of animal and plant cells, is represented diagrammatically in a generalised cell in Figure 1.13.
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Question


	8  Outline how the electron microscope has increased our knowledge of cell structure.
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Organelle structure and function

The electron microscope has enabled us to see and understand the structure of the organelles of cells. However, looking at detailed structure does not tell us what the individual organelles do in the cell. This information we now have, too. This is because it has been possible to isolate working organelles and analyse the reactions that go on in them and the enzymes they contain. In other words, investigations of the biochemical roles of organelles have been undertaken. Today we know about the structure and function of the cell organelles.


1 Cell surface membrane

The cell surface membrane is an extremely thin structure – less than 10 nm thick. It consists of a lipid bilayer in which proteins are embedded (Figure 4.3, page 83). At very high magnification it can be seen to have three layers – two dark lines (when stained) separated by a narrow gap (Figure 4.4, page 83).

The detailed structure and function of the cell surface membrane is the subject of Topic 4. In outline, the functions are as follows. Firstly, it retains the fluid cytosol. The cell surface membrane also forms the barrier across which all substances entering and leaving the cell must pass. In addition, it is where the cell is identified by surrounding cells.
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Figure 1.13 The ultrastructure of the eukaryotic animal and plant cell





2 Nucleus, nuclear envelope and nucleolus

The appearance of the nucleus in electron micrographs is shown in Figures 1.10 (page 11) and 1.11 (page 12). The nucleus is the largest organelle in the eukaryotic cell, typically 10–20 μm in diameter. It is surrounded by two membranes, known as the nuclear envelope. The outer membrane is continuous with the endoplasmic reticulum. The nuclear envelope contains many pores. These are tiny, about 100 nm in diameter. However, they are so numerous that they make up about one-third of the nuclear membrane’s surface area. The function of the pores is to make possible speedy movement of molecules between nucleus and cytoplasm (such as messenger RNA), and between cytoplasm and the nucleus (such as proteins, ATP and some hormones).

The nucleus contains the chromosomes. These thread-like structures are made of DNA and protein, and are visible at the time the nucleus divides (page 116). At other times, the chromosomes appear as a diffuse network called chromatin.

Also present in the nucleus is a nucleolus. This is a tiny, rounded, darkly-staining body. It is the site where ribosomes (see next page) are synthesised. Chromatin, chromosomes and the nucleolus are visible only if stained with certain dyes.

The everyday role of the nucleus in cell management, and its behaviour when the cell divides, are the subject of Topic 5. Here we can note that most cells contain one nucleus but there are interesting exceptions. For example, both the mature red blood cells of mammals and the sieve tube elements of the phloem of flowering plants are without a nucleus. Both lose their nucleus as they mature. The individual cylindrical fibres of voluntary muscle consist of a multinucleate sack (page 255). Fungal mycelia also contain multinucleate cytoplasm.



3 Endoplasmic reticulum

The endoplasmic reticulum consists of a network of folded membranes formed into sheets, tubes or sacs that are extensively interconnected. Endoplasmic reticulum ‘buds off’ from the outer membrane of the nuclear envelope, to which it may remain attached. The cytoplasm of metabolically active cells is commonly packed with endoplasmic reticulum. In Figure 1.14 we can see there are two distinct types of endoplasmic reticulum.


	•  Rough endoplasmic reticulum (RER) has ribosomes attached to the outer surface. At its margin, vesicles are formed from swellings. A vesicle is a small, spherical organelle bounded by a single membrane, which becomes pinched off as they separate. These tiny sacs are then used to store and transport substances around the cell. For example, RER is the site of synthesis of proteins that are ‘packaged’ in the vesicles. These vesicles then fuse with the Golgi apparatus and are then typically discharged from the cell. Digestive enzymes are discharged in this way.

	•  Smooth endoplasmic reticulum (SER) has no ribosomes. SER is the site of synthesis of substances needed by cells. For example, SER is important in the manufacture of lipids and steroids, and the reproductive hormones oestrogen and testosterone. In the cytoplasm of voluntary muscle fibres, a special form of SER is the site of storage of calcium ions, which have an important role in the contraction of muscle fibres.
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Figure 1.14 The structure of endoplasmic reticulum – rough (RER) and smooth (SER)





4 Golgi apparatus

The Golgi apparatus (Golgi body, Golgi complex) consists of a stack-like collection of flattened membranous sacs. One side of the stack of membranes is formed by the fusion of membranes of vesicles from RER or SER. At the opposite side of the stack, vesicles are formed from swellings at the margins that again become pinched off. The structure of the Golgi apparatus is shown in Figure 1.15.
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Figure 1.15 The structure of the Golgi apparatus



The Golgi apparatus occurs in all cells, but it is especially prominent in metabolically active cells – for example, secretory cells. More than one may be present in a cell. It is the site of synthesis of specific biochemicals, such as hormones, enzymes or others. Here specific proteins may be activated by addition of sugars (forming glycoprotein) or by the removal of the amino acid, methionine. These are then packaged into vesicles. In animal cells these vesicles may form lysosomes. Those in plant cells may contain polysaccharides for cell wall formation.



5 Mitochondria

Mitochondria appear mostly as rod-shaped or cylindrical organelles in electron micrographs. Occasionally their shape is more variable. They are relatively large organelles, typically 0.5–1.5 μm wide, and 3.0–10.0 μm long. Mitochondria are found in all cells and are usually present in very large numbers. Metabolically very active cells will contain thousands of them in their cytoplasm – for example, in muscle fibres and hormone-secreting cells.

The mitochondrion also has a double membrane (Figure 1.16). The outer membrane is a smooth boundary, the inner is infolded to form cristae. The interior of the mitochondrion is called the matrix. It contains an aqueous solution of metabolites and enzymes, and also small circular lengths of DNA. The mitochondrion is the site of the aerobic stages of respiration and the site of the synthesis of much ATP (see page 22).

Mitochondria (and chloroplasts) contain ribosomes, too. They appear as tiny dark dots in the matrix of the mitochondria, and are slightly smaller than the ribosomes found in the cytosol and attached to RER.
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Figure 1.16 The structure of the mitochondrion





6 Ribosomes

Ribosomes are minute structures, approximately 25 nm in diameter. They are built of two sub-units, and do not have membranes as part of their structures. Chemically, they consist of protein and a nucleic acid known as RNA (ribonucleic acid). The sizes of tiny objects like ribosomes are recorded in Svedberg units (S). This is a measure of their rate of sedimentation in centrifugation, rather than their actual size. The smaller ribosomes found in mitochondria and chloroplasts are 70S; the larger 80S ribosomes are found free in the cytosol or bound to endoplasmic reticulum. We return to the significance of this discovery later in the topic (the endosymbiotic theory, page 26).

Ribosomes are the sites where proteins are made in cells. The structure of a ribosome is shown in Figure 6.15, page 134, where their role in protein synthesis is illustrated. Many different types of cell contain vast numbers of ribosomes. Some of the cell proteins produced in the ribosomes have structural roles. Collagen is an example (page 53). A great many other cell proteins are enzymes. These are biological catalysts. They cause the reactions of metabolism to occur quickly under the conditions found within the cytoplasm.



[image: ]

Question


	9  Explain why the nucleus in a human cheek cell (see Figure 1.22, page 21) may be viewed by light microscopy in an appropriately stained cell but the ribosomes cannot.
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7 Lysosomes

Lysosomes are tiny spherical vesicles bound by a single membrane. They contain a concentrated mixture of ‘digestive’ enzymes. These are correctly known as hydrolytic enzymes. They are produced in the Golgi apparatus or by the RER.

Lysosomes are involved in the breakdown of the contents of ‘food’ vacuoles. For example, harmful bacteria that invade the body are taken up into tiny vacuoles (they are engulfed) by special white cells called macrophages. Macrophages are part of the body’s defence system (see Topic 11).

Any foreign matter or food particles taken up into these vacuoles are then broken down. This occurs when lysosomes fuse with the vacuole. The products of digestion then escape into the liquid of the cytoplasm. Lysosomes will also destroy damaged organelles in this way.

When an organism dies, the hydrolytic enzymes in the lysosomes of the cells escape into the cytoplasm and cause self-digestion, known as autolysis.
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Figure 1.17 The structure and function of lysosomes





8 Centrioles and microtubules

A centriole is a tiny organelle consisting of nine paired microtubules arranged in a short, hollow cylinder. In animal cells, two centrioles occur at right angles, just outside the nucleus, forming the centrosome. Before an animal cell divides the centrioles replicate, and their role is to grow the spindle fibres – structures responsible for movement of chromosomes during nuclear division.

Microtubules themselves are straight, unbranched hollow cylinders, only 25 nm wide. They are made of a globular protein called tubulin. This is first built up and then later broken down in the cell as the microtubule framework is required in different places for different tasks.

The cells of all eukaryotes, whether plants or animals, have a well-organised system of these microtubules, which shape and support the cytoplasm. Microtubules are involved in movements of cell components within the cytoplasm, too, acting to guide and direct organelles.
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Figure 1.18 The structure of the centrosome





9 Cilia

Cilia are organelles that project from the surface of certain cells. They can move and can be up to 10 μm long. Cilia occur in large numbers on certain cells, such as the ciliated lining (epithelium) of the air tubes serving the lungs (bronchi), where they cause the movement of mucus across the cell surface, shown in Figure 9.3 on page 190.



10 Microvilli

Microvilli are minute projections, around 1 μm long, from the surface of some cells formed by the infoldings of the plasma membrane, making a ‘brush border’. Although microvilli are cellular extensions, few cellular organelles are present. They increase the surface area enormously for functions such as absorption, for example in the small intestine and in the proximal convoluted tubule of the kidney (see page 305).
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EXTENSION

Flagella

Structurally, cilia and flagella are almost identical, and both can move. Flagella occur singly, typically on small, motile cells, such as sperm, or they may occur in pairs.
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11 Chloroplasts

Chloroplasts are large organelles, typically biconvex in shape, about 4–10 μm long and 2–3 μm wide. They occur in green plants, where most occur in the mesophyll cells of leaves. A mesophyll cell may be packed with 50 or more chloroplasts. Photosynthesis is the process that occurs in chloroplasts and is the subject of Topic 13.

Look at the chloroplasts in the TEM in Figure 1.19. Each chloroplast has a double membrane. The outer layer of the membrane is a continuous boundary, but the inner layer becomes in-tucked to form a system of branching membranes called lamellae or thylakoids. In some regions of the chloroplast the thylakoids are arranged in flattened circular piles called grana (singular: granum). These look a little like a stack of coins. It is here that the chlorophylls and other pigments are located. There are a large number of grana present. Between them the branching thylakoid membranes are very loosely arranged. The fluid outside the thylakoid is the stroma, which contains small circular DNA and ribosomes (70S), together with many enzymes.

Chloroplasts are the site of photosynthesis by which light is used as the energy source in carbohydrate and ATP synthesis (see page 22).
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Figure 1.19 TEM of a thin section of chloroplasts





12 Cell wall and plasmodesmata

A cell wall is a structure external to a cell, and is therefore not an organelle, although it is the product of cell organelles. The presence of a rigid external cell wall is a characteristic of plant cells. Plant cell walls consist of cellulose together with other substances, mainly other polysaccharides, and are fully permeable. Cell walls are secreted by the cell they enclose, and their formation and composition are closely tied in with the growth, development and functions of the cell they enclose, support and protect.

Plasmodesmata (singular: plasmodesma) are the cytoplasmic connections between cells, running transversely through the walls, connecting the cytoplasm and adjacent cells. Plasmodesmata are formed when a cell divides and lays down new walls between the separating cell contents (Figure 1.20). Typically, the cytoplasm of plasmodesmata includes endoplasmic reticulum, and occupies the holes or pits between adjacent cells. They are part of the symplast pathway (see page 151) through which, for example, inorganic ions are able to pass from cell to cell without having to pass through cell walls or cell surface membranes.
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Figure 1.20 Plasmodesmata develop as new cell walls form between plant cells





13 Large permanent vacuole of plant cells and the tonoplast

We have seen that the plant cell is surrounded by a tough but flexible external cell wall. The cytoplasm and cell membrane are pressed firmly against the wall by a large, fluid-filled permanent vacuole that takes up the bulk of the cell (Figure 1.21). The vacuole is surrounded by a specialised membrane, the tonoplast. This is the barrier between the fluid contents of the vacuole (sometimes called ‘cell sap’) and the cytoplasm.
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Figure 1.21 TEM of a mesophyll cell of Zinnia, showing a large central vacuole and chloroplasts within the cytoplasm (×3800)
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Question


	10  We have seen that analyses of TEM images of cells have played an important part in the discovery of cell ultrastructure. Carefully examine the image of a green plant cell shown in the TEM in Figure 1.21. Using the interpretive drawing in Figure 1.10 (page 11) as a model and following the guidelines on biological recording on page 6, draw and label a representation of the green plant cell shown in Figure 1.21.
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Comparison of typical plant and animal cells

Figure 1.22 shows two cells viewed using a compound light microscope. One is a plant cell, the other a human cell. Cell walls and chloroplasts are visible in the plant cells, while the nucleus and granules are visible in the human cell. The organelles are all too small to be seen at this magnification.



[image: ]

Question


	11  What are the difficulties in trying to describe a typical plant or animal cell?
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Table 1.2 outlines the important basic differences between plant and animal cells.




	Feature
	Plant cells
	Animal cells





	Cell wall
	Cellulose cell wall present
	No cellulose cell wall



	Chloroplasts
	Many cells contain chloroplasts; site of photosynthesis
	No chloroplasts; animal cells cannot photosynthesize



	Permanent vacuole
	Large, fluid-filled vacuole typically present
	No large permanent vacuoles



	Centrosome
	No centrosome
	A centrosome present outside the nucleus



	Carbohydrate storage product
	Starch
	Glycogen





Table 1.2 Basic differences between plant and animal cells
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Figure 1.22 Plant and animal cells from multicellular organisms





ATP, its production in mitochondria and chloroplasts, and its role in cells

ATP (adenosine triphosphate) is the universal energy currency molecule of cells. ATP is formed from adenosine diphosphate (ADP) and a phosphate ion (Pi) by the transfer of energy from other reactions. ATP is referred to as ‘energy currency’ because, like money, it can be used in different contexts, and it is constantly recycled. It occurs in cells at a concentration of 0.5–2.5 mg cm−3. ATP is a relatively small, water-soluble organic molecule, able to move easily around cells, that effectively transfers energy in relatively small amounts, sufficient to drive individual reactions.

ATP is a nucleotide with an unusual feature. It carries three phosphate groups linked together in a linear sequence. ATP may lose both of the outer phosphate groups, but usually only one at a time is lost.
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Figure 1.23 ATP and the ATP–ADP cycle



ATP contains a good deal of chemical energy locked up in its structure. What makes ATP special as a reservoir of stored chemical energy is its role as a common intermediate between energy-yielding reactions and energy-requiring reaction and processes.


	•  Energy-yielding reactions include the photophosphorylation reactions of photosynthesis, and the reactions of cell respiration in which sugars are broken down and oxidised.

	•  Energy-requiring reactions include the synthesis of cellulose from glucose, the synthesis of proteins from amino acids, the contractions of muscle fibres, and the active transport of certain molecules across cell membranes, for example.

	•  The free energy available in the conversion of ATP to ADP is approximately 30–34 kJ mol−1, made available in the presence of a specific enzyme. Some of this energy is lost as heat in a reaction, but much free energy is made available to do useful work, more than sufficient to drive a typical energy-requiring reaction of metabolism.

	•  Sometimes ATP reacts with water (a hydrolysis reaction) and is converted to ADP and Pi. Direct hydrolysis of the terminal phosphate groups like this happens in muscle contraction, for example.

	•  Mostly, ATP reacts with other metabolites and forms phosphorylated intermediates, making them more reactive in the process. The phosphate groups are released later, so both ADP and Pi become available for reuse as metabolism continues.



In summary, ATP is a molecule universal to all living things; it is the source of energy for chemical change in cells, tissues and organisms.
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Question


	12  Outline why ATP is an efficient energy currency molecule.



[image: ]






Prokaryotic and eukaryotic cells

Finally, we need to introduce a major division that exists in the structure of cells. The discovery of two fundamentally different types of cell followed on from the application of the electron microscope to the investigation of cell structure.

All plants, animals, fungi and protoctista (these are the single-celled organisms, such as Amoeba and the algae) have cells with a large, obvious nucleus. There are several individual chromosomes within the nucleus, which is a relatively large spherical sac bound by a nuclear envelope. The surrounding cytoplasm contains many different membranous organelles. These types of cells are called eukaryotic cells (literally meaning ‘good nucleus’) – the animal and plant cells in Figure 1.22 (page 21) are examples.

On the other hand, bacteria contain no true nucleus but have a single, circular chromosome in the cytoplasm. Also, their cytoplasm does not have the membrane-bound organelles of eukaryotes. These are called prokaryotic cells (from pro meaning ‘before’ and karyon meaning ‘nucleus’).

Another key difference between the cells of the prokaryotes and eukaryotes is their size. Prokaryote cells are exceedingly small, about the size of organelles such as the mitochondria and chloroplasts of eukaryotic cells.


Prokaryotic cell structure

Escherichia coli (Figure 1.24, overleaf) is a bacterium of the human gut – it occurs in huge numbers in the lower intestine of humans and other endothermic (once known as ‘warm blooded’) vertebrates, such as the mammals, and it is a major component of their faeces. This tiny organism was named by a bacteriologist, Professor T. Escherich, in 1885. Notice the scale bar in Figure 1.24. This bacterium is typically about 1 μm × 3 μm in length – about the size of a mitochondrion in a eukaryotic cell. The cytoplasm lacks the range of organelles found in eukaryotic cells, and a nucleus surrounded by a double membrane is absent too. The DNA of the single, circular chromosome lacks proteins, and so is described as ‘naked’. In Figure 1.24 the labels of the component structures are annotated with their function.

We should also note that all prokaryote cells are capable of extremely rapid growth when conditions are favourable for them. In such environments, prokaryote cells frequently divide into two cells (known as binary fission). New cells formed then grow to full size and divide again.
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Figure 1.24 The structure of Escherichia coli



In summary, the key structural features of typical prokaryotic cells as seen in a typical bacterium are:


	•  they are unicellular

	•  typically 1–5 μm in diameter

	•  cell walls made of peptidoglycan, composed of polysaccharides and peptides combined together

	•  have a single circular chromosome that is ‘naked’ (of DNA without associated proteins)

	•  ribosomes are present, but they are the smaller 70S variety

	•  lack organelles surrounded by a double membrane in their cytoplasm.






Prokaryotic and eukaryotic cells compared

The fundamental differences in size and complexity of prokaryotic and eukaryotic cells are highlighted in Table 1.3.

Table 1.3 Prokaryotes and eukaryotes compared




	Prokaryotes, e.g. bacteria, cyanobacteria
	Eukaryotes, e.g. mammals, green plants, fungi





	Cells are extremely small, typically about 1–5 µm in diameter
	Cells are larger, typically 50–150 µm



	Nucleus absent: circular DNA helix in the cytoplasm, DNA not supported by histone protein
	Nucleus has distinct nuclear envelope (with pores), with chromosomes of linear DNA helix supported by histone protein



	Cell wall present (made of peptidoglycan – long molecules of amino acids and sugars)
	Cell wall present in plants (largely of cellulose) and fungi (largely of the polysaccharide chitin)



	Few organelles; membranous structures absent
	Many organelles bounded by double membrane (e.g. chloroplasts, mitochondria, nucleus) or single membrane (e.g. Golgi apparatus, lysosomes, vacuoles, endoplasmic reticulum)



	Proteins synthesised in small ribosomes (70S)
	Proteins synthesised in large ribosomes (80S)



	Some cells have simple flagella
	Some cells have cilia or flagella, 200 nm in diameter



	Some can fix atmospheric nitrogen gas for use in the production of amino acids for protein synthesis
	None can metabolise atmospheric nitrogen gas but instead require nitrogen already combined in molecules in order to make proteins from amino acids (page 130)






[image: ]

Figure 1.25 The structure of a bacterium
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Question


	13  Distinguish between the following terms:

	a  cell wall and cell surface membrane

	b  chromatin and chromosome

	c  nucleus and nucleolus

	d  prokaryote and eukaryote

	e  centriole and chloroplast

	f  plant cell and animal cell.
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EXTENSION

A possible origin for mitochondria and chloroplasts

Present-day prokaryotes are similar to many fossil prokaryotes. Some of these are 3500 million years old. By comparison, the earliest eukaryote cells date back only 1000 million years. Thus eukaryotes must have evolved surrounded by prokaryotes, many that were long-established organisms. How the eukaryotic cell arose is not known. However, there is evidence that the origin of the mitochondria and chloroplasts of eukaryotic cells was as previously independent-living prokaryotes.

It is highly possible that, in the evolution of the eukaryotic cell, prokaryotic cells (which at one stage were taken up into food vacuoles for digestion) came to survive as organelles inside the host cell, rather than becoming food items! If so, they have become integrated into the biochemistry of their ‘host’ cell, with time.

The evidence for this origin is that mitochondria and chloroplasts contain:


	•  a ring of DNA, like the circular chromosome a bacterial cell contains

	•  small (70S) ribosomes, like those of prokaryotes.



The present-day DNA and ribosomes of these organelles still function with roles in the synthesis of specific proteins, but the mitochondria and chloroplasts themselves are no longer capable of living independently.

It is these features that have led evolutionary biologists to propose this endosymbiotic theory of the origin of these organelles (endo = inside, symbiont = an organism living with another for mutual benefit).
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Viruses as non-cellular structures

Viruses are disease-causing agents, rather than ‘organisms’. The distinctive features of viruses are:


	•  they are not cellular structures, but rather consist of a core of nucleic acid (DNA or RNA) surrounded by a protein coat, called a capsid

	•  in some viruses there is an additional external envelope or phospholipid membrane (e.g. HIV)

	•  they are extremely small when compared with bacteria. Most viruses are in a size range of 20–400 nm (0.02–0.4 mm). They are visible only by means of the electron microscope

	•  they can reproduce only inside specific living cells, so viruses function as endoparasites in their host organism

	•  they have to be transported in some way between host cells

	•  viruses are highly specific to particular host species: some to plant species, some to animal species and some to bacteria

	•  viruses are classified by the type of nucleic acid they contain.
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Figure 1.26 A classification of viruses
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Figure 1.27 Tobacco mosaic virus




So are viruses ‘living’ at any stage?

Viruses are an assembly of complex molecules, rather than a form of life. Isolated from their host cell they are inactive, and are often described as ‘crystalline’. However, within susceptible host cells they are highly active ‘genetic programmes’ that will take over the biochemical machinery of host cells. Their component chemicals are synthesised, and then assembled to form new viruses. On breakdown (lysis) of the host cell, viruses are released and may cause fresh infections. So, viruses are not living organisms, but may become active components of host cells.




Relative sizes of molecules, macromolecules, viruses and organisms

We now have a clear picture of prokaryotic and eukaryotic levels of cellular organisation and of the nature of viruses. Finally, we ought to reflect on the huge differences in size among organisms, viruses and the molecules they are built from.

In Figure 1.28 (overleaf) size relationships of the biological and chemical levels of organisation on which we focus in this book are compared. Here the scale is logarithmic to accommodate the diversities in size in the space available. So each division is ten times larger than the division immediately below it. (In science, ‘powers to ten’ are used to avoid writing long strings of zeros.) Of course we must remember that, although sizes are expressed by a single length or diameter, all cells and organisms are three-dimensional structures, with length, breadth and depth.
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Figure 1.28 Size relationships on a logarithmic scale
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SUMMARY


	•  Cells are the building blocks of living things. They are derived from other cells by division and they are the site of all the chemical reactions of life (metabolism). A cell is the smallest unit of organisation we can say is alive.

	•  Cells are extremely small. They are measured in units of a thousandths of a millimetre (a micrometre – µm) and they must be viewed by microscopy. In the laboratory we view them by light microscopy using a compound microscope.

	•  The cells of plants and animals have common features, including a nucleus, cytoplasm and cell membrane. To observe and resolve the detailed structures within the cytoplasm, electron microscopy is required. The distinctive features of plant cells are a cellulose cell wall, the presence of large permanent vacuoles and the possible presence of chloroplasts, the site of photosynthesis.

	•  The simplest cellular organisation is shown by bacteria. Here there is no true nucleus. These unicellular organisms are called prokaryotes. The cells of plants, animals and fungi are larger and they have a true nucleus. These living things are called eukaryotes.

	•  Examination of transmission electron micrographs has revealed that the cytoplasm of the eukaryotic cell contains numerous organelles, some about the size of bacteria, suspended in an aquatic solution of metabolites (called the cytosol) surrounded by the cell surface membrane.

	•  Many of the organelles are membrane-bound structures, including the nucleus, mitochondria, chloroplasts, endoplasmic reticulum, Golgi apparatus and lysosomes. The organelles have specific roles in metabolism. The biochemical roles of the organelles are investigated by disrupting cells and isolating the organelles for further investigation.

	•  Viruses are non-cellular structures that consist of a core of nucleic acid (DNA or RNA) surrounded by a protein coat, called a capsid. They are extremely small when compared with bacteria, and they can reproduce only inside specific living cells, so viruses function as endoparasites in their host organism.
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END OF TOPIC QUESTIONS


	1  a  Place the following organelles in order of size, starting with the smallest:
lysosome    mitochondria    nucleus    ribosome

[2]


	    b  What is the most likely role of the pores in the nuclear envelope (membrane), given that the nucleus controls and directs the activities of the cell?
[1]





	c  i   Where in the cell are the ribosomes found?
[2]


	    ii  How does the function of ribosomes vary according to where they occur?
[2]





	    d  Which cell structures synthesise and transport lipids in the cell?
[3]


	    e  Which of the organelles of the cell are surrounded by a double membrane?
[3]





	f   i  What is the origin of the cristae within the mitochondria?
[1]


	    ii  What is the value of the surface area the cristae provide?
[2]





	    g  Name a cell in which you would expect to find a large number of lysosomes and say why.
[4]

[Total: 20]





	2  By means of fully annotated diagrams only:

	a  Illustrate the general structure of a eukaryotic animal cell as seen by electron microscopy.

	b  Outline how this cell carries out:

	i   the packaging and export of polypeptides

	ii  the destruction of defective organelles.












	3  a  The discovery that bacteria have a different level of cell organisation from the cells of animals and plants awaited the application of electron microscopy in biology. Why was this the case?
[2]


	    b  Explain what the terms ‘prokaryote’ and ‘eukaryote’ tell us about the respective structures of cells of these organisms.
[2]


	    c  Make a large, fully labelled diagram of a prokaryotic cell.
[6]


	    d  Describe five ways in which prokaryotic cells differ from animal and plant cells.
[10]

[Total: 20]


	4  a  What features of cells are observed by electron microscopy that are not visible by light microscopy?
[1]





	b  i   What magnification occurs in a light microscope with a × 6 eyepiece lens and a × 10 objective lens?
[1]


	    ii  How many cells of 100 μm diameter will fit side by side along a millimetre?
[1]


	    iii Explain what is meant by the resolution (resolving power) of a microscope.
[2]

[Total: 5]
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2 Biological molecules
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This topic introduces carbohydrates, lipids and proteins: organic molecules that are important in cells. Nucleic acids, another class of biological molecule, are covered in Topic 6. All of these molecules are based on the versatile element carbon. This topic explains how carbohydrates, lipids and proteins, which have a great diversity of function in organisms, are assembled from smaller organic molecules such as glucose, amino acids, glycerol and fatty acids.

The emphasis in this topic is on the relationship between molecular structures and their functions. Some of these ideas are continued in other topics, for example, the functions of haemoglobin in gas transport in Transport in mammals (Topic 8), phospholipids in membranes in Cell membranes and transport (Topic 4) and antibodies in Immunity (Topic 11).

Life as we know it would not be possible without water. Understanding the properties of this extraordinary molecule is an essential part of any study of biological molecules. Some of the roles of water are in this topic, others are in Topics 4, 7, 8, 12, 13 and 14.
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Learning outcomes

By the end of this topic, you will be able to:


	2.1.1  describe and carry out the Benedict’s test for reducing sugars, the iodine test for starch, the emulsion test for lipids and the biuret test for proteins

	2.1.2  describe and carry out a semi-quantitative Benedict’s test on a reducing sugar solution by standardising the test and using the results (time to first colour change or comparison to colour standards) to estimate the concentration

	2.1.3  describe and carry out a test to identify the presence of non-reducing sugars, using acid hydrolysis and Benedict’s solution
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Starting point


	•  Tests for biological molecules can be used in a variety of contexts, such as identifying the contents of mixtures of molecules and following the activity of digestive enzymes.
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2.1 Testing for biological molecules


Introducing the tests for biological molecules

The methods you will use to test for biological molecules are summarised in Figure 2.1. Each test exploits the chemical structure and properties of the groups of molecules it is designed to detect. Consequently, details of the tests are described in that context, later in Section 2.2 (for reducing sugars, non-reducing sugars, starch, and lipids) and in Section 2.3 (for proteins). Most tests are used to detect the presence or absence of particular molecules. The test for reducing sugar can be adapted to estimate concentration, and may be used in experiments that follow the activity of a digestive enzyme, for example – as explained on page 34.



Testing for reducing sugars

This reaction is used to test for reducing sugar and is known as Benedict’s test (Figure 2.2). If no reducing sugar is present the solution remains blue.


Steps to the Benedict’s test


	1  Heat a water bath (large beaker) of water to 100 °C. Since this takes some time, set it up before you begin preparing for the testing.

	2  From a 10% solution of glucose (18.0 g of glucose with 100 cm3 of distilled water):

	–  prepare 10 cm3 of a 0.1% solution of glucose (labelled Tube 2)

	–  prepare 10 cm3 of a 1% solution of glucose (Tube 3)

	–  and then place 10 cm3 of the 10% glucose solution in another test tube (Tube 4).




	3  Finally, place 10 cm3 of distilled water in a test tube (Tube 1) and 10 cm3 of a 10% sucrose solution in a final test tube (Tube 5).
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Figure 2.1 Flow chart of the tests for biological molecules




	4  Add 5 cm3 of Benedict’s solution to each tube.

	5  Place all five tubes in the water bath for 5 minutes, gently agitating them during the process. Finally, remove the tubes to a rack where any colour changes can be observed (Figure 2.2).



Notice that:


	

	–  in the absence of reducing sugar the solution remains blue (Tube 1)

	–  sucrose is not a reducing sugar (Tube 5)

	–  in the presence of glucose, the colour change observed depends on the concentration of reducing sugar. The greater the concentration the more precipitate is formed, and the greater the colour changes:
[image: ]
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Figure 2.2 The test for reducing sugar






Testing for starch

We test for starch by adding a solution of iodine in potassium iodide. A blue–black colour indicates the presence of starch (Figure 2.3).
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Figure 2.3 Testing for starch with iodine in potassium iodide solution





The emulsion test for lipid

When organic matter is shaken up with a small quantity of absolute ethanol, if lipid is present it will become dissolved in this organic solvent (see Figure 2.4). Then, when an equal quantity of cold water is added, a cloudy white suspension will form, since lipid is totally immiscible with water. Alternatively, in the absence of lipid in the original material, alcohol and water will mix and the resulting solution will remain transparent.
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Figure 2.4 The emulsion test





Testing for proteins

The biuret test is used as an indicator of the presence of protein because it gives a purple colour in the presence of peptide bonds (–C–N–). To a protein solution, an equal quantity of sodium hydroxide solution is added and mixed. Then a few drops of 0.5 per cent copper(II) sulfate is introduced with gentle mixing. A distinctive purple colour develops without heating (see Figure 2.5, overleaf).
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Figure 2.5 The biuret test for protein





Making the Benedict’s test semi-quantitative

The colour sequence obtained with Benedict’s solution with sugar solutions of increasing concentration can be used to make an approximate estimation of the concentration of reducing sugar in other solutions of unknown concentration. To discover the relationship between colour and concentration, accurate quantities need to be used. The steps to using Benedicts test semi-quantitatively are shown in Figure 2.6.
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Figure 2.6 Using the Benedict’s test semi-quantitatively



Look at the sequence of actions carefully. Note that the product of steps 1–6 is a serial dilution of glucose starting with 1% glucose. Each subsequent dilution is 50% less concentrated.

What is the concentration of the glucose solution in Tube 6?

Steps 7 and 8 are the Benedict’s tests, carried out on each tube. The tubes are held in the boiling water for a standard length of time, at least 3 minutes, before being removed and the colour recorded. The colour produced by an unknown glucose solution, tested with Benedict’s in the same way, indicates the concentration of glucose present.



Testing for non-reducing sugars

To demonstrate that sucrose is a non-reducing sugar, two tests are required. To carry these out:


	1  Dissolve a small spatula-load of sucrose in half a test tube of distilled water, and split the resulting solution equally between two test tubes, labelled A and B.

	2  To A, add approximately 1 cm3 of dilute hydrochloric acid, and to B add the same quantity of distilled water. Heat both tubes in a boiling water bath for 1 minute.

	3  Remove both tubes and cool to room temperature. To tube A, cautiously add a small quantity of sodium hydrogencarbonate powder to neutralise any excess acid. When no more effervescence occurs on addition of the powder, all the acid will have been neutralised, and conditions will now be alkaline in the tube.

	4  Add a small quantity of Benedict’s solution to each tube and heat for a standard time in the water bath. Then remove the tubes and compare the final colours.

	5  In tube A the sucrose will have been hydrolysed (by acid, in this case) to glucose and fructose, and these reducing sugars with give a positive result in the Benedict’s test. In tube B the sucrose present will have caused no colour change, but Tube B has established the initial absence of reducing sugar.






2.2 Carbohydrates and lipids
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Learning outcomes

By the end of this topic, you will be able to:


	  2.2.1  describe and draw the ring forms of α-glucose and β-glucose

	  2.2.2  define the terms monomer, polymer, macromolecule, monosaccharide, disaccharide and polysaccharide

	  2.2.3  state the role of covalent bonds in joining smaller molecules together to form polymers

	  2.2.4  state that glucose, fructose and maltose are reducing sugars and that sucrose is a non-reducing sugar

	  2.2.5  describe the formation of a glycosidic bond by condensation, with reference to disaccharides, including sucrose, and polysaccharides

	  2.2.6  describe the breakage of a glycosidic bond in polysaccharides and disaccharides by hydrolysis, with reference to the non-reducing sugar test

	  2.2.7  describe the molecular structure of the polysaccharides starch (amylose and amylopectin) and glycogen and relate their structures to their functions in living organisms

	  2.2.8  describe the molecular structure of the polysaccharide cellulose and outline how the arrangement of cellulose molecules contributes to the function of plant cell walls

	  2.2.9  state that triglycerides are non-polar hydrophobic molecules and describe the molecular structure of triglycerides with reference to fatty acids (saturated and unsaturated), glycerol and the formation of ester bonds

	2.2.10  relate the molecular structure of triglycerides to their functions in living organisms

	2.2.11  describe the molecular structure of phospholipids with reference to their hydrophilic (polar) phosphate heads and hydrophobic (non-polar) fatty acid tails
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Starting point


	•  Carbohydrates and lipids have important roles in the provision and storage of energy and for a variety of other functions such as providing barriers around cells: the phospholipid bilayer of all cell membranes and the cellulose cell walls of plant cells.
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Compounds built from carbon and hydrogen are called organic compounds. Examples include methane (CH4) and glucose (C6H12O6). Carbon is not a common element of the Earth’s crust – it is quite rare compared to silicon and aluminium, for example. But in living things carbon is the third most abundant element by mass, after oxygen. In fact, organic compounds make up the largest number of molecules found in living things. This includes the carbohydrates, lipids and proteins.
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Question


	1  Where do non-organic forms of carbon exist in the biosphere?
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Why is carbon so important to life?

The answer is that carbon has a unique collection of properties, so remarkable in fact, that we can say that they make life possible.


Carbohydrates

Carbohydrates are the largest group of organic compounds. They include sugars, starch, glycogen and cellulose. Carbohydrates are substances that contain only three elements: carbon, hydrogen and oxygen. The hydrogen and oxygen atoms are present in the ratio 2:1 (as they are in water, H2O). In fact, we represent carbohydrates by the general formula Cx(H2O)y.

We start by looking at the simplest carbohydrates.


Monosaccharides – the simple sugars

Monosaccharides are carbohydrates with relatively small molecules. They taste sweet and they are soluble in water. In biology, the monosaccharide glucose is especially important. All green leaves manufacture glucose using light energy, our bodies transport glucose in the blood and all cells use glucose in respiration. In cells and organisms glucose is the building block for many larger molecules, including cellulose.


The structure of glucose

Glucose has a chemical or molecular formula of C6H12O6. This indicates the atoms present and their numbers in the molecule. So, glucose is a six-carbon sugar or hexose. But this molecular formula does not tell us the structure of the molecule.

Glucose can be written down on paper as a linear molecule however it cannot exist in this form. Rather, glucose is folded and takes a ring or cyclic form. This is its structural formula. The ring closes up when the oxygen on carbon-5 attaches itself to carbon-1. The glucose ring, containing five carbon atoms and an oxygen atom, is called a pyranose ring. Furthermore, the pyranose ring exists in two forms. These are the α-form and the β-form, depending on whether a –H atom was trapped ‘up’ (α-form) or ‘down’ (β-form) when the ring closed. So, there are two forms of glucose, known as α-glucose and β-glucose (Figure 2.7).

Incidentally, fructose is another hexose sugar found in cells. It has a ring structure different from that of glucose. Fructose forms into a ring with four carbon atoms and an oxygen atom (known as furanose ring). Fructose is by far the sweetest common sugar; fructose is used in the food industry in the manufacture of sweets and various confectioneries.
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Figure 2.7 The structure of α-glucose and β-glucose





Other monosaccharides of importance in living cells

There are several other sugars produced by cells and used in their chemical reactions. These include some three-carbon sugars (trioses) that are early products in photosynthesis in green plants (Topic 13). Five-carbon sugars (pentoses) are important components of nucleic acids (Topic 6).




	Length of carbon chain
	Name of sugar
	Molecular formula
	Formula
	Roles





	3C = 5 triose
	glyceraldehyde
	C3H6O3
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	intermediate in respiration and photosynthesis



	5C = 5 pentoses
	ribose
	C5H10O5
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	in RNA, ATP and hydrogen acceptors NAD and NADP



	deoxyribose
	C5H10O4
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	in DNA





Table 2.1 Other monosaccharides of importance in living cells
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Question


	2  List the properties of the carbon atom responsible for the huge array of organic compounds.
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Disaccharides

Disaccharides are carbohydrates made of two monosaccharides combined together. An example is sucrose. Sucrose is formed from a molecule of α-glucose and a molecule of fructose.
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EXTENSION

The functional groups of sugars

Fortunately, the huge number of organic compounds fit into a relatively small number of ‘families’ of compounds. These families are identified by a part of their molecule that is the functional group. It is the functional group of an organic compound that gives it characteristic chemical properties. The chemical structures of some important functional groups are shown in Figure 2.8.
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Figure 2.8 Some functional groups



The remainder of the organic molecule, referred to as the R-group, has little or no effect on the chemical properties of the functional group. However, the R-group does influence the physical properties of the molecule. These include whether a compound is a solid or liquid (its melting point) and at what temperature a liquid becomes vapour (its boiling point).

All the monosaccharides contain one of two functional groups. Some are aldehydes, like glucose, and are referred to as aldo-sugars or aldoses. Others are ketones, like fructose, and are referred to as keto-sugars or ketoses.

Aldoses and ketoses are reducing sugars. This means that, when heated with an alkaline solution of copper(II) sulfate (a blue solution, called Benedict’s solution), the aldehyde or ketone group reduces Cu2+ ions to Cu+ ions forming a brick-red precipitate of copper(I) oxide. In the process, the aldehyde or ketone group is oxidised to a carboxyl group (–COOH). The test for reducing sugars is outlined on pages 31–32.

Sucrose and fructose are both reducing sugars.
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Condensation and hydrolysis reactions

A molecule of water is removed when two monosaccharides combine, so the reaction is called a condensation reaction. The bond formed between the α-glucose and fructose molecules by the removal of water is called a glycosidic bond (Figure 2.9). This is another example of a strong, covalent bond.
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Figure 2.9 Sucrose (a disaccharide) and the monosaccharides that form it



In the reverse process, a disaccharide is ‘digested’ to the component monosaccharides in a hydrolysis reaction. This reaction involves adding a molecule of water (‘hydro-’) at the same time as the splitting (‘-lysis’) of the glycosidic bond occurs (Figure 2.9).

Sucrose is not a reducing sugar. This is because the aldehyde group of glucose and the ketone group of fructose (which are reducing groups) are used to form the glycosidic bond in sucrose. Neither is then available to reduce copper(II) to copper(I) in a Benedict’s test. Benedict’s solution will remain blue when heated with sucrose. The test for non-reducing sugars is outlined on page 35.
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Question


	3  What is meant by

	a  a non-reducing sugar

	b  a glycosidic bond?
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Sucrose and other disaccharides

Sucrose is an important sugar. It is sucrose that is transported from leaves to the growing points of plant stems and roots or to the carbohydrate storage sites all over the plant. This occurs in the sieve tubes of phloem tissue. Sucrose is also the ‘sugar’ humans mostly prefer to use in foods and drinks. The sugar industry extracts and purifies sucrose from sugar beet and sugar cane.

There are other disaccharides formed in cells, depending on which monosaccharides are involved and whether they are in their α or β condition. Two other commonly occurring disaccharides are maltose and lactose.

Maltose (α-glucose + α-glucose) is a product of starch hydrolysis. The extraction of maltose from germinating barley (as malt extract) is an important industry. Malt is used in brewing and in food manufacture.

Lactose (β-galactose + glucose) is the sugar found in the milk of mammals.

Maltose and lactose are both reducing sugars.

Finally, a definition check:


	•  Monosaccharides are simple sugars; all are reducing sugars.

	•  Disaccharides are sugars that are condensation products of two monosaccharide molecules, with the elimination of water and the formation of a glycosidic bond. Some disaccharides are reducing sugars and some are non-reducing sugars.






Polysaccharides

Polysaccharides are built from very many monosaccharide molecules condensed together. Once they are part of a larger molecule, they are called residues. Each residue is linked by glycosidic bonds. ‘Poly’ means ‘many’ and, in fact, thousands of ‘saccharide’ residues make up a polysaccharide. So a polysaccharide is an example of a giant molecule, a macromolecule. Normally each polysaccharide contains only one type of monomer. Cellulose is a good example – built from the monomer glucose.


Bonds in polysaccharides

Atoms naturally combine together (they ‘bond’) to form molecules in ways that have a stable arrangement of electrons in the outer shells of each atom. In covalent bonding, electrons are shared between atoms. Covalent bonds are the strongest bonds in biological molecules. In polysaccharides, the individual monomers are held by covalent bonds.

However, entirely different bonds, called hydrogen bonds, are also formed. We can illustrate how hydrogen bonds form by reference to the water molecule.

Water is composed of one atom of oxygen and two atoms of hydrogen, also combined by covalent bonding. The water molecule is triangular rather than linear, and the nucleus of the oxygen atom draws electrons (negatively charged) away from the hydrogen nuclei (positively charged) – with an interesting consequence. Although overall the water molecule is electrically neutral, there is a net negative charge on the oxygen atom (conventionally represented by Greek letter delta as δ−) and a net positive charge on the hydrogen atoms (represented by δ+). In other words, the water molecule carries an unequal distribution of electrical charge within it. This unequal distribution of charge is called a dipole. Molecules that contain groups with dipoles are known as polar molecules. Water is a polar molecule (see Figure 2.27, page 56).

Dipoles exist in many different molecules, especially where there are −OH, −C=O, or =N–H groups, so hydrogen bonds can form between these groups. Hydrogen bonds are weaker than covalent bonds, but never the less are very important in the structure and properties of carbohydrates (including polysaccharides) and proteins. For example, molecules containing these groups are attracted to water molecules because of their dipoles, and are therefore said to be ‘water loving’ or hydrophilic.



Starch

Starch is a mixture of two polysaccharides (Figure 2.10).


	•  Amylose is an unbranched chain of several thousand 1,4 linked α-glucose units.

	•  Amylopectin has shorter chains of 1,4 linked α-glucose units but, in addition, there are branch points of 1,6 links along its chains.



These covalent bonds between glucose residues in starch bring the molecules together as a helix. The whole starch molecule is stabilised by countless hydrogen bonds between parts of the component glucose molecules.

Starch is the major storage carbohydrate of most plants. Starch is an important energy source in the diet of many animals, too. Its usefulness lies in the compactness and insolubility of its molecule. However, it is readily hydrolysed to form sugar when required. We sometimes see ‘soluble starch’ as an ingredient of manufactured foods. Here the starch molecules have been broken down into short lengths, making them more easily dissolved.
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Question


	4  Starch is a powdery material; cellulose is a strong, fibrous substance; yet both are made of glucose. What features of the cellulose molecule account for its strength?
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The test for starch is described on page 33.
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Figure 2.10 Starch
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Figure 2.11 Glycogen





Glycogen

Glycogen is a polymer of α-glucose, chemically very similar to amylopectin, although larger and more highly branched (Figure 2.11). Glycogen is one of our body’s energy reserves and is drawn upon and respired as needed. Granules of glycogen are seen in liver cells (Figure 2.12), 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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Figure 2.12 Glycogen granules (dark blue spots) in liver cells





Cellulose

Cellulose is by far the most abundant carbohydrate – it makes up more than 50 per cent of all organic carbon. (Remember, the gas carbon dioxide, CO2, and the mineral calcium carbonate, CaCO3, are examples of inorganic carbon.)

Cellulose is a polymer of β-glucose molecules combined together by glycosidic bonds between carbon-4 of one β-glucose molecule and carbon-1 of the next. Successive glucose units are linked at 1808 to each other (Figure 2.13, overleaf). This structure is stabilised and strengthened by hydrogen bonds between adjacent glucose units in the same strand and, in fibrils of cellulose, by hydrogen bonds between parallel strands, too. The strength of plant cell walls results from the combined effect of the bonds between β-glucose monomers, the hydrogen bonds within and between these chains of β-glucose and the way in which the fibres are arranged in different directions.

Cellulose occurs in the cell walls of green plants and the debris of plants in and on the soil. It is an extremely strong material – insoluble, tough and durable but slightly elastic. Cellulose fibres are straight and uncoiled. When it is extracted from plants, cellulose has many industrial uses. We use cellulose fibres as cotton, we manufacture them into paper, rayon fibres for clothes manufacture, nitrocellulose for explosives, cellulose acetate for fibres of multiple uses, and cellophane for packaging.
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Question


	5  Define the terms ‘monomer’ and ‘polymer’, giving examples from the carbohydrates.
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Figure 2.13 Cellulose





Other sugar compounds

In addition to cellulose, plant cell walls contain small quantities of substances called pectins and hemicelluloses. These are mixtures of polysaccharides formed from organic acids, themselves made from sugars. These ‘acids’ occur as their calcium salts. For example, we have calcium pectate in plant cell walls. We can think of these pectins and hemicelluloses as the ‘glues’ that hold the cellulose of cell walls of plants together. At the junction between walls these substances appear as a layer called the middle lamella. Pectins and hemicelluloses also pass between the cellulose fibres, adding to the strength of the cell wall.





Lipids

Lipids contain the elements carbon, hydrogen and oxygen, as do carbohydrates. However, in lipids the proportion of oxygen is much less. Lipids are insoluble in water. In fact they generally behave as ‘water-hating’ molecules, a property described as hydrophobic. Lipids can be dissolved in organic solvents such as alcohol (for example, ethanol), propanone and ether. This property is made use of in the emulsion test for lipids (see page 33).

Lipids occur in living things as animal fats and plant oils (Figure 2.14). They are also present as the phospholipids of cell membranes. In addition, there are other, more unusual forms of lipid. For example, the steroids from which many growth and sex hormones are produced are lipids. The waxes found on plants and animals are also lipids.
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Figure 2.14 Fats and oils – these all leave a translucent stain on paper or fabric




Fats and oils

Fats and oils are compounds called triglycerides (strictly, triacylglycerols). They are formed by reactions in which water is removed. These condensation reactions occur between fatty acids (full name, monocarboxylic acids) and an alcohol called glycerol, as shown in Figure 2.15, overleaf. Three fatty acid molecules combine with one glycerol molecule to form a triglyceride. Fats and oils are both formed in this way and they have the same chemical structure. The only difference between them is that at about 20 8C (room temperature) oils are liquids and fats are solid.

Triglycerides are quite large molecules but they are small when compared to macromolecules such as glycogen and starch. It is only because of their non-polar, hydrophobic properties that triglyceride molecules clump together (aggregate) into huge globules that make them appear to be macromolecules.

The fatty acids present in fats and oils have long hydrocarbon ‘tails’. These are typically about 16–18 carbon atoms long but may be anything between 14 and 22 (Figure 2.15). The hydrophobic properties of triglycerides are due to these hydrocarbon tails.

We describe fatty acid molecules as ‘acids’ because their functional group (–COOH, carboxyl) tends to ionise (slightly) to produce hydrogen ions, which is the property of an acid.

[image: ]

It is the carboxyl functional group of three organic acids that react with the three hydroxyl functional groups of glycerol to form a triglyceride (Figure 2.15). The bonds formed in this case are known ester bonds.



Saturated and unsaturated triglycerides

Much attention is paid to the value of ‘unsaturated fats’ in the diet – especially among people who are overweight. Fats and oils which are saturated have no double bonds (–C=C–) between the carbon atoms in their hydrocarbon tails, whereas unsaturated fats and oils have one or more double bonds present in the hydrocarbon tails (Figure 2.16, page 45).


[image: ]

Figure 2.15 The formation of a triglyceride



Where several double bonds occur the resulting fat is called polyunsaturated. 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. You can see why in Figure 2.16.

This difference between saturated and polyunsaturated fats is important in the manufacture of margarine and butter spreads, since the later perform better ‘from the fridge’. There is disagreement about the value (or otherwise) of ‘polyunsaturates’ in the human diet. What seems clear is that it is better to eat less rather than more fat in our diets.
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Figure 2.16 Saturated and unsaturated fatty acids, and the triglycerides they form





The roles of fats and oils in living things


Energy source and metabolic water source

When triglycerides are oxidised in respiration a lot of energy is transferred to make ATP (see page 244). Mass for mass, fats and oils release more than twice as much energy as carbohydrates do when





Fat as a buoyancy aid
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Waterproofing of hair and feathers




Electrical insulation





Phospholipids
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	6  Describe the properties given to a lipid when it combines with a phosphate group.
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2.3 Proteins
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	2.3.1  describe and draw the general structure of an amino acid and the formation and breakage of a peptide bond

	2.3.2  explain the meaning of the terms primary structure, secondary structure, tertiary structure and quaternary structure of proteins

	2.3.3  describe the types of interaction that hold protein molecules in shape: hydrophobic interactions, hydrogen bonding, ionic bonding, and covalent bonding, including disulfide bonds

	2.3.4  state that globular proteins are generally soluble and have physiological roles and fibrous proteins are generally insoluble and have structural roles

	2.3.5  describe the structure of a molecule of haemoglobin as an example of a globular protein, including the formation of its quaternary structure from two alpha (α) chains (α–globin), two beta (β) chains (β–globin) and a haem group

	2.3.6  relate the structure of haemoglobin to its function, including the importance of iron in the haem group

	2.3.7  describe the structure of a molecule of collagen as an example of a fibrous protein, and the arrangement of collagen molecules to form collagen fibres

	2.3.8  relate the structures of collagen molecules and collagen fibres to their function
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	•  An understanding of protein structure and how it is related to function is central to many aspects of biology, such as enzymes, antibodies and muscle contraction.

	•  Globular and fibrous proteins play important roles in biological processes such as the transport of gases and providing support for tissues.
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Amino acids
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	7  What does the symbol ‘R’ represent in a generalised formula of an organic compound?
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The peptide bond






The structure of proteins
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	8  The possible number of different polypeptides (P) that can be assembled is given by:





	9  Distinguish between condensation and hydrolysis reactions. Give an example of each.
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	10  Describe three of the types of bond that maintain the tertiary structure of proteins
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Globular and fibrous proteins
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Haemoglobin
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Collagen
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Denaturation of protein







The making of macromolecules – a review
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	11  Explain why polysaccharides and proteins are described as macromolecules but lipids are not.
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	•  the type of macromolecule depends upon the type of monomer from which it is built

	•  the order in which the monomers are combined decides the shape of the macromolecule

	•  the shape of the macromolecule decides its biological properties and determines its role in cells.






Roles of proteins
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2.4 Water
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	2.4.1  explain how hydrogen bonding occurs between water molecules and relate the properties of water to its roles in living organisms, limited to solvent action, high specific heat capacity and latent heat of vaporisation
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	•  Water is a special molecule with extraordinary properties that make life possible on this planet 150 million kilometres from the Sun.
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	12  Distinguish between ionic and covalent bonding.
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Hydrogen bonds





The properties of water


Heat energy and the temperature of water
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Evaporation and heat loss




The solvent properties of water



	•  ionic substances such as sodium chloride (Na+ and Cl −). All cations (positively charged ions) and anions (negatively charged ions) become surrounded by a shell of orientated water molecules (Figure 2.28)
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	•  carbon-containing molecules with ionised groups (such as the carboxyl group –COO − or the 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), for example.
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	13  Water has a relative molecular mass of only 18 yet it is a liquid at room temperature. This contrasts with other small molecules which are gases. (For example, methane (CH4) with a relative molecular mass of 16; ammonia (NH3) with a relative molecular mass of 17 and carbon dioxide (CO2) with a relative molecular mass of 44.) What property of water molecules may account for this?
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	Property
	Benefit to life





	1
	A liquid at room temperature, water dissolves more substances than any other common liquid.
	Liquid medium for living things and for the chemistry of life.



	2
	Much heat energy is needed to raise the temperature of water.
	Aquatic environments are slow to change temperature.




	3
	Evaporation requires a great deal of heat.
	Evaporation causes marked cooling. Much heat is lost by the evaporation of a small quantity of water.



	4
	Water molecules adhere to surfaces. Water column does not break or pull apart under tension (see Topic 7).
	Water adheres to the walls of xylem vessels as it is drawn up the stem to the leaves from the roots. Water can be lifted by forces applied at the top, and so can be drawn up the xylem vessels of a tree trunk by forces generated in the leaves.
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	•  Tests can be carried out to identify reducing sugars, non-reducing sugars, starch and proteins. The Benedict’s test can be modified to estimate the concentration of reducing sugar.

	•  Organic compounds contain the elements carbon and hydrogen, usually with oxygen and other elements. Carbon atoms form strong, covalent bonds (sharing electrons between atoms) with other carbon atoms and with atoms of other elements, forming a huge range of compounds. Many of the organic compounds of life fall into one of the four groups of compounds: carbohydrates, lipids, proteins or nucleic acids.

	•  Carbohydrates contain carbon, hydrogen and oxygen only, and have the general formula of Cx(H2O)y. They consist of the sugars (monosaccharides and disaccharides) and macromolecules built from sugars (polysaccharides).

	•  Monosaccharides include the six-carbon sugars (hexoses), such as glucose and fructose. They are important energy sources for cells. The hexoses have the same molecular formula (C6H12O6) but different structural formulae. Two hexose monosaccharides combine together with the removal of water (a condensation reaction) to form a disaccharide sugar, held together by a glycosidic bond. For example, the disaccharide sucrose is formed from glucose and fructose.

	•  Monosaccharides (and some disaccharides) are reducing sugars. When heated with alkaline copper(II) sulfate (Benedict’s solution), which is blue, they produce reduced copper(I) oxide, which is a brick red precipitate. The sugar is oxidised to a sugar acid. Sucrose is not a reducing sugar.

	•  Most polysaccharides are built from glucose units condensed together. They are examples of polymers consisting of a huge number of monomers, such as glucose, condensed together. They may be food stores (e.g. starch, glycogen) or structural components of organisms (e.g. cellulose, chitin).

	•  Lipids contain the elements carbon, hydrogen and oxygen but the proportion of oxygen is low. They are hydrophobic, non-polar and insoluble in water but otherwise form a diverse group of compounds, including the fats and oils. These latter compounds leave a cloudy white suspension in the emulsion test.

	•  Fats are solids at room temperature; oils are liquids. They are formed by a condensation reaction between the hydroxyl groups of glycerol and three fatty acids, forming a triglyceride, with ester bonds. The fatty acids may be saturated or unsaturated (containing one or more double bonds between carbon atoms in the hydrocarbon tails). Fats and oils are effectively energy stores.

	•  In phospholipids, one of the hydroxyl groups of glycerol reacts with a phosphate group. The product has a hydrocarbon ‘tail’ (hydrophobic) and an ionised phosphate group (hydrophilic) so they form bilayers on water and form the membranes of cells (along with proteins).

	•  Proteins contain nitrogen and (often) sulfur, in addition to carbon, hydrogen and oxygen. The building blocks of proteins are amino acids, and many hundreds or thousands of amino acid residues form a typical protein. Amino acids have a basic amino group (–NH2) and an acidic carboxyl group (–COOH) attached to a carbon atom to which the rest of the molecule (–R) is also attached.

	•  Of the many amino acids that occur, only 20 are built up to make the proteins of living things. Amino acids combine by peptide bonds between the carboxyl group of one molecule and the amino group of the other to form a polypeptide chain. Proteins, too, are polymers.

	•  The properties of polypeptides and proteins are determined by the amino acids they are built from and the sequence in which the amino acids occur. The sequence of amino acids is the primary structure of the protein and is indirectly controlled by the nucleus.

	•  The shape the protein molecule takes up also determines its properties. Part of a polypeptide chain may form into a helix and part into sheets (the secondary structure of a protein). The whole chain is held in position by bonds between parts folded together, forming the tertiary structure of a protein. Separate polypeptide chains may combine, sometimes with other substances, to form the quaternary structure.

	•  Fibrous proteins have a structural role in the body, for example, collagen of skin, bone and tendon. They are generally insoluble. Globular proteins are generally soluble and have a physiological role in the body, for example many enzymes, antibodies and hormones.

	•  Water is electrically neutral but, because of its shape, it carries an unequal distribution of charge – it is a polar molecule (oxygen with a small negative charge, hydrogen with a small positive charge). Consequently, water forms hydrogen bonds with other water molecules. These hydrogen bonds are responsible for the properties of water important to life.
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	1  a  Sucrose is a disaccharide. Fig. 1.1 shows how sucrose is broken down in a reaction with hydrochloric acid.
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	i   Name the products, A and B, of the reaction shown in Fig. 1.1.


	ii  Name the type of bond that is broken in the reaction shown in Fig. 1.1.


	iii State the type of reaction shown in Fig. 1.1.






	    b  When Benedict’s solution is added to a sucrose solution and put into a boiling water-bath, no change in colour is observed. State why no colour change is observed.







	2  a  Cellulose and collagen are macromolecules. What do you understand by the term ‘macromolecule’?


	    b  When cellulose and collagen are hydrolysed by appropriate enzymes, what are the products in each case?


	    c  By means of fully annotated skeletal formulae of parts of adjacent cellulose molecules, explain how cellulose is formed from its component monosaccharide. Explain how this molecular structure is the basis of the distinctive property of cellulose.


	    d  Describe the steps to the test you would need to show whether the monosaccharide formed by hydrolysis was a reducing sugar. What result would you expect?


	    e  Where does collagen occur in the human body?


	    f  By means of fully annotated skeletal formulae of parts of adjacent collagen molecules, explain how collagen is formed from its component monomers, and the basis of the distinctive property of collagen.



	3  a  The angle between the oxygen–hydrogen bonds in water is about 1508. By means of a fully annotated diagram only, explain why the existence of this angle causes the water molecule to be polar (although overall it is electrically neutral).

	    b  Outline four of the unusual properties of water that can be ascribed to the effect of hydrogen bonds and summarise the significance of each for living things.

	4  a  Chemists often represent the structure of organic molecules as skeletal formulae in which the C and H atoms are left out. Write the skeletal formulae for two molecules of amino acid and show the reaction and products of a condensation reaction between them. On your diagram, identify and name the bond that is formed between the two molecules.


	    b  To two test tubes, one with 2 cm3 of a dilute egg white solution and one with 2 cm3 of a dilute starch solution, was added 2 cm3 of a dilute sodium hydroxide solution and the contents gently shaken. Then a dilute copper(II) sulfate solution was added to each, drop by drop. The tubes were gently shaken between additions, and this procedure was continued until a definite colour could be seen. What colours would have appeared in the two tubes, and what do the results indicate?


	    c  Explain concisely what is meant by the following structures of a protein, such as haemoglobin.

	i   Primary


	ii  Secondary


	iii Tertiary


	iv Quaternary[2]





	    d  In addition to hydrogen bonds, three other types of bond are important in the secondary and tertiary structure of a protein. Name and explain the chemical nature of these additional bonds.
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Robert Hooke (1635-1703), an expert mechanic and
one of the founders of the Royal Society in London, was
fascinated by microscopy. He devised a compound
microscope, and used it to observe the structure of cork.
He described and drew cork cells, and also measured
them. He was the fist to use the term ‘cells

Anthony van Leeuwenhoek (1632-1723) was born
in Delft. Despite no formal training in science, he
developed a hobby of making lenses, which he side view
mounted in metal plates to form simple microscopes.

Magnifications of x 240 were achieved, and he observed

blood cells, sperms, protozoa with cilia, and even

bacteria (among many other types of cels). His results

were reported to the Royal Society, and he was elected

afellow.

Robert Brown (1773-1858), a Scottish botanist, Lesuwenhoek’s microscope
observed and named the cell nudeus. He also observed

the random movements of tiny partices (pollen grains,

in his case) when suspended in water (Brownizn motion).

2
1
Matthias Schleiden (1804-81) and Theodor Schwann
(1810-82), German biologists, established cell as the
natural unit of form and function in ling things: ‘Cels 3
are organisrms, and entire animals and plants are
aggregates of these organisms arranged to definite laws.”
Rudolf Virchow (1821-1902), a German pathlogist,
establshed the idea that cells arise only by division of
existing cells

Louis Pasteur (1822-95), a briliant French
microbiologist, established that life does not

spontaneously generate. The bactera that ‘appear’ in .
Proth ate micioben feslycireulting n he i which  Pasteur's experiment, in which broth was steiised (1),

Gt et and then either exposed to air (3) or protected from
air-bome spores in a swan-necked lask (2). Only the
broth in 3 became contaminated with bacteria.
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