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Introduction

Cambridge International AS and A Level Biology is an excellent introduction to the subject
and a sound foundation for studies beyond A Level, in further and higher education, for
professional courses and for productive employment in the future. Successful study of this
programme gives lifelong skills, including:

« confidence in a technological world and informed interest in scientific matters

« understanding of how scientific theories and methods have developed

awareness of the applications of biology in everyday life

« ability to communicate effectively

« concen for accuracy and precision

« awareness of the importance of objectivity, integrity, enquiry, initiative and inventiveness
« understanding of the usefulness and limitations of scientific methods and their
applications

appreciation that biology is affected by social, economic, technological, ethical and
cultural factors

« knowledge that biological science overcomes national boundaries

« awareness of the importance of IT

« understanding of the importance of safe practice

« an interest and care for the local and global environment and their conservation.

‘This book is designed to serve students as they strive for these goals.

The structure of the book

The Cambridge International Examinations AS and A Level Biology syllabus is presented
in sections. The contents of this book follows the syllabus sequence, with each section the
subject of a separate topic.

Topics 1 to 11 cover Sections 1 to 11 of the AS Level syllabus and are for all students. AS
students are assessed only on these.

Topics 12 to 19 cover Sections 12 to 19, the additional sections of the syllabus for A Level
students only.

In addition, there are the answers to the self-assessment questions.

Cambridge International AS and A Level Biology has many special features.

« Each topic begins with the syllabus learning outcomes which identify essential objectives.

« The text is written in straightforward language, uncluttered by phrases or idioms that
might confuse students for whom English is a second language.

« Photographs, electron micrographs and full-colour illustrations are linked to support the

relevant text, with annotations included to elaborate the context, function or applications.

Explanations of structure are linked to function. The habitat and environment of

organisms are identified where appropriate. Application of biology to industries and the

economic, envi and ethical of are highlighted,

where appropriate.

« Processes of science (scientific methods) and something of the history of developments
are introduced selectively to aid appreciation of the possibilities and limitations of
science.

Questions are included to assist comprehension and recall. Answers to these are given
at the back of the book. At the end of each topic, examination-style questions are given.
Answers to these are given on the CD.
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A new feature of the syllabus is Key concepts. These are the essential ideas, theories, principles or
mental tools that help learners to develop a deep understanding of their subject, and make links
between different topics. An icon indicates where each Key concept is covered:

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.

Biochemical processes

Cells are dynamic: biochemistry and molecular biology help to explain how and why cells function
as they do.

DNA, the molecule of heredity

Cells contain the molecule of heredity, DNA. Heredity is based on the inheritance of genes.
Natural selection

Natural selection is the major mechanism to explain the theory of evolution.

Organisms in their environment

All organisms interact with their biotic and abiotic environment.

Observation and experiment

‘The different fields of biology are intertwined and cannot be studied in isolation: observation and
enquiry, exper ion and ficldwork are to biology.

Author's acknowledgements

T am indebted to the experienced international teachers and the students who T have been
privileged to meet in Asia and in the UK in the process of preparing this material. I am especially
indebted to Christine Lea, an experienced teacher and examiner of Biology who has guided me
topic by topic on the special needs of the students for whom this book is designed.

Finally, T am indebted to the publishing team of project editor, Lydia Young, editor Joanna
Silman and designer Melissa Brunelli at Hodder Education, and to freelance editor Penny Nicholson
whose skill and patience have brought together text and illustration as T have wished. T am most
grateful to them.

Dr Chris Clegg
Salisbury, Wiltshire, UK
June, 2014
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1 Cell structure

Al organisms are composed of cells. Knowledge of their structure  The use of light mi isa skill that s developed
and function underpins much of biology. The fundamental in this topic and applied throughout several other sections of the
differences between eukaryotic and prokaryotic cells are explored  syllabus. Throughout the course, photomicrographs and electron
and provide useful biological background for the topic on Infectious  micrographs from transmission and scanning electron microscopes

disease. Viruses are introduced as non-cellular structures, which should be studied.
gives candidates the opportunity to consider whether cells are a
fundamental property of life.

@ 1.1 The microscope in cell studies

An understanding of the By the end of this section you should be able to:

principles of microscopy

shows why light and a) compare the structure of typical animal and plant cells by making temporary preparations of
electron microscopes have live material and using photomicrographs

been essential inimproving ~ b) calculate the linear magnifications of drawings, i d electron

our knowledge of cells. ©) use an eyepiece graticule and stage micrometer scale to measure cells and be familiar with units

(millimetre, micrometre, nanometre) used in cell studies
explain and distinguish between resolution and magnification, with reference to light
microscopy and electron microscopy

©) calculate actual sizes of specimens from drawings, photomicrographs and electron micrographs

&

Introducing cells

‘The cell is the basic unit of living matier — the smallest part of an organism which we can say is
alive. Tt s cells that carry out the essential processes of lfe. 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, Tn 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
1 State the essential book is about multicellular organisms, including humans, and the processes that go on in these
processes characteristic ; = "
organisms. But remember, single-celled organisms carey out all the essential functions of lfe too,

lving things.
9% ing things only these occur within the single cell
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Chlamydomonas ~a matike, unicellular alga
of fresh water habitats ich in ammonium ions

Amoeba a protozoan of freshwater habitats
cytoplasm

oytoplasm

light-sensitive
spot

length 30um

endoplasm  clear ectoplasm

cell surface
membrane

nudeus

length 400m
gt 400w food vacuoles
chloroplast

Escherichia coli —a bacterium found in the intestines of animals, e.g. humans

nudeus i
cell wall [—cellsurface  — cytoplasm plasmid

starch storage

circular
DNA

length 2.0pm fibosormes

Figure 1.1 Introducing unicellular organisation
*Plasrnids are llustrated in Figure 1.24 (page 24) and in Figure 19.5 (page 459).

Table 1.1 Unifs of length used in microscopy

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

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.
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

1 metre (m) = 1000 millmetres (mm)

SLunit. Look at Table 1.1 below. This shows the subdivisions of the metre that we use to

1 mm = 1000 micrometres () (or microns)

‘measure cells and their contents. These units are listed in descending order of size. You

1 m = 1000 nanometres (vm)

of the unit above it. The smallest units are probably

will see that each subdivision is -
]

2 Calalate
a how many cells of
100 pm diameter will
fit side by side along
amillmetre
b the magnification
of the image of
Escherichia coli in
Figure 1.1.

quite new 1o you; they may take some getting used to.
‘The dimensions of cells are expressed in the unit called a micrometer or micron (pm). Notice this
unit is one thousandth (10%) 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 0.5-10pm in size, whereas the cells of plants and animals are
often in the range 50-150pm, or larger. In fact, the lengths of the unicellular organisms shown in
Figure 1.1 are approximately:

Chlamydamonas
Amoeba

30pm
400pm (but its shape and therefore length varies greatly)
Escherichia coli  2pm



Hooke's microscope, and a crawing
of the cells he observed

Robert Hooke (1662), 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 o observe the structure of cork.
He described and drew cork cells, and also measured
them. He was the first to use the term ‘cells’.

Anthony van Leeuwenhoek (1680) was bon in Delft.
Despite no formal raining in science, he develog

hobby of making lenses, which he mounted in metal
plates to form simple microscopes. Magnifications of
240 were achieved, and he observed blood cells,
sperrms, protozoa with cia, and even bacteria (among
S Stk oo Bt cHiE s e e Etin
the Royal Society, and he was elected a fellow.

Robert Brown (1831), 3 Scottish botanist, observed

ol et el i
andor iy particles (pollen grains, in

i case when suspsnded in water (Brownian motion).

German biologists, established cells s the natural unit

of form and function in living things: ‘Cells are organisrs,

and entire animals and plants are aggregates of these
organisms arranged to definite laws.”

Rudolf Virchow (1856), a German pathologis, estabiched
the idea that cels arise only by division of existing cell.

Louis Pasteur (1862), a brllant French microbiologist,

established that lfe does not spontaneously generate.

‘The bacteria that ‘appear” in broth are microbes freely
.

1.1 The microscope in cell studies

side view

Leeuwenhoek's microscope

&

t, in which broth was sterilised (1),

circulating i the air, whid

Figure 1.2 Early steps in t

Past
e etter exposad to air (3) or protected from
air-borne spores in a swan-necked flask (2). Only the
broth in 3 became contaminated with bacteria

he cell theory
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3 Draw up a table to
highlight the differences

between plant and
| animal cells.

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 nincteenth century,
following a steadily ing pace in the of and bi istry. You
can see a summaty of these developments in Figure 1.2.

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 behaviou.
® Cells are the site of all the chemical reactions of life (metabolism).
We will return to these points later.

Introducing animal and plant cells

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 nitial appearance of a cell is of a sac
of fluid material, bound by a membrane and containing a nucleus. Look at the cells in Figure 1.

We sce that a cell consists of a nucleus surrounded by eytoplasm, 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 scen at this magnification. We have leart about the structure of
organelles using the clectron microscope (sce page 12).

‘There are also 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.

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 107).

Finally, the way organisms store energy-rich reserves differs, too. Animal cells may store
glycogen (see page 39); plants cells normally store starch (see page 38).

Cells become specialised
Newly formed cells grow and enlarge. A growing cell normally divides into two cells. However,
cell division in multicellular organisms is very often restricted to cells which have not specialised.
In multicellular organisms the majority of cells become specialised in their structure and in the
functions they carry out. As a result, many fully specialised cells are no longer able to divide.
Another outcome of specialisation is that cells show great variety in shape and structure. This
variety reflects how these cells have adapted to different environments and to different tasks within
multicellular organisms. We will return to these points later.



1.1 The microscope in cell studies

Canadian pondweed (Elodea)
‘grows submerged in fresh water

m[

(x400)

ge permanent vacuole,
surrounded by a membrane

cellulose cell wall

where the cytoplasm
Sk o

chloroplast
with Sareh )

junction between cell
wall (the middle lamellz)

Figure 1.3 Plant and animal cells from multcellular organisms
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Figure 1.4 Light microscopy

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 clectron 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 1.4
shows two types of 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).
using the simple

microscope
(hand lens)

You should bring the thing you
are looking at nearer to the fens
and not the other way round.

eyepiece lens using the
compound
microscope

turret —as it tumed the objectives
dlick into place, first the medium-
power, then the high-power

objective lenses —x4 (low);
10 (medium); x40 (high power)

coarse focus - used to focus the b
low- and medium-power objectives b
condenser - focuses liht on to
the object with iris
used to vary the intensity of light
reaching the object

fine focus ~ used to focus
the high-power objective

builtin fight source

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” micrascope). The objective lens
forms an image (in the microscope tube) which is then further magnified by the eyepicce lens,
producing a greatly enlarged image.

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.



1.1 The microscope in cell studies

Exami

g 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 (I/KI) solution (Figure 1.5). 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, whilst the
vacuole and the cell walls are not stained at all.

Making a temporary mount Irrigating a temporary mount
mounted needle _— pipette blotting paper
L a drop of stain placed
. beside the cover slip
cover slip P

27N

microscope slide

stain drawn across,
cheek cell smear under the cover slip

Figure 1.5 Preparing liing cels for light microscopy

2 Observing chloroplasts in moss leaf cells.
Aleaf 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 onto the centre of a microscope
slide, and then immediately submerge your cotton bud in 1% sodium hypochlorite solution (or
in absolute alcohol). Handle the micrascope 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 1.5),
and examine some of the individual cells with medium and high power magnification.

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

4 Examining cells scen 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. Aliernatively (or in addition) you can
examine photomicrographs of these (Figure 8.2b on page 153 and Figure 7.2 on page 130).
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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

o 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

o include a statement of the magnification under which the specimen has been observed
(for example, see pages 9-10).

view (phase contrast) of the layer of the “The lining of the stomach consists of columnar
cells (epithelium) lining the stomach wall epithelium. Al cels sectete mucus copiously.

epithelium cell

mucus
ytoplasm

nucleus

basement

membrane X

Figure 1.6 Recording cell structure by drawing

Alternatively, images of cells and tissues viewed may be further magnified, displayed or
projected (and saved for printing ow) by the technique of digital microscopy. A digial

is used, video camera is connected by a microscope
coupler or eyepicce adaptor that 1eplaces the standard microscope eyepiece. Images are
displayed via video recorder, TV monitor or computer.

Question

Measuring microscopic objects

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

4 What are the difficulties




Figure 1.7 Measuring the size

of cells

1.1 The microscope in cell studies

Next, the graticule scale is calibrated using a stage micrometer. This s 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 0.2 microgrsph o crawing 1 recor the actual sie ofthe structur, asllustrated in the

in Figure 1.8. ion can be recorded.

compound light
microscope

turret with
medium- and high-
power objectives
shelf
the eyepiece
graticule i

installed here

stage

builtin light-
source
graticule much

enlarged - scale
is arbitrary units

with iris
diaphragm

1 Measuring a cell (e.g. a red blood cell)
by alignment
eyepiece graticule

using a prepared red blood cell (side view)
LR e | QY g e
blood sme

‘ scale superimpose

red blood cell diameter
measure
(arbitrary units)

ating the graticule scale
by alignment of graticule and
stage micrometer scales

012345678910

the stage micrometer i placed on the
stage in place of the prepared slide and
examined at the same magnification

PR el o i the measurement of the red
scale are superimpose blood cell diameter is converted
t0.a um measurement

[ 1 2
1515 units) in this case, the red blood

cell appears to have a
1 diameter of about 8um
0 10pm

Calculating the linear magnifica

(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 1.8 on the next page — 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.

n of drawings, photomicrographs
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oto raph of Amoeba proteus (living specimen) - interpretive drawing
phau Contrant microscopy

cell surface membrane

small food
vacuoles

pseudopodia

nucleus

arge food vacuole-

oplasm outer,

(endoplasm)

scale bar | 0.1 mm

Figure 1.8 Recording size by means of scale bars

1 Size of the Amocba in Figure 1.7.
Use a ruler to measure the length of the image of cell. This is 95 mm.
Use a ruler to measure the length of the scale bar. This is 19mm.
(Note that the seale represents an actual length of 0.1mm.)
Itis 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 — cither millimetres (mm) or micrometres (um).
Millimetres can be converted to micrometres by multiplying by one thousand. Micrometres can
be converted to millimetres by dividing by one thousand.
So:
The length of the image of the cell is 95 x 1000pm = 95 000pm
The length of the seale bar is 19 x 1000 pm 19 000pm
The scale represents an actual length of 0.1 x 1000 pm = 100 pm

We use the ratio of these values to work out the actual length of the Amocba.
00p__ actual length of the cell
19000 pm 95000 pm.

actual length = 100 pm x 22000um

19000 pm

=500 pm

(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 Amocba.
measured size of the cell

We the formula: ification =
@ use fheformulas - Magniicaton == ual length of the cell
95000pm
5 ecee ification = 22000HE _ 150
0 here: magnificaion -



5 Using the magnification
given for the
photomicrograph of the

cell of Elodea in Figure
1.3 (page 5), calculate
the actual length of
the cell.

Magnification: the size

of an image of an object
compared to the actual
size. Itis calculated g
the formula M. Mis
magnification, /is the size
of the image and A is the
actual size of the object,
using the same units for
both sizes). This formula
can be rearranged to give
the actual size of an object
where the size of the image
and magnification are
known: A= [+

6 Calculate the

magnification obtained
with a x6 eyepiece and
ax10 objective lens.

Resolution: the ability
of a microscope to
distinguish two objects

as separate from one
another. The smaller and
closer together the objects
that can be distinguished,
the higher the resolution.
Resolution is determined
by the wavelength of the
radiation used to view the
specimen. If the parts of
the specimen are smaller
than the wavelength of the
radiation, then the waves
are not stopped by them
and they are not seen.
Light microscopes have
limited resolution compared
o electron microscopes
because light has a much
longer wavelength than
the beam of electrons in an
electron microscope.

1.1 The microscope in cell studies

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 1.3 (page 5).
Measure the observed length of the cell in mm. It is 90mm.
Convert this length to pm: 90 mm = 90 x 1000 pm = 90 000 pm
image size O _ 90000
‘magnification (M) 800

Use the equation: actual size (A) = = 1125 pm

‘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.

The magpnification and resolution of an image

Magnification s 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
ax10 eyepiece and a x10 objective lens (medium power), the image is magnified x100 (10 x 10).
When you switch to the x40 objective lens (high power) with the same eyepiece lens, then the
magpification becomes x400 (10 x 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.

size of image
size of speciman
So, if a particular plant cell with a diameter of 150 pm is photographed with a microscope
and the image is enlarged photographically, so that in a print of the cell the diameter is 15 cm
150000

Magnification is given by the formula:

(150 000 pm), the magnification is:

= 1000.
If a further enlargement is made, to show the same cell at a diameter of 30 cm (300 000 pm), then
the magnification is: @ - 2000.

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, detals 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 which
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 am (0.2 pm). This means two objects less than 0.2 im apart may be seen as one object.

To improve on this level of resolution the electron microscope is required (Figure 1.9).

chloroplast enlarged (x6000) a) from b) from a photomicrograph obtained
a transmission electron micrograph by light microscopy

Figure 1.9 Magrification
without resolution
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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 organelles

7 Distinguish between and cell membranes. The fine detail of cell structure is called cell ultrastructure. It is difficult to
esalition and exaggerate the importance of electron microscopy in providing our detailed knowledge of cells.
‘magnification’, Figure 1.10 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 onto a fluorescent screen for viewing or
onto a photographic plate for permanent recording.

b)

air lock/specimen po
e speciren & mmavced vt
the loss of vacuum

electrot
i an celerated
electron beam

condenser

electromagnetic ens

focuses the electron
m on to specimen

objective
electromagnetic lens that focuses
the first image (according to voltage)

projector
electromagnetic ens that magnifies a
part of the fist image

viewing port
with binocular viewer

fluorescent sereen
coated with electron-sensitive compound

Electrons are negatively charged and are
easily focused using electromagnets.

camera chamber

allows a black and white photographic
image to be made (with the possibilty
transmission electron microscope. of further magnification

Figure 1.10 Using the transmission electron micros

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 eclls can

be observed. The clectron beam travels at very high speed but at very low energy. This has practical

consequences for the way biological fissue 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 docs.
Specimens must be extremely thin for the electron beam to penetrate and for some of the clectrons
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.
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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
8 Given the magnification can survive inside the electron microscope when in use. Water in cells would boil away in a vacuum.

Question

of the TEM of a liver cell As a result, before observations are possible, a specimen must have all the water removed.
in Figure 1.11, calculate Sections are completely dehydrated. This has to be done whilst keeping the specimen as ‘life-like’
a the length of the cell in structure as is possible. This is a challenge, given that cells are 80-90 per cent water. It is after

b the diameter of the the removal of water that the sections have the electron-dense stains added.
nucleus.

The images produced when this type of section is observed by the electron microscope are
called transmission electron micrographs (TEM) (Figure 1.11).

TEM of liver cells (x15000)

nucleus - controls and
directs the activities of
the cell

ribosomes
mitochondria
rough
endoplasmic
reticulum (RER)

Golgi apparatus

Figure 1.11 Transmission electron micrograph of a liver cell, with interpretive drawing

In an alternative method of preparation, biological material is instantly frozen solid in liquid

2 nitrogen. At atmospheric pressure this liquid is at —196°C. At this temperature living materials do
streptococcus pyogenes not change shape as the water present in them solidifies instantly.

(0.7 wm in diameter) This solidified tissue is then broken up in a vacuum and the exposed surfaces are allowed to
lose some of their ice. Actually, the surface is described as ‘etched:.

Finally, a carbon replica (a form of ‘mask’) of this exposed susface is made and actually coated
with heavy metal o 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 1.13. 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.

An altemnative form of electron microscopy is scanning electron microscopy. In this, a namow
electron beam s scanned back and forth across the surface of the whole specimen. Electrons that
are reflected or emitied 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).

red blood cells
(5.7 um in diameter)

Figure 1.12 Scanning electron
micrographs
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observed as thin section replica of freeze-etched surface

the nudleus of a

nuclear membrane
(2 double membrane)

nudlear membrane

cytoplasm with
mitochondria

Figure 1.13 Transmission electron micrographs from thin-sectioned and freeze-etched material

& 1.2 Cells as the basic units of living
organisms

The cell is the basic unit of By the end of this section you should be able to:
allliving organisms. The

interrelationships between @) describe and interpret electron micrographs and drawings of typical animal and plant cells as seen
these cell structures show with the electron microscope.
how cells function to b) recognise the following cell structures and outline their functions:

transfer energy, produce

cell surface membrane; nucleus, nuclear envelope and nucleolus; rough endoplasmic reticulum;
biological molecules

smooth endoplasmic reticulum; Golgi body (Golgi apparatus or Golgi complex); mitochondria
including proteins and (including small cirular DNAY;rbozomes (805 inthe cytoplasm and 705 in chloroplasts and
exchange substances with Iysosomes; centrioles and mi (including small circular DNA);
their surroundings.
i o cell wall; plasmodesmata; large permanent vacuole and tonoplast of plant cells

g state that ATP is produced in mitochondria and chloroplasts and outline the role of ATP in cells
outline key sructura festures of typicl prokaryoticcel a saen in  typcal bacterium (incuding:

eukaryotic cells share
some features, but the

ee

différencestiefween unicellular, 1-5 pm Il walls, lack surrounded by double
‘them illustrate the divide membranes, naked circular DNA, 70S ribosomes)

between these two cell ¢) compare and th of typical prokaryotic cells with typical eukaryotic cells
types. 1) outline the key features of viruses as non-cellular structures

Studying cell structure by electron microscopy

Look back at Figure 1.1 (on page 13). 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.
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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 3.

‘The structure and function of the organelles is what we consider next. Our understanding
of organelles has been built up by examining TEMSs 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 1.14.

animal cell i
ree rbosomes Golgiapparatus rough endoplasmic

free fibosomes reticulum (RER)

smooth
endoplasmmic
reticulum
(ER)

endoplasmic
reticulum (SER)

| cellsurface:

attached

cell surface:

chromatin ermanent vacuole
temporary vacuoles nuclear envelope e
formed by intucking

iasma mermbrane nucieus

Figure 1.14 The ultrastructure of the eukaryotic animal and plant cell

Organelle structure and function

9 Outline how the The electron microscope has enabled us to see and understand the structure of the organelles of
electron microscope cells. However, looking at detailed structure does not tell us what the individual organelles do in
has increased our the cell. This information we now have, too. This is because it has been possible to isolate working
knowledge of cell organelles and analyse the reactions that go on in them and the enzymes they contain. In other
structure.

words, investigations of the biochemical roles of organelles have been undertaken. Today we know
about the structure and function of the cell organelles.
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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 76). At very high magnification it can be
scen to have three layers — two dark lines (when stained) separated by a narrow gap (Figure 4.4,
page 7).

The detailed structure and function of the cell surface membrane is the subject of a separate
topic (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.

2 Nucleus, nuclear envelope and nucleolus

The appearance of the nucleus in electron micrographs is shown in Figures 1.11 and 1.12

(page 13). The nucleus s the largest organlle in the eukaryotic cell, typically 10-20 pm in
diameter. It is surrounded by two membranes, known as the nuclear envelope. The outer
membran 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 107). 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 below) 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 clements of the phloem of flowering plants are without a nucleus. Both lose their nucleus as
they mature. The individual eylindrical fibres of voluntary muscle consist of a multinucleate sack
(page 249). Fungal mycelia also contain multinucleate cytoplasm.

3 Endoplasmic reticulum

‘The endoplasmic reficulum 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 eytoplasm of metabolically active
cells is commonly packed with endoplasmic reticulum. In Figure 1.15 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 ste-
roids, 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 impor-
tant role in the contraction of muscle fibres.
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SER and RER in cytoplasm, showing origin from outer membrane of nucleus TEM of RER
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Figure 1.15 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 s 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 Golgi apparatus oceurs 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 s 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
Iysosomes. Those in plant cells may contain polysaccharides for cell wall formation.
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(e e

stack of flattened,
‘membranous sacs

Figure 1.16 The structure of the Golgi apparatus

a mitochondion, cut open
to show the Inner membrane and crstae:

outer membrane

inner membrane
‘matix

in the mitachondrion many of the enzymes of
respirtion are housed, and the ‘energy currency’

formed.

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 pm wide, and 3.0-10.0 pm 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. 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 small circular
lengths of DNA, also. The mitochondsion is the site of the aerobic stages of respiration and
the site of the synthesis of much ATP (see below).

Figure 1.17 The structure of the
mitochondrion

ia (and contain ribosomes, too. They appear s tiny dark dots
in the matrix of the mitochondria, and are slightly smaller than the ribosomes found in
the cytosol and attached to RER. The sizes of tiny objects like ribosomes are recorded in
Svedberg units (5). This is a measure of their rate of sedimentation in centrifugation, rather
than their actual size. The smaller ribosomes found in mitochondria are 705, those in the
rest of the cell 80S. We return to the significance of this discovery later in the topic (the
endosymbiotic theory, page 25).

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 ribosomes found free
in the cytosol or bound to endoplasmic reticulum are the larger ones — classified as 80S. We
have already noted that those of mitochondria and chloroplasts are slightly smaller — 705.
Ribosomes are the sites where proteins are made in cells. The structure of a ribosome:
is shown in Figure 6.13, page 121, 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 48). 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.



Question

10 Explain why the
nucleus in a human
cheek cell (see Figure
1.3, page 5) may
be viewed by light
microscopy in an
appropriately stained
cell but the ribosomes
cannot.

Figure 1.19 The structure of the
centrosome

1.2 Cells as the basic units of living organisms

7 Lysosomes

Lysasomes 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
oceurs 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 1.18 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.

9 Chloroplasts

Chloroplasts are large organelles, typically biconvex in shape, about 4-10pm long and 2-3 pm
wide. They oceur 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.
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O TR
Figure 1.20 TEM of a thin section
of chioroplasts

Figure 1.21TEM of 2

sophyllcell of Zinnia, showing a large central vacuole and

Look at the chloroplasts in the TEM in Figure 1.20. 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 lamellac 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 the chloroplast DNA and ribosomes (705), 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 below).

Chloroplasts are one of a larger group of organelles called plastids. Plastids are found in
many plant cells but never in animals. The other members of the plastid family are leucoplasts
(colourless plastids) in which starch is stored, and chromoplasts (coloured plastids), containing
non-photosynthetic pigments such as carotene, and occurring in flower petals and the root tissue
of carrots.

10 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
endlose, support and protect.

Plasmodesmata (singular: plasmodesma)
are the cytoplasmic connections between
cells, running transversely through the walls,
connecting the eytoplasm and adjacent cells.
Plasmodesmata are formed when a cell divides
and lays down new walls between the scparating
cell contents. Typically, the cytoplasm of
plasmodesmata includes endoplasmic reticulum,
and occupies the holes or pits between adjacent
cells.

11 Permanent vacuole of plant cells
and the tonoplast

We have scen 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. 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.

Chiroplass within the cytoplas (38001
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M 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 1.11 as a model and
following the guidelines on biological recording on page 8, draw and label a representation
of the green plant cell shown in Figure 1.21.

Cilia and flagella

Cilia and flagella are organelles that project from the surface of certain cells, For example, cilia

occur in large numbers on the lining (epithelium) of the air tubes serving the lungs (bronchi).

We shall discuss the role of these cilia in healthy lungs and how they respond to cigarette smoke
| in Topic 9. Flagella occur on certain small, morile cells, such as the sperm.

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 (PD) by the transfer of encrgy
from other reactions. ATP is referred 10 as ‘energy currency’ because, like money, it can be

used in different contexts, and it is constantly recycled. It oceurs in cells at a concentration of
0.5-2.5 mg em™. ATP is a relatively small, water-soluble molecule, able to move easily around cells,
that effectively transfers energy in relatively small amounts, sufficient to drive individual reactions.
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Outline why ATP is
an efficient energy
currency molecule.

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. ATP is a relatively small, soluble organic molecule.

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.
© Encrgy-yielding reactions include the ion reactions of is, 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 musle 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™,
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 o 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; i is the source of energy for chemical

change in cells, tissues and organisms.

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.

Al plants, animals, fungi and protoctista (these are the single-celled organisms, such as Amoeba
and the algac) 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 iterally meaning ‘good nucleus”) — the animal and plant cells in Figure 1.3
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 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 like the mitochondria and
chloroplasts of eukaryotic cells.

Prokaryotic cell structure
Escherichia coli (Figure 1.23) 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 facces. This tiny organism was
named by a bacteriologist, Professor T. Escherich, in 1885. Notice the scale bar in Figure 1.23.
‘This bacterium s typically about 1m x 3pm in length — about the size of a mitochondrion in
a cukaryotic 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 1.23 the labels of the
component structures are annofated 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 ful size and divide again.
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In summary, the key structural features of typical prokaryotic cells as seen in a typical

bacterium are

o they are unicellular

@ typically 1-5pm in diameter

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

® lack organelles surrounded by a double membrane in their cytoplasm

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

® ribosomes are present, but they are the smaller 705 variety.

*structures that occur
Tum in all bacteria
scale bar
flagella — bring about
movement of the

bacterium

ble
attachment to surfaces
and to other bacteria

plasma membrane*—
a barrier across which
all nutrients and waste
products must pass

cytoplasm*—
site of the chemical
reactions of life

ribosomes*-site of
protein synthesis

nucleoid*~ genetic

of about 4000 genes

mesosome

cell wall*~ protects
cellfrom rupture
caused by osmosis and
possible harm from
other organisms

food granule  plasmid
electron micrograph of Escherichia coli

Figure 1.23 T

Prokaryotic and eukaryotic cells compared
‘The fundamental differences in size and complexity of prokaryotic and eukaryotic cells are
highlighted in Table 1.2

Table 1.2 Prokaryotes and eukaryotes compared

Prokaryotes, e.g. bacteria, cyanobacts

Eukaryotes, e.g. mammals, green plants, fungi

cels are extremely small, typically about 15 pm in diameter

cells are larger, typically 50-150 ym

nucleus absent: circular DNA helix in the cytoplasm, DNA
not supported by histone protein

nucleus has distinct nuclear envelope (with pores), with chromosomes of inear DNA
helix supported by histone protein

cell wall present (made of peptidoglycon ~ long molecules
of amino acids and sugars

cell wall present i plants (largely of cellulose) and fungi (largely of the polysaccharide chitin)

Tew organelles; membranous structures absent

many organelles bounded by double membrane (e.g. chloroplasts, mitochondria, nucleus)
or single membrane (e.g. Golgi apparatus, ysosomes, vacuoles, endoplasmic reficulum)

proteins synthesised in small ribosomes (705)

proteins synthesised in large ribosomes (05)

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 itrogen already
combined in molecules in order to make proteins from amino acids (page 120)
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always found sometimes present

cell wall

cell surface —_| °
membrane | Y ° — capsule (polysaccharide
. . { coat) as additional
oytoplasm @ [ protecton
& 9
° e A
° plasmid

DNA ring.

cell membrane,
e.9. associated with
photosynthetic pigments,
or particular enzymes

small ribosomes

flagellum
(simple structure)

Figure 1.24 The structure of a bacterium

12 Distinguish between the following terms:
cell wall and cell surface membrane
chromatin and chromosome

nucleus and nucleolus
prokaryote and eukaryote
centriole and chloroplast

-0 a0 o

plant cell and animal cell.
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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
cukaryotes must have evolved surrounded by prokaryotes, many that were long-established
organisms. How the eukaryotic cell arose is not known. However, there s 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 cukaryotic 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:
 aring of DNA, like the circular chromosome a bacterial cell contains
o small (708) ribosomes, like those of prokaryoes.

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 murual benefi.

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 membrane made of lipids and
proteins (eg. HIV)

® they are extremely small when compared with bacteria. Most viruses are in a size range of
20400 nm (0.02-0.4 mm). They become 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

® vituses 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.

DNA viruses RNA viruses
1 single-stranded: 2 doubls ded: 1 i ded: 2 double ded:
“M13* virus of herpes simplex virus poliovirus reovirus of
bacterial hosts of animal hosts of animal hasts animal hosts
human size: 80nm

immunodeficiency
virus, HIV (retrovirus)

size: 500nm size: 200nm
size: 100nm

Figure 1.25 A dlassification of viruses
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So are viruses g’ 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 ofien 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.

enlarged drawing of part of the virus

side view shows hollow

tube construction
. position

of RNA

protein coat (capsid) of

polypeptide building blocks

armanged in a spiral around

the canal containing RNA

5 arrangement of single
strand of RNA in TMV

infected
leaf.

Figure 1.26 Tobacco mosaic virus

Relative sizes of molecules, macromolecules, viruses and organisms
We now have a lear 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 1.27 size relationships of 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, breadih and depth.
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Molecular

structure
el smaller macromolecules and
. nomethod, Atomic
| small amino acid. of obsenvation | structun
by chemical analysis
Lige]
| hydrogen atom
Lignd

Figure 1.27 Size relationships on a logarithmic scale
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& 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 — um) 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.

f electron
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,
induding the nudleus, 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.

Examination style 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?

9 i) Where in the cell are the ribosomes found? 21
ii) How does the function of ribosomes vary according to

21

where they occur?
d) Which cell structures synthesise and transport lipids in
the cell?
) Which of the organelles of the cell are surrounded by a
double membrane? 31
) i) What is the origin of the cristae within the
‘mitochondria? ol
ii) What is the value of the surface area the cristae
provide?
9) 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) lllustrate 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
\___ i) the destructon of defectiv organelies.

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?

b) Explain what the terms ‘prokaryote’ and ‘eukaryote” tell
us about the respective structures of cells of these
organisms. [2]
) Make a large, fully labelled diagram of a prokaryotic

cell
20 Lt il T S WA R bt el
differs from animal and plant cells.
[Total: 20]

4 a) The fine structure of cells is observed using the electron
microscope.
i) What features of cells are observed by electron
microscopy that are not visible by light microscopy? [1]
ii) State two problems that arise i electron microscopy
because of the nature of an electron in relation to

the living cell. 121
b) i) What magnification occurs in a light microscope with
a X6 eyepiece lens and a x10 objective lens? 1]
ii) How many cells of 100um diameter will fit side
by side along a millimetre? 1l

iii) Explain what is meant by the resolution (resolving
power) of a microscope. 121

[Total: 71
E4
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2 Biological molecules

This topic introduces carbohydrates, proteins and lipids: organic The emphasis in this topic is on the relationship between molecular
molecules that are important in cells. Nucleic acids are covered in a structures and their functions. Some of these ideas are continued
separate topic. Biological molecules are based on the versatile el in pics, for example, the functions of haemoglobin in gas
carbon. This topic explains how macromolecules, which have a great  transport in Transport in mammals, phospholipids in membranes in
diversity of function in organisms, are assembled from smaller organic  Cell membranes and transport and antibodies in Immunity.
molecules such as glucose, amino acids, glycerol and fatty acids.

Life as we know it would not be possible without water.

ing the ties of thi inary molecule is

an essential part of any study of biological molecules.

2.1 Testing for biological molecules

TR orbiclocl By the end of this section you should be able to:

molecules can be used in a

variety of contexts, such as a) carry out tests for reducing sugars and non-reducing sugars, the iodine in potassium iodide
identifying the contents of solution test for starch, the emulsion test for lipids and the biuret test for proteins to identify the

mixtures of molecules and
following the activity of
digestive enzymes.

contents of solutions

b) carry out a semi-quantitative Benedict's test on a reducing sugar using dilution, standardising
the test and using the results (colour standards or time to first colour change) to estimate the
concentration

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 o 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 59.
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Figure 2.1 Flow chart of the tests for biol

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
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2.2 Carbohydrates and lipids

By the end of this section you should be able to:

) describe the molecul
I d

describe the ring forms of o-glucose and B-glucose

def
polysaccharide

e the terms monomer, polymer, macromolecule, monosaccharide, disaccharide and

describe the formation of a glycosidic bond by condensation, with reference both to

describe th k

polysaccharides and to disaccharides, including sucrose

reference to the non-reducing sugar test
structure of

d di ides by hydrolysis, with

i

llulose and relate thy

describe the molecular structure of a

starch (amylose and amylopectin),
to their functions in li

g organisms

iglyceride with reference to the formation of ester bonds.

and relate the structure of triglycerides to their functions in living organisms
describe the structure of a phospholipid and relate the structure of phospholipids to their




2.2 Carbohydrates and lipids

Introducing carbon compounds

Gompounds built from carbon and hydrogen are called organic compounds. Examples include
methane (CH,) and glucose (CiH1Og). 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.
Why is carbon so important 1o life?
~ The answer is that carbon has a unique collection of properties, so remarkable in fact, that we

1 Where do non-organic can say that they make life possible. If you are unfamiliar with these properties, then the special
forms of carbon exist in | features of carbon are introduced in Appendix 1 (on the CD).
the biosphere?

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, H,0). In
fact, we represent carbohydrates by the general formula Cy(IL,0)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.

OH
Is The structure of glucose
Glucose exists in two ring forms. Wt
it s i s Glucose has a chemical or molecular
constantly change between the two / 0 glucose, folded formula of CgH, ;0. This indicates the.
ring structures. oH Hi? atoms present and their numbers in the
2Ny molecule. So, glucose is a six-carbon sugar or
e hexose. But this molecular formula does not

tell us the structure of the molecule.
Glucose can be written down on paper

s as a linear molecule however it cannot
NG exist in this form. Rather, glucose is folded
P lucose in and takes a ring or cyclic form. This is its
pyranose rings|
A structural formula, The ring closes up
o the two forms of glucose Dt ;
alitosn b o the asitone " when the oxygen on carbon-5 attaches itself
the —H and —OH attached Folucoss to carbon-1. The glucose ring, containing
s to carbon-1 when the ring closes 5 five carbon atoms and an oxygen atom, is
CHOH CHOH called a pyranose ring. Furthermore, the
5—ao For simplicity and convenience 9—0_ ,OH  Pyranosering exists in two forms. These are
“Kon et itis the skeletal formulae that Kon > the a-form and the B-form, depending on
i s f;squ:nt\y u‘sed in e whether a —H atom was trapped ‘up’ (a-form)
OH ;Tjsh‘gv%m‘:ih:'g::n’j:g:"g OH or ‘down’ (B-form) when the ring closed. So,
skeletal formula biologically active molecules skeletal formula  there are two forms of glucose, known as
of a-glucose of B-glucose acglucose and B-glucose (Figure 2.2).

Figure 2.2 The structure of a-gluccse and B-glucose
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Some functional
groups of sugars

GHOH

H L—0, H
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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.

The functional groups of sugars

Fortunately, the huge number of organic compounds fit into a relatively small numbers
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 structure of some important functional

groups is shown in Figure 2.3,

‘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.

Other functional
group:
H

|
alcohol group  —C—0—H

aldehyde
functional y
rou /
SRR Y b (e it

(or — CHO) \07H

\
carbonyl group C=0  (this group is part of
/" the aldehyde, keto
and carbowyl groups)

Figure 2.3 Some functional groups

Testing for reducing sugars

amino group  —

hydroxyl group —OH

sulfydryl group —

phosphate group

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 Cu”* ions to Cu® ions forming a brick-red precipitate of copper(D) oxide. In the process,
the aldehyde or ketone group is oxidised to a carboxyl group (-COOH).

‘This reaction is used to test for reducing sugar and is known as Benedict's test (Figure 2.4).

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 (18.0g of glucose with 100cm? of distilled water):
@ prepare 10cm® of a 0.1% solution of glucose (labelled Tube 2)

® prepare 10cm? of a 1% solution of glucose (Tube 3)

® and then place 10cm? of the 10% glucose solution in another test tube (Tube 4).



2.2 Carbohydrates and lipids

3 Finally, place 10cm?® of distilled water in a test tube (Tube 1) and 10cm? of a 10% sucrose
solution in a final test tube (Tube 5).

4 Add 5cm? 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 2.4).
Notice that:
® in the absence of reducing sugar the solution remains blue (Tube 1)

@ sucrose is not a reducing sugar (Tube 5)

o 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:

blue — green — yellow — red — brown

5 cm? of Benedict’s solution ——test tubes were placed in a boiling ——= tubes were transferred to a rack and the
(blue) was added to 10 cm? water bath for 5 minutes colours compared
of solution to be tested

S
5 2 '3 5
boling
water bath *‘“ with disiled with sucrose
water | solution
= (control)
with 0.1% with 1.0% with

). ith ith 10%
glucose solution  glucese solution  glucose solution

Figure 2.4 The test for reducing sugar

Making the dict's test i itati

‘The colour sequence obtained with Benedicts solution with sugar solutions of increasing
concentration can be used to make an approximate estimation of the concentration of reclucing
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 2.5.

Look at the sequence of actions carefully. Note that the product of steps 1-6 is a serial dilution
of glucose starting with 19 glucose. Each subsequent dilution is 50% less concentrated. What is the
concentration of the glucose solution in Tube 67

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 glicose solution, tested with Benedicts in the
same way, indicates the concentration of glucose present.
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making a serial dilution of glucose solution Baiiediicers st
3

3 adal cm h“% glucose to tube 2, 8add 2 cm? Benedict's solution to

mix thoroughly each tube and mix thoroughly

4 transfer 2 cm? of this
solution to tube 3

5 repeat this serial dilution
with tubes 4, 5 and 6

1add 2 cm? 1% glucose

7 place all tubes in a boiing
solution to tube 1

water bath for 3 minutes
NN

6 discard 2 cm?

of the solution in tube 6

2cm?
==,

2am?

1 (B3 2 9| 3 |EE| 4 (BB 5 ()6

2.add 2 cm? water to tubes 2-6

9 return the tubes to the test-tube rack and note the colours

Figure 2.5 Using the Benedicts test semi-quantitatively

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).
He-aii

sugars (pe are important of nucleic acids (Topic 6).
Table 2.1 Other monosaccharides of importance in living cell
of Name of Molecular | Formula Roles
carbon chain | sugar formula
3C —tiose | glyceraldehyde | CaHeO5 D H 0 intermediate in
s respiration and
o G photosynthesis
]
on
5C = pentoses | ribose CsHiOs b) H é) in RNA, ATP and
: CHioH, 01| hydrogen acceptors
v on NAD and NADP
I
g —on
H—d—on
é HO OH
HioH
deoxyribose CsHygOs 9 H o in DNA
S CHoH, O
o . H é‘—H
2 Listthe properties of the H—C—oH
carbon atom responsible S
1 H
for the huge array of i
organic compounds.
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2.2 Carbohydrates and lipids

Disaccharides
Di ides are ‘made of two combined together. An example is
sucrose.

Sucrose is formed from a molecule of a-glucose and a molecule of fructose. A molecule of
water is removed when two monesaccharides combine, so the reaction is called a condensation
reaction. The bond formed between the a-glucose and fructose molecules by the removal of water
is called a glycosidic bond (Figure 2.6). This is another example of a strong, covalent bond.

sucrose oglucose 4 fructose
CH,OH

glycosidic
bond

CH,OH
CH,0H 0 HO  CHOH
HO + o _hrols .
water _ condensation OH HO,
HO OH  HOH,C
OH HO OH

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 (-ysis") of the glycosidic bond occurs (Figure 2.6).

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(ID to copper(I) in a Benedict's test. Benedict’s solution
will remain blue when heated with sucrose.

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 1em? of dilute hydrochloric acid, and to B add the same quantity of
distlled 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
oceurs 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 Benedicts 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.

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 o 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,
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Figure 2.7 Sucrose (a
disaccharide) and the
monosaccharides that form it

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

Maltose (a-glucose + aglucose) 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 (B-galactose + glucase) is the sugar found in the milk of mammals.

sucrose aglucose 4 fructose
CH,0H
° CH,OH
D
CH,OH HO CH,0H
OH o o o - 0, o. 2
HO 5 4 Hyo _hdrobsis :
HOJ | er  condensation OH HO
HO HOH,C HO OH  HOH,C
OH HO OH

Finally, a definition check:

® Monosaccharides are simple sugars; all are reducing sugars.

 Disaccharides are sugars that are ion products of two molecules, with
the elimination of water and the formation of a glycosidic bond. Some disaccharides are redlucing
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.
Notmally 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 (see Appendix 1 on the CD). In
covalent bonding, clectrons 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 8 and a net positive charge on the hydrogen atoms (represented by 8. 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).



2.2 Carbohydrates and lipids

Dipoles exist in many different molecules, especially where there are —OH, —C=0, or =1
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.

H

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, CO,, and the mineral calcium carbonate,
€aCO,, are examples of inorganic carbon.)

Cellulose is a polymer of B-glucose molecules combined together by glycosidic bonds between
carbon-4 of one B-glucose molecule and carbon-1 of the next. Successive glucose units are linked
at 180° to each other (Figure 2.8). 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. In plant cell walls additional strength comes from the cellulose fibres
being laid down in layers running in different directions.

‘The chemical test for cellulose is that it gives a purple colour when Schultz’ solution is added.
‘The cell walls of green plants and the debris of plants in and on the soil are where cellulose
oceurs. 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 TN

a

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?

Figure 2.9 Starch

amylose
(astraight.chain

amylopectin
(a branched-chain
polymer of
orglucose)

fodine  starch
molecules ~ chain

LHH

Starch
Starch is a mixture of two polysaccharides (Figure 2.9).
© Amylose is an unbranched chain of several thousand 14 linked a-glucose unis.
© Amylopectin has shorter chains of 1,4 linked a-glucose units but, in addition, there are branch
points of 1,6 links along its chains.
‘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. It is laid down as compact grains in
plastids called leucoplasts. Starch is an important energy source in the dit of many animals,
t00. 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.

Testing for starch
We test for starch by adding a solution of iodine in potassium iodide. lodine molecules fit neatly

into the centre of the starch helix, creating a blue-black colour (Figure 2.9).
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TEM of a liver cell (x7000)

Figure 2.10 Glycogen granules (dark

Question

5 Define the terms
‘monomer’ and
“polymer’, giving
examples from the
carbohydrates.

2.2 Carbohydrates and lipids

Glycogen is a polymer of a-glucose, chemically very similar to
amylopectin, although larger and more highly branched. 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 2.10), 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
constant supply of glicose from the blood circulation.

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

blue spots) in fiver cells

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 (Figure 2.13).

Lipids occur in living things as animal fats and plant oils. 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.

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 2.12. Three
fatty acid molecules combine with one glycerol
molecule to form a triglyceride. Fats and oils are

meat joint with fat layers around  olive oil nuts and seeds rich  both formed in this way and they have the same
the blocks of muscle fibres in oils chemical structure. The only difference between
Figure 2.11 Fats and oils — these all leave a translucent stain on paper or fabric them is that at about 20°C (room temperature) oils

are liquids and fats are solid.
Triglycerides are quite large molecules but they are small when compared to macromolecules like
glycogen and starch. It is only because of their hydrophobic properties that triglyceride molecules
clump together (aggregate) into huge globules that make them appear to be macromolecules.
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‘The fatty acids present in fats and oils have long hydrocarbon ‘tils'. These are typically of about
16 to 18 carbon atoms long but may be anything between 14 and 22 (Figure 2.12). The

are due to these tails.

ic properties of

We describe fatty acid molecules as ‘acids’ because their functional group (-COOH, carboxyl)

tends to ionise (slightly) to produce hydrogen fons, which is the property of an acid.

—COOH == €00~ + H*

Itis the carboxyl functional group of three organic acids that react with the

three hydroxyl

functional groups of glycerol to form a wiglyceride (Figure 2.12). The bonds formed in this case are

known ester bonds.
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Figure 2.12 The formation of a triglyceride
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oil forms a layer on water, but when shaken together,
froms an emulsion (milky in appearance) which may take
awhile to disperse

Figure 2.13 The emulsion test

palmitic acid, CgHs  COOH, 2 saturated fatty acid

2.2 Carbohydrates and lipids

The emulsion test for
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 2.13). 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.

Saturated and unsaturated triglycerides

Much attention is paid to the value of ‘unsaturated fats’ in the diet —
especially among people who are well fed! 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 2.14).

oleic acid, C7H33COOH, an unsaturated fatty acid

space-iling model

skeltal formula
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<<

o
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tristearin, melting point 72°C
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(the double bond causes
akink in the hydrocarbon
“talr)

o d
Jos
Lot

trioken, melting point -4°C

Figure 2,14 Saturated and unsaturated fatty acids, and the triglycerides they form

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 2.14.
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Figure 2.15 Adipose tissue

“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 dict. What seems clear is that it is
better to eat less rather than more fat in our diets.

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 (sce page 239).
Mass for mass, fats and oils release more than twice as much energy as carbohydrates do when they
are respired. This is because fats are more reduced than carbohydrates (page 240). More of the oxygen
in the respiration of fats comes from the atmosphere. In the oxidation of carbohydrate, more oxygen is
present in the carbohydrate molecule itself. Fat therefore forms a concentrated, insoluble energy store.
Fat layers are typical of animals that endure long unfavourable scasons in which they survive by
using the concentrated reserves of food stored in their bodies. Oils are often a major encrgy store
in plants, their seeds and fruits, and it is common for fruits and seeds 1o be used commercially as a
source of edible oils for humans, including maize, olives and sunflower.
CGomplete oxidation of fats and oils produces a large amount of water. This is far more than
when the same mass of carbohydrate is respired. Desert animals like the camel and the desert rat
retain much of this ‘metabolic water” within the body, helping them survive when there is no liquid
water for drinking. The development of the embryos of birds and repiles whilst in their shells also
benefis from metabolic water formed by the oxidation of the stored fat in their cgg's yolk. Whales are
‘mammals surrounded by salt water they cannot safely drink and they rely solely on metabolic water!

Fat as a buoyancy aid

Fat is stored in animals as adipose tissue, typically under the skin, where it is
known as subeutancous fat. Aquatic, diving mammals have so much it is identified
as blubber. This gives buoyancy to the body, because fat is not as dense as muscle
or bone. If fat reserves like these have a restricted blood supply and the heat of

the body is not especially distributed to the fat under the skin (as is commonly the
case), then the subcutaneous fat also functions as a heat insulation layer.

Waterproofing of hair and feathers

Oily secretions of the sebaceous glands, found in the skin of mammals, acts as a
water repellent, preventing fur and hair from becoming waterlogged when wet.
Birds have a preen gland that serves the same purpose for feathers.

Electrical insulation

Myelin lipid in the membranes of Schwann cells, forming the sheath around the axons of neurones
(page 313), electrically isolates the cell surface membrane and facilitates the conduction of the
nerve impulse there.

Phospholipids
A phospholipid has a very similar chemical structure to a triglyceride, except that one of the fatty
acids is replaced by a phosphate group. The phosphate group is ionised and therefore water
soluble. C ipids combine the ic properties of the tails
with the water-loving (hydrophilic) properties of the phosphate group.

A thin layer of phospholipid floats on water, forming a monolayer with the hydrophilic heads
in water and the hydrophobic tails projecting. With more phospholipid present, the phospholipid
‘molecules form a bilayer, with the hydrophobic tails aligned together. We return to this when
looking into the structure of cell surface membranes (Topic 4).
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Figure 2.16 Phospholipids

Other lipids

If you compare the structure of a steroid such as cholesterol (Figure 2.17) with that of a
triglyceride (Figure 2.14), you can see just how structurally different the lipids are. The ‘skeleton’ of
a steroid is a set of complex rings of carbon atoms; the bulk of the molecule is hydrophobic but the
polar hydroxyl group is hydrophilic. Steroids occur in both plants and animals, and one widespread

form is the substance cholesterol.

roles:
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igure 2.17 The stercid cholesterol

Cholesterol is an essential component of membranes of plants and animals. In mammals, the sex
hormones progesterone, oestrogen and testosterone and also growth hormones are also produced
from it. Bile salts (involved in lipid transport from the intestine to the tissues, in the blood) are also
synthesised from cholesterol. Consequently, cholesterol is essential for normal, healthy metabolism.
However, excess blood cholesterol may cause harmful deposits in artery walls, causing a disease
called atherosclerosis.

Finally, waxes are esters formed from a fatty acid and a complex alcohol (in place of glycerol).
They are produced by plants and used as the waxy cuticle that protects the plant stem and leaf
epidermis from loss of water by evaporation. The same role is fulfilled by the wax that insects have
on the outer surface of their cuticle. Bees use wax in the honeycomb cells they build for rearing
their young (larvae) and storing honey.
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An understanding of protein
structure and how it is
related to function is central
1o 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.

Water is a special
molecule with extraordinary
properties that make lfe
possible on this planet 150
millon kilometres from the

2.3 Proteins and water

By the end of this section you should be able to:

a) describe the structure of an amino acid and the formation and breakage of a peptide bond

b) explain th ing of the terms pri and
e e e e T e et e
hydrophobic interactions) that hold these molecules in shape

9 describe the molecular structure of haemoglobin as an example of a globular protein, and of
collagen as an example of a fibrous protein and relate these structures to their functions

) explain how hydrogen bonding occurs between water molecules and relate the properties of
water to its roles in |

Proteins
Proteins make up about two-thirds of the total dry mass of a cell. They differ from carbohydrates
and lipids in that they contain the element nitrogen, and usually the element sulfur, as well as
carbon, hydrogen and oxygen.

Proteins are large molecules formed from many amino acids combined in a long chain.
Typically several hundreds or even thousands of amino acid molecules are combined together
to make a protein. (So a protein can also be described as a macromolecule.) Once the chain is
constructed, a protein takes up a specific shape. The shape of a protein is closely related to the
functions it performs. We will return to this aspect of protein structure, after we have examined the
properties of individual amino acids.

‘Amino acids, as their name implies, contain two functional groups, a basic amino group (-NH,)
and an acidic carboxyl group (-COOH). In the naturally-occurring amino acids both functional
groups are attached to the same carbon atom. Since the carboxyl group is acidic:

—COOH = €00~ + H*
and the amino group is basic:
~NH, + HY = -NH,

an amino acid is both an acid and a base, a condition known as amphoteric. The remainder of the
molecule, the side chain or R-group, is very variable.

The bringing of amino acids together in different combinations produces proteins with very
different properties. This helps explain how the proteins in organisms are able to fulfil the very
different biological functions they have.
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‘What does the

symbol ‘R’ represent
in a generalised
formula of an organic
compound?

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

p=a"
where A = the
number of different
types of amino acids
available and
n = the number of
amino acid monomers
that make up the
polypeptide molecule.
Given the naturally
occurring pool of
20 different types of
amino acids, calculate
how many different
polypeptides are
possible if constructed
from 5, 25 and 50
amino acid residues
respectively?
Distinguish between
condensation and
hydrolysis reactions.
Give an example of
each.

2.3 Proteins and water
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Figure 2.18 The structure of amino acids

The peptide bond
Two amino acids can react together with the loss of water to form a dipeptide. The amino group.
of one amino acid reacts with the carboxyl group of the other, forming a peptide bond (sce
Figure 2.19 on the next page). Long strings of amino acids linked by peptide bonds are called
polypeptides. A peptide or protein chain is assembled, one amino acid at a time, as we shall see
later.

‘The terms ‘polypeptide’ and ‘protein’ can be used interchangeably but, when a polypeptide is
about 50 amino acid molecules long, it is generally agreed to be have become a protein.

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(Il)
sulfate is introduced with gentle mixing. A distinctive purple colour develops without heating
(see Figure 2.20 on the next page).

The structure of proteins

The primary structure of a protein is the long chain of amino acids in its molecule. Proteins
differ in the variety, number and order of these amino acids. In the living cell, the sequence of
amino acids in the polypeptide chain is controlled by the coded instructions stored in the DNA
of the chromosomes in the nucleus (Topic 6). Just changing one amino acid in the sequence of
a protein may alter its properties completely. This sort of ‘mistake’ or mutation does happen
(see page 125).
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Figure 2.19 Peptide bond
formation

Figure 2.20 TF
protein
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10 Describe three of

2.3 Proteins and water

The secondary structure of a protein develops when parts of the polypeptide chain take up
| a particular shape, immediately after formation at the ribosome (Figure 2.21). Parts of the chain
the become folded or twisted, or both, in various ways. Two major structural forms are particularly
stable and common. Either part or all of the peptide chain becomes coiled to produce an a-helix

types of bonds that
"“a“c"'a‘" g‘f ‘e't"a'y or it becomes folded into B-sheets. These shapes are permanent, held in place by hydrogen bonds.
Slishle.gkpratens: The tertiary structure of a protein is the precise, compact structure, unique to that protein

that arises when the molecule is fusther folded and held in a particular complex shape. This shape
is made permanent by four different types of bonding, established between adjacent parts of the

chain (Figure 2.22).
“The primary, secondary and tertiary structure of the protein called lysozyme is shown in Figure 224,
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Figure 2.22 Cross-inking within a polypeptide
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Figure 2.23 Collagen: an
example of a fibrous protein

Fibrous and globular proteins

Some proteins take up a tertiary structure which is a long strand, and are called fibrous proteins.
‘They have structural roles in the body. Examples of fibrous proteins are fibrin, a blood protein
involved in the clotting mechanism, and keratin, found in hair, horn and nails.

Collagen

Collagen is the most abundant structural protein in animals in general. In our skin it forms a mat in
the deepest layers. It occurs in tendons, cartilage, bone, teeth and in the walls of blood vessels. It
also forms the cornea of the eye.

Chemically, a collagen molecule consists of three polypeptide chains, each in the shape of a
helix. Each chain consists of about 1000 amino acids. They are wound together as a triple helix
forming a stiff cable — a unique arrangement in proteins. These helices are stretched out, meaning
this structure is not as tightly wound as an ahelix. This structure is only able to form if every third
residue in each polypeptide chain s glycine — the smallest amino acid. In fact, along the helix a
typical repeating sequence is glycine-proline-hydroxyproline.

The three helices are held together by numerous hydrogen bonds and have great mechanical
strength. Many of these triple helices lie side-by-side, forming collagen fibres. Within the fibres,
collagen molecules are held together by covalent cross-inkages between the carboxyl group of
one amino acid and the amino group of another. Also, the ends of individual collagen molecules
are staggered so there are no weak points in collagen fibres, giving the whole structure incredible
tensile strength. For example, a load of at least 10 kg is needed to break a collagen fibre that is
only 1 mm in diameter, This quality is essential in tendons, for example. Within the body, collagen
also binds strongly to other substances, such as the calcium phosphate of bone. The structure of
collagen is illustrated in Figure 2.23.

Other proteins take up a tertiary structure that is more spherical. They are called globular
proteins. Enzymes are typically globular proteins, including lysozyme — an antibacterial enzyme
present in animal excretions such as tears (see Figure 2.24).

primary structure secondary structut

(the sequence of amino acids) (the shape taken up by parts of the amino acid chain)
e

I "*zsu

el

£ oo
s
[, &

E
1

AT

I tertiary structu
sy = (the three-dimen

of the protein)

Figure 2.24 Lysozyme: primary, secondary and tertiary structure



2.3 Proteins and water

Finally, the quaternary structure of a protein arises when two or more proteins become held
together, forming a complex, biologically active molecule. An example is hacmoglobin, a globular
protein (globin) consisting of four polypeptide chains (two a-chains and two B-chains). Each
polypeptide chain is associated with a non-protein haem group, in which an iron ion (Fe**)
oceurs (Figure 2.25). Since the pigment ‘haem’ is an integral part of the quaternary protein and yet
is not itself made of amino acids, it s referred to as a prosthetic group. A molecule of oxygen
(0,) combines reversibly with each haem group in the ‘pocket’ where the iron ion occurs. This
reaction is dependent upon the partial pressure of oxygen (high in the lungs, low in the
respiring tissues of the body).

(Hb) + 40, — (HbOg)

i the Fuermoglobic el e fovoes Mg 3t ot el el etonining el
important three-dimensional shape of are i ic R-groups. On
the exterior of the molecule it is the presence of hydrophilic Rrgroups that maintain the solubility
of the protein. Vast numbers of the resulting more or less spherical haemoglobin molecules are
normally located in the red blood cells.

Each red blood cell contains about
280 million molecules of haemoglobin
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Figure 2.25 Haemoglobin: the qua

ernary protein of red cells
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Explain why
polysaccharides and
proteins are described
as macromolecules but
lipids are not.

An important exception to this arises in sickle-cell anacmia, a genetically controlled condition in
which one of the amino acids that comprise the B-chain is replaced (non-polar valine is substituted
for polar glutamic acid). The result is long fibrous haemoglobin molecules that distort and damage
the red blood cells and which hinders their efficient delivery of oxygen to the tissues. However, the
sickle cell condition may confer some resistance to malaria.

Denaturation of protein

Denaturation is the loss of the three-dimensional structure of a protein. It happens when
the bonds that maintain the three-dimensional shape of the protein molecules are changed
(Figure 2.22).

We have noted that many of the properties and uses of proteins within cells and organisms
depend on their particular shape. When the shape of a protein changes the protein may cease to
be useful. The biochemistry of cells and organisms is extremely sensitive to conditions that alter
proteins in this way.

Exposure to heat (or radiation) causes atoms to vibrate violently, and this disrupts hydrogen
and ionic bonds. Under these conditions, protein molecules become elongated, disorganised
strands. We see this when a hen’s egg is cooked. The translucent egg ‘white’ is a globular protein,
albumen, which becomes irreversibly opaque and insoluble. Exposure to heavy metal ions, to
organic solvents or to extremes of acidity or alkalinity will all trigger irreversible denaturations.
These conditions sometime alter charges on the R-groups, too.

Small changes in the pH of the medium may alter the ionic charges of acidic and basic groups
and temporarily cause change (see page 65). However, the tertiary structure may spontaneously
reform. This suggests that it is the primary structure of a protein that determines cross-linking and
the tertiary structure, given a favourable medium.

The making of macromolecules - a review
We began this topic by introducing four elements — carbon, hydrogen, oxygen and nitrogen. We
saw that it is from atoms of these clements that the carbohydrates, lipids and proteins are made —
the bulk of the molecules of life. These biological malecules exist in a huge range of sizes, all of
them with important roles in working cells.

However, some of the molecules in cells are very large indeed. These are the giant molecules,

known as macromolecules. Polysaccharides and proteins are the macromolecules that have
been introduced in this topic. Chemically we have described them as polymers, made by linking
together similar building blocks called monomers. Proteins are built from amino acids and
polysaccharides from monosaccharide sugars.

Monomers are linked together by a reaction in which the elements of water are removed
(a condensation reaction). So the monomer units that have made up a polymer are now
called residues. The reverse reaction requires water and it results in the release of individual
monomers again. It s called a hydrolysis reaction. The bonds between monomers are covalent
bonds. Between ide residues of a ide they are glycosidic bonds.
Between amino acid residues of a protein, peptide bonds are formed.

The other macromolecules found in cells are the nucleic acids. These are discussed in Topic 6.
The most significant points to keep in mind about the properties of macromolecules a
® the type of macromolecule depends upon the type of monomer from which it s 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.

As the functions of each of the macromolecules of cells — polysaccharides, proteins and (later)
nucleic acids are discussed, the significance of ‘type’, ‘order’ and ‘shape’ will become clear.



2.3 Proteins and water

Roles of proteins

We have seen that some proteins of organisms have a structural role in cells and organisms;
others have biochemical or physiological roles. Whatever their roles are in metabolism,
however, cell proteins are in a continuous state of flux. They are continuously built up, used and
broken down again into their constituent amino acids, to be rebuilt or replaced by fresh proteins,
according to the needs of the cells (Figure 2.26).

Types and roles

in animals amino acids nucleus controls and directs
obtained by digestion and protein synthesis via mRNA .
absorption (heterotrophic nutrition) structural proteins

(fibrous proteins), .. collagen
ne, keratin of hair
(Figure 2.23)
enzymes (biological catalysts)
synthesis. of organelles and cytosol (Topic 3)
m’ua{ breakdown an
. rebuiiding of proteins means muscles/movement proteins e.g
amino the "udm is ab;m 3 / myosin and actin of muscle myofibrils
poal'in o i proteins e (Figure 12.12, page 249)
cytoplasm mmmand vf {eu mmiw transport protein:

P
Barioglbin o e bl
(Figure 2.
defence agains! disease proteins —
antibodies (mmunoglobulins)
secreted by B-lymphocytes

)

breakdown

(Topic 11
plants amino acids obtained -
i shoss from N, s e protein of membranes - part
acids (autotrophic nutrition) structural, also as enzymes,
pumps and receptors
(Topic 4)

Figure 2.26 The dynamic state of cell proteins

Water

Living things are typically solid, substantial objects, yet water forms the bulk of their structures.
Between 65 and 95 per cent by mass of most multicellular plants and animals (about 80 per cent of a
human cell) consists of water. Despite this, water s a substance that is ofen taken for granted.

Water is composed of atoms of the elements hydrogen and oxygen. One atom of oxygen and
two atoms of hydrogen combine by sharing of electrons (covalent bonding). However, the water
molecule is triangular rather than linear and the nucleus of the oxygen atom draws electrons
(which are negatively charged) away from the hydrogen nuclei (which are positively charged) —
with an interesting consequence (Figure 2.27). 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 ) and a net positive charge on the hydrogen atoms (represented by %), 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 which contain groups with dipoles are

) known as polar molecules. Water is a polar molecule.

42 Distinguish between
ionic and covalent
bonding

Hydrogen bonds

With water molecules, the positively charged hydrogen atoms of one molecule are attracted to
the negatively charged oxygen atoms of nearby water molecules by forces called hydrogen
bonds. These are weak bonds compared to covalent bonds, yet they are strong enough to hold
water molecules together. Hydrogen bonds largely account for the unique properties of water. We
examine these properties next.

Meanwhile we can note that dipoles are found in many different molecules, especially where
there occurs an ~OH, ~C=0 or >N-H group. Hydrogen bonds can form between all these groups
and also between these groups and water. Materials with an affinity for water are described as
hydophilic (meaning ‘water-loving, see below).
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Figure 2.27 The water
molecule and the hydrogen
is it forms
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The properties of water

Heat energy and the temperature of water
Alot of heat energy is required to raise the temperature of water. This is because much energy is
needed 1o break the hydrogen bonds that restrict the movements of water molecules. This property
of water is its specific heat capacity. The specific heat capacity of water is the highest of any
known substance. Consequently, aquatic environments like streams, rivers, ponds, lakes and seas
are very slow to change when the ing air changes. Aquatic
environments have much more stable temperatures than do terrestrial (land) environments.
Another consequence is that cells and the bodies of organisms do not change temperature
readily. Bulky organisms, particularly, tend to have a stable temperature in the face of ising or
falling external temperatures.

Evaporation and heat loss

‘The hydrogen bonds between water molecules make it difficult for them to be separated and
vapourised (ie. evaporated). This means that much energy is needed to turn liquid water into water
vapour (gas). This amount of energy is the latent heat of vapourisation and for water it is very high.




fonic compounds like
Nacl dissolve in water,

NaCl == Na* + CF

with a group of orientated
ater molecules
around each ion:

sugars and alcohols
dissolve due to hydrogen
bonding between polar
groups in their molecules
(e.9.— OH) and the polar
water molecules:

Figure 2.28 Water as universal

[ question ]

12 Water has a relative
molecular mass of only
18 yetitis a liquid at
room temperature.
This contrasts with
other small molecules
which are gases. (For
example, methane
(CHy) with a relative
molecular mass of 16;
ammonia (NH;) with
a relative molecular
mass of 17 and carbon
dioxide (CO,) with a
relative molecular mass
of 44.) What property
of water molecules
may account for this?

2.3 Proteins and water

Gonsequently, the evaporation of water in sweat on the skin or in transpiration from green leaves causes
marked cooling. The escaping molecules take a lot of energy with them. You experience this when you
stand in a draught afier a shower. And, since a great deal of heat s lost with the evaporation of a small
amount of water, cooling by evaporation of water is economical on water too.

Table 2.2 Water and life - a summary

The solvent properties of water

Water is a powerful solvent for polar substances. These

include:

 ionic substances like sodium chloride (Na* and C17). All
cations (positively charged ions) and anions (negatively
charged ions) become surrounded by a shell of orientated
‘water molecules (Figure 2.28)

 carbon-containing molecules with ionised groups (such as
the carboxyl group ~COO ™ or the amino group ~NH**).
Soluble organic molecules like sugars dissolve in water
due to the formation of hydrogen bonds with their slightly
charged hydroxyl groups (-OH), for example.

Once they have dissolved, molecules (the solute) are free to

move around in the water (the solvent) and, as a result, are

more chemically reactive than when in the undissolved solid.
We have noted that molecules with an affinity for water

are described as hydrophilic. On the other hand, non-polar

substances are repelled by water, as in the case of oil on

the surface of water. Non-polar substances do not contain

dipoles and are hydrophobic (water-hating).

other common liquid.

Property Benefit to life
1 ‘Aliquid at room temperature, water | Liquid medium for living things and for the chemistry
dissolves more substances thanany | of lfe.

the temperature of water

2| Much heat energy i needed to raise

Aquatic environments are slow to change temperature.
Bulky organisms have stable temperatures;

Water column does not break o pul
apart under tension (see Topic 7).

3| Evaporation requires a great deal Evaporation causes marked cooling. Much heat s lost by
of heat. the evaporation of a small quantity of water.
4| Water molecules adhere to surfaces. | Water adheres to the walls of xylem vessels as it & drawn

up the stem to the leaves from the roots. Water can be
lfted 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 C,(H,0),. They consist of
the sugars (monosaccharides and disaccharides) and
macromolecules built from sugars (polysaccharides).

# Monosaccharides indude the six-carbon sugars (hexoses),
such as glucose and fructose. They are important energy
sources for cells. The hexoses have the same molecular
formula (CgH,20g) 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(l) sulfate
(Benedict's solution), which is blue, they produce reduced
copper(l) 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 (.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.

o 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 phosphoric acid. 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 (-NH,) 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 s 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.

Some proteins have a structural role and are fibrous
proteins, for example, collagen of skin, bone and tendon.
Many proteins are enzymes or antibodies (and some are
hormones) and these are globular proteins.

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.

~




Examination style questions.

Examination style questions

1 such as glycogen,

and amylose,

are formed by polymerisation of glucose. Fig. 1.1 shows part
of a glycogen molecule.

Fig. 1.1

a) With reference to Fig. 1.1,
i) describe how the structure of glycogen differs from
the structure of amylose. 21
ii) describe the advantages for organisms in storing
polysaccharides, such as glycogen, rather than storing
glucose. 131
b) Glycogen may be broken down to form glucose.
Fig. 1.2 shows region X from the glycogen molecule in
Fig. 1.1 in more detail.

J
Fig. 1.2

Draw an annotated diagram to explain how a glucose
molecule is formed from the free end of the glycogen
molecule shown in Fig. 1.2
[Total: 8]
(Cambridge International AS and A Level Biology 9700,
Paper 02 2" variant Q2 November 2008)

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

b) When cellulose and collagen are hydrolysed by appropriate
enzymes, what are the products in each case? 2!

«©) 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. (6]
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? €]
) Where does collagen occur in the human body? ni
) 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. (6]
[Total: 20]

a) The angle between the oxygen-hydrogen bonds in water
is about 150°. 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.

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 2cm? of a dilute egg white
solution and one with 2cm? of a dilute starch solution,
was added 2cm” of a dilute sodium hydroxide solution
and the contents gently shaken. Then a dilute copper(l)
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?

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

i) Primary @2
ii) Secondary @
iii) Tertiary @

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.

(6]
[Total: 20]
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3 Enzymes

Enzymes are essential for life to exist. Their mode of action and
the factors that affect their activity are explored in this topic. Prior perience of carrying out practical investi
knowledge for this topic is an understanding that an enzyme isa  interpreting their results.

biological catalyst that increases the rate of a reaction and remains

unchanged when the reaction is complete.

There are many opportunities in this topic for students to gain ex-
i jons and analysing and

@ 3.1 Mode of action of enzymes

Thetz aremat/tererl By the end of this section you should be able to:

enzymes, each one specific

10 a particular reaction. 2) explain that enzymes are globular proteins that catalyse metabolic reactions

This specificity is the keyto  b) state that enzymes function inside cells (i enzymes) and outside cell

understanding the efficient enzymes)

functioning of cells and ) explain the mode of action of enzymes in terms of an active site, enzyme/substrate complex,

living organisms. lowering of activation energy and enzyme specificity (the lock and key hypothesis and the
induced fit hypothesis)

d) investigate the progress of an enzyme-catalysed reaction by measuring rates of formation of
products or rates of disappearance of substrate

Introducing enzymes and their role in metabolism

Enzymes are globular proteins that catalyse the many thousands of metabolic reactions taking place
within cells and organisms. Metabolism is the name we give to these chemical reactions of life.
‘The molecules involved are collectively called metabolites. Many of these metabolites are made
in organisms. Other metabolites have been imported from the environment, such as from food
substances taken in, water and the gases carbon dioxide and oxygen.

Metabolism actually consists of chains (linear sequences) and cycles of enzyme-catalysed
reactions, such as we see in respiration (page 242), photosynthesis (page 266), protein synthesis
(page 120) and very many other pathways. These reactions may be classified as one of just two
types, according to whether they involve the build-up or breakdown of organic molecules.
© In anabolic reactions, larger molecules are built up from smaller molecules. Examples of

anabolism are the synthesis of proteins from amino acids and the synthesis of polysaccharides

from simple sugars.
® In catabolic reactions, larger molecules are broken down. Examples of cabolism are the
digestion of complex foods and the breakdown of sugar in respiration.
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Figure 3.1 Metabolism: an
overview

3.1 Mode of action of enzymes

Enzymes as globular proteins

In Topic 2 we saw that the tertiary structure of globular proteins was typically spherical. In these
molecules their linear chain of amino acids (primary structure) is precisely folded and held in a
globular three-dimensional shape containing o-helices and P-sheets. Also, the R-groups of the amino
acids present on the exterior of the molecule are hydrophilic groups, making the protein water
soluble. Remember, this structure contrasted with that of the fibrous proteins, such as collagen.

Enzymes as biological catalysts

A catalystis 2 moleculethat speeds up a chemical reacton but remains unchanged at the end of the
reaction. Most chemical do not oceu Ina v or in an industrial process,
chemical reactions may be made to oceur by applymg high temperatures, high pressures, exiremes of
pH and by keeping a high concentration of the reacting molecules. If these drastic condifions were not
applied, vyl o the chemical product would be forme. I coniast i cels and organisns, many of

I reactions of at exactly the , at extremely low concentrations,
at normal temperatures and under the very mild, almost neutral, aqueous conditions we find in cels.

Houw is this brought about?

For a reaction between two molecules to occur there must be a successful collision between
them. The molecules must collide with each other in the right way and at the right speed. If the
angle of collision is not correct, the molecules bounce apart. Alternatively, if the speed of the
collision speed is wrong or the impact is oo gentle, for example, then there will be insufficient
energy for the rearrangement of electrons. Only if the molecules are lined up and collide with the
correct energies does a reaction occur.

‘The ‘right’ conditions happen so rarely that the reaction doesn't happen to a significant extent
normally. If we introduce extreme conditions, such as those listed above, we can cause the reaction
to happen. On the other hand, if we introduce an enzyme for this particular reaction then the
reaction occurs at great speed. Enzymes are amazing molecules in this respect.

Where do enzymes operate?

Some enzymes are exported from cells, such as the digestive enzymes. Enzymes, like these, that
are parcelled up, secreted and work externally are called extracellular enzymes. However, very
many enzymes remain within the cells and work there. These are intracellular enzymes. They are
found inside organelles, in the membranes of organelles, in the fluid medium around the organelles
(the cytosol) and in the cell surface membrane.

Enzymes control metabolism

‘There is a huge array of enzymes that facilitate the chemical reactions of the metabolism. Since
these reactions can only take place in the presence of specific enzymes, we know that if an enzyme
is not present then the reaction it catalyses cannot oceur.

Many enzymes are always present in cells and organisms but some enzymes are produced only
under particular conditions or at certain stages. By making some enzymes and not others, cells
can control what chemical reactions happen in the cytoplasm. Sometimes it is the presence
of the substrate molecule that triggers the synthesis of the enzyme. In Topic 4 we see how protein
synthesis (and therefore enzyme production) is directly controlled by the cell nucleus.

How enzymes work
So, enzymes are biological catalysts made of protein. They speed up the rate of a chemical
reaction. The general properties of catalysts are:
o they are effective in small amounts
® they remain unchanged at the end of the reaction.
‘The presence of enzymes enables reactions to occur at incredible speeds, in an orderly manner,
yielding products that the organism requires, when they are needed. Sometimes reactions happen
even though the reacting molecules are present in very low concentrations.

Houw is this brought about?
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Figure 3.2 Can a reaction occur without an enzyme?

Enzymes lower the activation energy

As molecules react they become unstable, high energy intermediates, but they are in this state only
momentarily. We say they are in a transition state because the products are formed immediately.
The products have a lower energy level than the substrate molecules. Energy is needed to raise
molecules 10 a transition state and the minimum amount of energy needed to do this is called the
activation energy. It is an energy barrier that has to be overcome before the reaction can happen.
Enzymes work by lowering the amount of energy required to activate the reacting molecules.

A model of what is going on is the boulder (the substrate) perched on a slope, prevented from
rolling down by a small hump (the activation energy) in front of it. The boulder can be pushed
over the hump. Alternatively, the hump can be dug away (the activation energy can be lowered),
allowing the boulder to roll and shatter at a lower level (into the products).
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*boulder on hillside’ model of activation energy without a catalyst, this
amount of energy needs

triggering the fall,

undet ekl o beputintostr the effect of catalyst

or by removing
the hump (the
enzyme way)

energy

free energy change

reactant products
Figure 3.3 Activation energy

The enzyme has an active site
In a reaction catalysed by an enzyme, the starting substance is called the substrate. It is converted
to the product. The way an enzyme works is for the substrate molecule to become attached (we say
‘bind 10") the enzyme at a specially formed pocket in the enzyme — very briefly. This binding point s
called the active site. The active site takes up a relatively small part of the total volume of the enzyme.

50, an enzyme (E) works by binding to its substrate (S) molecule at a specially formed pocket
in the enzyme. This concept is referred to the ‘lock and key’ hypothesis of enzyme action. As the
enzyme and substrate form a complex (E-S), the substrate is raised in energy to a transition state
and then breaks down into products (Pr) plus unchanged enzyme.

E+SSESPr—E

The sequence of steps to an enzyme-catalysed reaction: Enzymes are typically large
enzyme + substrate —> E-S complex —> product + enzyme available for reuse globular protein molecules.
| Most substrate molecules

(substrate raised to ;
transition state) are quite small molecules
E4S — > ES—> PrE Shsiate molecule - by comparison. Even when
the substrate molecules are
very large, such as certain
macromolecules like the

pethedite fere polysaccharides, only ane bond
molecule i held in the substrate is in contact with
and fesction occur) - 2y enzyme-substrate the active site of the enzyme.
e fod (large protein  <°MPlex .
molecule) Enzymes are highly
specific
Enzymes are highly specific in
their action. They catalyse only
substrate  reacti "
product molectle now at O P of reaction or only &
molecules transition state  very small group of very similar
reactions.

Figure 3.4 The lock and key hypothesis of enzyme action
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Question

Explain why the shape
of globular proteins
that are enzymes is
important in enzyme
action?

Figure 3.5 The induced fit
hypothesis of enzyme action

Spe

« Some amino acid residues allow a
particular substrate molecule to ‘it
 Some amino acid residues bring about
particular chemical changes.

‘This means that an enzyme ‘recognises’ a very small group of substrate molecules or even only

a single type of molecule. This is because the active site where the substrate molecule binds has
a precise shape and distinctive chemical properties (meaning the presence of particular
chemical groups and bonds). Only particular substrate molecules can fit to a particular active site.
Al other substrate molecules are unable to fit and so cannot bind.

Catalysis by ‘induced fit'

We have seen that enzymes are highly specific in their action. This makes them different from most
inorganic catalysis. Enzymes are specific because of the way they bind with their substrate at a pocket or
arevice in the protein, The ‘lock and key’ hypothesis, however, does not fully account for the combined
events of binding’ and simultancous chemical change observed in most enzyme-catalysed reactions.

At the active site, the arrangement of certain amino acid molecules in the enzyme exactly
matches certain groupings on the substrate molecule, enabling the enzyme-substrate complex to
form. As the complex is formed, an essential, critical change of shape is caused in the enzyme
molecule. It is this change of shape that is important in momentarily raising the substrate molecule
to the transitional state. It is then able to react.

With a transitional state achieved, other amino acid molecules of the active site bring about the
breaking of particular bonds in the substrate molecule, at the point where it is temporarily held by the
enzyme. It is because different enzymes have different arrangements of amino acids in their active sites
that each enzyme catalyses either a single chemical reaction or a group of closely related reactions.

plypeptideof 49 aming acid residues,
making up a simple enzym

active site (pocket/crvice
«— in'the protein molecule)
Qo

The amino acids ina
rotein have different

roles.

“The substrate molecule
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with the enzyme by
inducing a change in
shape of the enzyme
olecule.
the “induced fit process plays &
part in bringing about the chemical
changes, which are the enzyme-
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some amino acid residues
match certain groupings on the
substrate molecule, enabling the
enzyme-substrate complex o form,
e.9. residues 3-4-5 and 24-25-26
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that induce the
breaking of bonds,
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3.1 Mode of action of enzymes
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Figure 3.6 Computer-generated image of the induced fit hypothesis in action

Naming enzymes
Many enzymes have a name based on the name of their substrate, with the ending -ase added. For
example, lactase hydrolyses lactose and amylase hydrolyses amylose.
Other enzymes have been given names that tell us little or nothing about what they do, such as
many of the enzymes of digestion, for example, pepsin, trypsin and rennin.
Today, systematic naming of enzymes is based on an agreed classification of enzymes and on
the name of the substrate catalysed. These types of names are long and detailed. They are outside
T the scope of this book. They are used in the communications of enzymologists but not in everyday
iR an usage. However, you are already familiar with certain enzymes. For example, the enzymes that
enzymes. catalyse the formation of two products from a larger substrate molecule by a hydrolysis reaction are
) Classified as ‘hydrolases’. Can you name a hydrolase?

Studying enzyme-catalysed reactions

Enzyme-catalysed reactions are fast reactions. We know this from the very large numbers of
substrate molecules converted to products by a mole of enzyme in one minute. The mole is a unit
for the amount of a substance. It is explained in Appendix 1 on the CD.

The enzyme catalase catalyses the breakdown of hydrogen peroxide. This enzyme is a good
example to use in studying the rate of enzyme-catalysed reactions.

2 a Define the term

catalyst'.
b List two differences

catalase
2H,0, ——» 2H,0 + O,

Catalase occurs widely in the cells of living things. It functions as a protective mechanism for the
delicate biochemical machinery of cells. This is because hydrogen peroxide is a common by-
product of some of the reactions of metabolism. Hydrogen peroxide is a very toxic substance
very powerful oxidlising agent, in fact (Appendix 1).

fresh liver small blocks

i il Catalase inactivates hydrogen peroxide as soon as it
—~@_ tisuetreatedwith forms, before damage can occur.
‘ "\ boiling water for You can demonstrate the presence of catalase in

3 ites th
2 <N fresh liver tissue by dropping a small piece into dilute
hydrogen peroxide solution (Figure 3.7). Compare the

result obtained with that from a similar picce of liver that
ﬁkm’ of oo has been boiled in water (high temperature denatures
b ,‘8;‘2‘;7&” T 1 and destroys enzymes, including catalase). Tf you do not
violent lberation

wish to use animal tissues, then you can use potato or
soaked and crushed dried peas instead — the results will
be equally dramatic!

oxygen gas

Figure 3.7 Liver tissue in dilute hydrogen peroxide solution
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Measuring the rate of reaction

In practical terms, the rate of an enzyme-catalysed reaction i taken as the amount of substrate that
has disappeared from a reaction mixture in a given time. Alternatively, the amount of product that has
accumulated in a period of time can be measured. For example, in Figure 2.38, the enzyme amylase is
used to digest starch to sugar, and here it is the rate that the substrate starch disappears from a reaction
‘mixture that is measured.

Working with catalase, however, it is easiest to measure the rate at which the product (oxygen)
accumulates. In the experiment illustrated in Figure 3.8, the volume of oxygen that has accumulated
at half minute intervals is recorded on the graph.

In both of these examples we find that, over a period of time, the initial rate of reaction is not
maintained but, rather, falls off quite sharply. This is typical of enzyme actions studied outside their
location in the cell. Can you think of reasons why?

delivery
tube

The test tube s tipped up
to mix the enzyme solution
with the subsirate.

oxygen produced,
collected by downward
displacement of water
in an inverted measuring

catalase oplinder
solution

solution

(10 volume)
stopclock
e\

The rate of an enzyme
reaction is greatest at the start,
the initial rate.

recorded

30
& Time/s Gas volume
&5 >/ actual rate collected/cm®
8 §/ 30 6
E 20 —_——
g £ 0 [
58, v results % 6
gz plotted | - 750 19
S8, 150 2
180 b5}
5 210 2%
s 240 25
the ; 270 255
graph 30 120 180 240 360 30 %

time/s

If the initial rate of O, production continued for 120 s, then 28 cm? of O, would be produced

Figure 3.8 Measuring the rate of Therefore the iitial rate = 26/120 cm’s”"
lase =023 an’s’

reaction using



Investigating the effects
of factors on enzyme
activity gives opportunities
for planning and carrying
out experiments under
controlled conditions.

3.2 Factors that affect enzyme action

‘The fall-off can be due to a number of reasons. Most commonly it is because the concentration of
the substrate in the reaction mixture has fallen. Consequently,
measured. This is the slope of the tangent to the curve in the initial stage of reaction. How this is
caleulated is shown in Figure 3.8.

is the initial rate of reaction that is

2 Inaninvestigation of oxygen production from hydrogen peroxide solution by the enzyme
catalase the following results were obtained

[ Time of readings (s) [ o [ 20 ] a [ e [ 8 [ 100 120 |
[ Volume of O produced m®) | 0 | 43 | 66 | 78 | 82 | o1 | o |

a Plot a graph to show oxygen production against time.
b From your graph, find the initial rate of the reaction.

3.2 Factors that affect enzyme action

By the end of this section you should be able to:

2) investigate and explain the effects of the following factors on the rate of enzyme-catalysed

reactions:

« temperature

« pH (using buffer solutions)

* enzyme concentration

* substrate concentration

+ inhibitor concentration

explain that the maximum rate of reaction (V) is used to derive the Michaelis-Menten constant

(Ke) which is used to compare the affinity of different enzymes for their substrates

explain the effects of reversible inhibitors, both competitive and non-competitive, on the rate of

enzyme activity

d) investigate and explain the effect of immobilising an enzyme in alginate on its activity as
compared with its activity when free in solution

o

Investigating factors that affect the rate
of reaction of enzymes

Enzymes are sensitive to environmental conditions — very sensitive, in fact. Many factors within
cells affect enzymes and therefore alter the rate of the reaction being catalysed. Investigations of
these factors, including temperature, pH and the effect of substrate concentration in particular, have
helped our understanding of how enzymes work.

Temperature

Examine the investigation of the effect of temperature on the hydrolysis of starch by the enzyme
amylase shown in Figure 3.9. When starch is hydrolysed by the enzyme amylase, the product is
maltose, a disaccharide. Starch gives a blue-black colour when mixed with iodine solution (iodine
in potassium iodide solution) but maltose gives a red colour. The first step in this experiment is to
bring samples of the enzyme and the substrate (the starch solution) to the temperature of the water
bath before being mixed - a step called ‘pre-incubation’.
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..
glass rod changes observed is:
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temperature S}
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The glass rod was rinsed before
returning to the reaction
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of LKl solution. SR

The experiment is repeated at a range of temperatures, such as at 10, 20, 30, 40, 50 and 60°C

Figure 3.9 The effect of A control tube of 5 cm? of starch solution + 5 cm” of distlled water (in place of the enzyme) should
tem w‘amre on hydrolysis of starch be included and tested for the presence/absence of starch, at each temperature used.
by amylase

Other variables — such as the concentrations of the enzyme and subsirate
solutions — were kept constant.

The progress of the hydrolysis reaction is then followed

Up to about 40°C the rate increases —a 10°C rise

in temperature is accompanied by an approximate by taking samples ofa droprfithe misture onthe end

of the glass rod, at half minute intervals. These are tested

doubling of the rate of reaction.
with jodine solution on a white tile. Initially, a strong.
PR blue-black colour is seen confirming the presence of
ssE5S ] X x starch. Later, as maliose accumulates, a red colour forms.
e The end point of the reaction is when all the starch
£3vs 1 colour has disappeared from the test spot.
BSES Now the enzyme- Using fresh reaction mixture each time, the
s g 5 | 1 catalysed reaction  investigation is repeated at a series of different
4838 LR, temperatures, say at 10, 20, 30, 40, 50 and 60°C. The
gz8 1o the - % g
Eg =8 e time taken for complete hydrolysis at each temperature
St ey the enzyme and is recorded and the rate of hydrolysis in unit time is
SEE destruction of plotted on a graph. A characteristic curve is the result —
EEES e sltes although the ‘optimum’ temperature varies from reaction
3 to reaction and with different enzymes (Figure 3.10).
low \ Houw is the graph interpreted? Look at Figure 3.10.
rate |

10 20 30 40 50 60
temperature at which the rate was measured”C

denatured enzyme -
substrate molecules
no longer fit the active site

enzyme in active state ————

active site

Figure 3.10 The effect of temperature on the rate of an enzyme-catalysed reaction
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rate of enzyme-catalysed reaction
(amount of substrate used up
o amount of product formed
per unit time)

In studies of the effect |

of temperature on
enzyme-catalysed
reactions, suggest
why the enzyme and
substrate solutions
are pre-incubated to a
particular temperature
before they are mixed.

3.2 Factors that affect enzyme action

As the temperature is increased, molecules have more energy and reactions between them happen
more quickly. The enzyme molecules are moving more rapidly and are more likely to collide and
react. In chemical reactions, for evety 10°C rise in temperature the rate of the reaction approximately
doubles. This property is known as the temperature coefficient (Qio) of a chemical reaction.

However, in enzyme-catalysed reactions the effect of temperature is more complex because
proteins are denatured by heat. The rate of denaturation increases at higher temperatures, too. So
as the temperature rises above a certain point the amount of active enzyme progressively decreases
and the rate is slowed. As a result of these two effects of heat on enzyme-catalysed reactions, there
is an apparent optimum temperature for an enzyme.

Not all enzymes have the same optimum temperature. For example, the bacteria in hot thermal
springs have enzymes with optimum temperatures between 80 and 100°C or higher, whereas
seaweeds of northern seas and the plants of the tundra have optimum temperatures closer to 0°C.
Humans have enzymes with optimum temperatures at or about normal body temperature. This
feature of enzymes is often exploited in the commercial and industrial uses of enzymes today.

pH

Change in pH can have a dramatic effect on the rate of
an enzyme-catalysed reaction. Each enzyme has a range
of pH in which it functions cfficiently — often at or close
to neutrality. The pH affects the rate of reaction because
the structure of a protein (and therefore the shape of the
active site) is maintained by various bonds within the
three-dimensional structure of the protein (Figure 2.22). A
change in pH from the optimum value alters the bonding
patterns. As a result, the shape of the enzyme molecule

is progressively changed. The active site may quickly
become inactive. However, the effects of pH on the active

lower pH

substrate molecules
o longer fit the

=
N

optimum pH for enzyme  higher pH

o

L I S site are normally reversible (unlike temperature changes).

That is, provided the change in surrounding acidity or
v alkalinity is not too extreme. As the pH is brought back to
substrate moleces the optimum for that enzyme, the active site may reappear
o longer fit the N
active:site (Figure 3.11).
Some of the digestive enzymes of the gut have different

' optimum pH values from the majority of other enzymes. For

enzyme in
active state

example, those adapted to work in the stomach, where there
is a high concentration of acid during digestion, have an

— optimum pH which is close to pH 2.0 (Figure 3.12).
active site

structure of protein changes when a change of pH atters the
ionic charge on —COOTacidic) and —NH;(basic) groups in the

peptide chain, 50 the shape of the active site i lost
Figure 3.11 Theef

a Explain what a
buffer solution .

b Why are they often
used in enzyme
experiments?

fect of pH on enzyme shape and activity

optimum pH of

ost enzymes
o in human cells
(active in
acidic
< Stomach) optimum pH
2 P
2 » 'l (active in neutral/
% alkaline duodenum and
H smallintestine)

Figure 3.12 The optimum pH of 2 4 6 8 10
different human enzymes pH
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6 When there is an

excess of substrate
present in an enzyme-
catalysed reaction,
explain the effects on
the rate of reaction
of increasing the
concentration of:
a the substrate
b the enzyme.

J

Substrate concentration
‘The effect of different concentrations of substrate on the rate of an enzyme-catalysed reaction can
be shown using the enzyme catalase,

Look again at the investigation of the initial rate of reaction using catalyse (Figure 3.8). We saw
that, when working with catalase, it is easy to measure the rate the product (oxygen) accumulated
(recorded at half minute intervals).

To investigate the effect of subsirate ion on the rate of this lysed reaction, the
experiment shown in Figure 38 is repeated at different concentrations of substrate. The initial rate
of reaction plotted in each case. Other variables such as temperature and enzyme concentration are
kept constant.

‘When the initial rates of reaction are plotted against the substrate concentration, the curve
shows two phases. At lower concentrations the rate increases in direct proportion to the substrate
concentration but at higher substrate concentrations, the rate of reaction becomes constant and
shows no increase (Figure 3.13).

We can see that the enzyme catalase does work by forming a short-lived enzyme-substrate
complex. At low concentrations of substrate, all molecules can find an active site without delay.
Effectively, there is excess enzyme present. The rate of reaction is set by how much substrate is
present — as more substrate is made available the rate of reaction increases.

At higher substrate concentrations there are more substrate molecules than enzyme molecules.
Now, in effect, substrate molecules have to ‘queue up’ for access to an active site. Adding more
substrate increases the number of molecules awaiting contact with an enzyme molecule. There is
now no increase in the rate of reaction. This relationship between amount of substrate and the rate

e o o
@ 98 0 . (;D@’@
a® © © @@o@

luw suhsnau molectles,  ———> more substrate molecules, ——> excess of substrate molecule:
many actv sites free all active sites engaged n catalysis: _ al actve ites engaged in catalysks:
increase i substrate concentration maximum rate ofreaction increase i substrate concentration
willincrease the rate ¥ will not change the ate

high- 1

initial rate of reaction

1
low high
substrate concentration

Figure 3.13 The

t of substrate concentration on the rate of an enzyme-catalysed reaction



3.2 Factors that affect enzyme action

Enzyme concentration

If there are plenty of substrate molecules in a reaction mixture, then the more enzyme that is
added the faster the rate of reaction will be. This is the situation in a cell where an enzyme reaction
oceurs with a small amount of enzyme present. Any increase in enzyme production will lead to an
increased rate of reaction, simply because more active sites are made available.

Introducing the Michaelis-Menton constant (K.,)
and its significance

On page 62 we saw how the initial rate of an enzyme-catalysed reaction was measured and why
(Figure 3.8).

Remind yourself ‘how’ and ‘why’ now.

When the initial rate of reaction of an enzyme is measured over a range of substrate
concentrations (with a fixed amount of enzyme) and the results plotted on a graph, a typical
example of the resulting curve is shown in Figure 3.14. You can see that, with increasing substrate
concentration, the velocity increases — rapidly at lower substrate concentrations. However, the rate
increase progressively slows, and above a certain substrate concentration, the curve has flattencd
out. No fusther increase in rate occurs. This tells us the enzyme is working at maximum velocity at
this point. On the graph, this point of maximum velocity is shown as Vi

initial rate of reaction
|
<

substrate concentration

Figure 3.14 Graph of inital rate of an enzyme-catalysed reaction against substrate concentration

In 1913 the biochemists Michaelis and Menten studied this aspect of enzyme reactions
and introduced a constant, now known as the Michaelis Menten constant. The Michaelis-
Menten constant (K,) is defined as the substrate concentration that sustains half maximum
velocity (3V o). It measures the degree of attraction or affinity of an enzyme for the substrate — the
smaller the Ky, the higher the affinity. K, can be experimentally determined at a specified pH and
temperature, and is expressed in units of molarity.

Actual values of K, have been measured for a great many enzymes. These values fall between
107 and 10 moldm? of substrate. This is a very wide range of concentrations. It means that some
enzymes are able to work at maximum velocity at very low concentrations of substrate, whilst
others only function effectively at much higher concentrations.

Take the case of two enzymes that catalyse the transformation of the same substrate molecule
but in different reaction sequences. If the ‘pool’ or reserves of that substrate are low and its supply
testricted, then the enzyme with the lowest K, will claim more — and one particular metabolic
pathway will benefit at the expense of the other. Knowing the Ky, of enzymes is an important part
of s bolism, both quantitatively and qualitati
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Inhibitors of enzymes

Certain substances present in cells (and some which enter from the environment) may react with

an enzyme, altering the rate of reaction. These substances are known as inhibitors, since their

effect is generally to lower the rate of reaction. Studies of the effects of inhibitors have helped our

understanding of:

® the chemistry of the active site of enzymes

® the natural regulation of metabolism and which pathways operate

® the ways certain commercial pesticides and many drugs work (by inhibiting specific enzymes and
preventing particular reactions).

For example, molecules that sufficiently resemble the substrate in shape may compete to occupy

the active site. They are known as competitive inhibitors. For example, the enzyme that catalyses

the reaction between carbon dioxide and the CO-acceptor molecule in photosynthesis, known as

sibulose bis rboxylase (rubisco), is itively inhibited by oxygen in the chloroplasts.

Because these inhibitors are not acted on by the enzyme and turned into ‘products’ as normal
substrate molecular are, they tend to remain attached. However, if the concentration of the
substrate molecule is raised, the inhibitor molecules are progressively displaced from the active
sites (Figure 3.15).

Alternatively, an inhibitor may be unlike the substrate molecule, yet sill combine with the
enzyme. In these cases, the atachment occurs at some other part of the enzyme, This may be
quite close to the active site. Here the inhibitor either partly blocks access to the active site by
substrate molecules or it causes the active site to change shape so that it is then unable to accept
the substrate.

These are called non-competitive inhibitors, since they do not compete for the active site. Adding
excess substrate does not overcome their inhibiting effects (Figure 3.15). An example is the effect of the
amino acid alanine on the enzyme pyruvate kinase in the final siep of glycolysis (Topic 12).

When the inital rates of reaction of an enzyme are plotted against
substrate concentration, the effects of competitive and non-competitive
inhibitors are seen to be different.

substrate
maximum rate
of enzyme-catalysed reaction

‘without any inhibitor

active site

—— effect of a competitive
ibitor:

substrate and inhibitor
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i) / excess substrate overcomes
p inhibition

of active

o types of reversible -

‘nhibition effect of a non-competitive

ibitor:

inhibitor does not compete for

active sites, 50 excess substrate
will not overcome inhibition

inital rate of reaction

non-competitive inhibitor
in place: catalytc activity of -

active site prevented 4€> low high
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Figure 3.15 The principles of competitive and non-competitive inhibition



3.2 Factors that affect enzyme action

Table 3.1 A comparison of competiive and non-competitive inhibition of enzymes

Competitive inhibition Non-competitive bition

Inhibitor chemically resembles the substrate molecule and | Inhibitor chemically unlike the substrate molecule

occupies (blocks) the active site but reacts with the bulk of the enzyme, reducing
access to the active site

With alow concentration of inhibitor, increasing With a low concentration of inhibitor, increasing

concentration of substrate eventually overcomes inhibition | concentration of substrate cannot prevent

as substrate molecules displace inhibitor binding of inhibitor ~ some inhibition remains at
high substrate concentration

Example: Example:

01 competes with CO; for active site of rubisco alanine non-competitively infibits pyruvate
kinase

Certain irreversible inhibitors bind tightly and permanently to an enzyme and destroy its catalytic
properties entirely. These drastic effects occur at low concentrations of inhibitor and we may
describe these substances as poisons. Examples include:

® cyanide ions which block cytochrome oxidase in terminal oxidation in cell aerobic respiration

® the nerve gas sarin blocks a itter (acetyl choli in synapse

Use of enzymes as industrial and
laboratory catalysts

Enzymes as biological catalysts are important components of many industrial processes. Their use is

widespread because they are:

o highly specific, catalysing changes in one particular compound or one type of bond

o efficient, in that a tiny quantity of enzyme catalyses the production of a large quantity of product

® effective at normal temperatures and pressures, and so a limited input of energy (as heat and
high pressure) may be required.

‘The enzymes selected by indusiry are frequently produced from microorganisms  typically from

species of fungi or bacteria. Table 3.2 lists some examples,

Table 3.2 Enzymes with industrial app

s obtained from microorganisms

Enzyme Source. Application

Bacterial | Protease Bacillus “Biological” detergents
Glucose somerase | Bacillus Fructose syrup manufacture

Fungal Lactase Kluyveromyces Breakdown of lactose to glucose and galactose
Amylase Aspergillus Removal of starch in woven dloth production

Using enzymes in vitro
Enzymes may be used as cell-free preparations added to a reaction mixture, or they may be
immobilised enzymes, with the reactants passed over them.

Enzyme immobilisation involves the attachment of enzymes to insoluble materials, which then
provide support for the enzyme. For example, the enzyme may be entrapped between inert fibres,
or it may be covalently bonded to a matrix. In both cases the enzyme molecules are prevented
from being leached away. The immediate advantages of using an immobilised enzyme are:
® it permits re-use of the enzyme preparation
 the product is obtained enzyme free
® the enzyme may be much more stable and long lasting, due to protection by the inert matrix.
Clearly, there are advantages in using industrial enzymes in the immobilised condition, where
this is possible. We will return to this issue shortly. First, we can investigate the process of
immobilisation of an enzyme and compare its activity when alternatively used free in a solution.
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Immobilised enzyme - a laboratory demonstration

The steps to this demonstration are:

1 A solution of sodium alginate (a polysaccharide obtained from the walls of brown algae,
capable of holding 200 times its own mass in water) is prepared by dispersing 2g of the alginate
in 100cm? of distilled water at a temperature of 40 °C.

2 An alginate-enzyme solution is prepared by stirring 2cm? of invertase concentrate into 40 cm? of
the cooled alginate solution. (Remember, invertase catalyses the hydrolysis of sucrose [a
disaccharide] to two monosaccharide molecules [glucose and fructose] from which it is formed
in a condensation reaction.)

3 Immobilised enzyme pellets are produced by filling a syringe with the alginate-invertase
solution and arranging for it to drip into a beaker of calcium chloride solution (100em® of CaCl,,
0.1mol dm?). The insoluble pellets formed may be separated with a nylon/plastic sieve. They
should be washed with distilled water at this stage, and allowed to harden.

4 These hardened pellets may be tested by placing them in a tube with a narrow nozzle at the base
(the barrel of a large, plastic syringe is suitable). A quantity of sucrose solution (30cm?® of 5%
sucrose w/v) may be slowly poured down the column of pellets and the effluent collected. Note
the time taken for the solution to pass through.

5 Test the effluent solution for the presence of gluicose, using Clinistix™ (see below).

Preparing immobilised enzyme in alginates Harvesting algi yme beads  Using i ilised enzyme beads
beads formediare: hardened beads ’/‘e;yme substrate
harvested in are transferred solution (sucrose)

syringe nylon sieve 102 tube is poured in

substrate solution
alginate-enzyme trickles slowly past
(invertase) solution
dripped into calcium
chloride solution

washed with
distilled water

beaker

products of the
reaction
(glucose + fructose solution)

Figure 3.16 Preparing an immobilised enzyme

Investigating the efficiency of immobilised enzyme compared

to its use free in solution

A comparison of the efficiency of immobilised invertase compared with free enzyme can be made
by stirring into a second sample of the sucrose solution (again, 30cm? of 5% sucrose w/v), 2cm?® of
the invertase concentrate solution. The free enzyme should be allowed to catalyse hydrolysis of the
sucrose for the same time period as it took for the earlier sucrose solution sample to pass through
the alginate bead column. Once again, the solution should be tested for the presence of glucose,
using Clinistix™ (see Figure 3.17).



Figure 3.17 Measuring glucose
in urine using a Clinisti™

3.2 Factors that affect enzyme action

ating the glucose concentration using Clinistix™

istix™ exploit immobilised enzymes in dipsticks for the quantitative measurement of glucose.
(An important medical application of the Clinistix™ has been the measurement of glucose in urine
samples in patients with diabetes.)

Cli

The Clinistix™ strip contains two enzymes, glucose oxidase and peroxidase, together with a
colourless hydrogen donor compound called chromogen. When the strip is dipped into a sample,
if glucose is present it is oxidised to glucuronic acid and hydrogen peroxide. The second enzyme
catalyses the reduction of hydrogen peroxide and the oxidation of chromogen. The product is
water and the oxidised dye, which is coloured. The more glucose present in the sample the more
coloured dye is formed. The colour of the test strip is then compared to the printed scale to
indicate the amount of glucose present (Figure 3.17).

Note that this is another example of the industrial exploitation of biological catalysts.
How effective was the immobilised enzyme, compared 10 its activity, free in solution?
the principles

glucose oxidase

glucose + oxygen gluconic acid + H;0;

peroxidase

DHy + Hy0; 2H,04D

reduced chromagen
(coloured)

n
(colourless)

the process

test strp dipped
into sample solution

What are the ads and disad ges of i bili
‘The most obvious advantage is the recovery of the enzyme and its availability for re-use. Other
issues are listed in Table 3.3.

Table 3.3 Advantages and disadvantages of immobilisation

Advantages

Disadvantages

The enzyme is held in 2 form that can be manipulated
easily. Itis absent from the product, so no purification
steps are requires

‘An immobilisation mechanism that does not alter the
shape or the catalytic abilty of the enzyme must be
selected.

The enzyme is available for multple re-use, since it
functions as an effective catalyst n pellet form

The creation of stable, hardened pellets is an added
expense that i inevitably reflected in the cost of the
industrial product.

‘An immobilised enzyme is stable at the temperatures
and pH at which it is held and used.

If the enzyme becomes detached it will appear in the.
product as a contaminant, possibly unnoticed.
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® Metabolism, all the chemical reactions of life, consists of
anabolic reactions, the build up of complex molecules from
smaller ones, e.g. protein synthesis, and catabolic reactions,
the breakdown of complex molecules, e.g. oxidation of sugar
in respiration.

 All reactions of metabolism are made possible by enzymes.
Enzymes are biological catalysts and most are made of
globular protein. An enzyme is highly specific to the type(s)
of substrate molecule and type of reaction that they catalyse.

& Enzymes work by forming a temporary complex with a
substrate molecule at a special part of the enzyme surface,
called the active site (the lock and key hypothesis). Enzymes
work by lowering the activation energy needed for a
reaction to occur.

 Aslight change in shape of the substrate molecule when
it binds to the active site helps raise the molecule to a
transition state (the induced fit hypothesis), from which the
products may form. The enzyme is released for reuse.

 The rate of an enzyme-catalysed reaction is found
by measuring the disappearance of the substrate or the
accumulation of the product in a given period of time. The

initial rate of reaction is taken since the reaction rate falls
with time under experimental conditions.

» The factors that affect the rate of an enzyme-catalysed
reaction indude pH and temperature - through
their effects on protein structure. When molecules of
substances recognised as inhibitors are in contact with
enzyme molecules, the rate of reaction may be lowered in
characteristic ways.

 The Michaelis-Menten constant (Ky,) is the substrate
concentration that sustains half maximum velocity (3 Vie,) of
an enzyme-catalysed reaction. It s a measure of the degree
of affinity of an enzyme for its substrate. Kr, can be measured
‘experimentally, and is expressed in units of molarity. Values of Ky
have been measured for a great many enzymes, and it has been
shown that some enzymes are able to work at maximum velocity
at very low concentrations of substrate.

» Industries use enzymes as biological catalysts, often
immobilised, with the reactants passed over them. In these
cases, the advantages are the recovery of the enzyme and
its availability for re-use. Being immobilised may affect the
enzymes efficiency compared to use of the same enzyme
when free in the substrate solution.

Examination style questions

1 The enzyme sucrase catalyses the breakdown of the glycosidic
bond in sucrose.
A student investigated the effect of increasing the
concentration of sucrose on the rate of activity of sucrase.
Ten test-tubes were set up with each containing 5cm? of
different concentrations of a sucrose solution. The test-tubes
were placed in a water bath at 40°C for ten minutes. A flask
containing a sucrase solution was also put into the water bath.
After ten minutes, 1cm” of the sucrase solution was added
to each test-tube. The reaction mixtures were kept at 40°C
for a further ten minutes.
After ten minutes, the temperature of the water bath was
raised to boiling point. Benedict's solution was added to each
test-tube. The time taken for a colour change was recorded
and used to calculate rates of enzyme activity.
The results are shown in Fig. 1.1.
a) i) Name the type of reaction catalysed by sucrase.  [1]
i) Explain why the temperature of the water was raised

o boiling point. 21
b) Describe and explain the results shown in Fig. 1.1 [5]
[Total: 8]

(Cambricige International AS and A Level Biology 9700,
Paper 21 Q4 June 2011)

J

rate of enzyme acthityarbitrary units

4 &
concentration of sucrose/g dm-
Fig. 1.1

2 a) Describe how enzymes take part in chemical

reactions. @
Starch phosphorylase is an enzyme found in plant cells. In
potato tuber cells, the enzyme takes part in the breakdown
of starch when the tuber begins to grow.

starch phosphorylase:

starch + phosphate ions — glucose-1-phosphate
A student investigated the effect of pH on this reaction using
1wo buffer solutions.
The student prepared four test tubes, A to D, as shown in
the table and described below.
The student made an extract of potato tissue that contained
the enzyme. Some of this extract was boiled. )




Examination style questions

A solution of potassium dihydrogen phosphate was added

o some tubes as a source of phosphate ions.

The test tubes were left for ten minutes in a water bath at

30°C and then samples were tested with iodine solution.

b)i) State what the student would conclude from a
positive result with iodine solution.

U]

ii) Explain why the student boiled some of the extract in
this investigation.

O Explain the results shown in the table. 14

[Total: 11]

(Cambridge International AS and A Level Biology 9700,

Paper 02 Q2 June 2007)

Test tube | Contents Results
Volume Volume of glucose-1- | Volume of potassium | pH of buffer | Enzyme ‘with iedine
of starch phosphate solution / cm? | dihydrogen phosphate | solution extract solution after
solution / cm solution / 10 miniiee

A 2 05 6.5 unboiled negative.

B 2 05 20 unboiled positive

C 2 0.5 6.5 boiled positive

D 2 6.5 boiled negative
3 The diagram shows an apparatus used in an investigation I~

using immobilised enzymes. Itis not expected that you wil
have done this investigation.

A solution of a substrate was poured into a burette
containing an enzyme immobilised onto alginate beads. The
liquid passing through the burette was collected into a beaker
and the concentration of substrate and the concentration of
the product measured. The table shows the results obtained
by five students

substrate solution

_ immobilised enzyme in
burette

liquid collecied
o

Enzyme concentration Enzyme concentration

02gdm™ 0.4gdm~ 0.2gdm~ 0.4gdm™

/ gdm™ /gdm

Repeat 1 | Repeat2 | Repeat 1 | Repeat 2 | Repeat 1 | Repeat 2 | Repeat 1 | Repeat 2
studentA 24 26 14 13 2 33 60 64
studentB 25 22 12 12 34 39 60 63
student C 22 23 10 13 35 2 50 61
student D 18 24 11 12 4 33 62 68
studentE 25 28 13 18 30 32 65 64

a) Identify two variables and explain how each might be
controlled. 21
b) On a copy of the table above, indicate by placing a circle
around the value, two results that are anomalous. 21
@) Astudent drew the following conclusion from this
investigation:
Doubling the enzyme concentration doubled the rate of
reaction of the enzyme.

i) State one way in which the evidence in the table above
supports the conclusion. U}
i) State two ways in which the reliability of the results

might be improved. 2
[Total: 7]

(Cambridge International AS and A Level Biology 9700,
Paper 05 Q3 June 2007)




4 Cell membranes and transport

The fluid mosaic model introduced in 1972 describes the passive and active movement between cells and their surroundings,
way in which biological molecules are arranged to form cell cell to cell interactions and long distance cell signalling.
membranes. The model has stood the test of time as a way to Investigating the effects of different factors on diffusion,

visualise membrane structure and continues to be modified as osmosis and membrane permeal olves an understanding of
understanding improves of the ways in which substances cross the properties of phospholipids and proteins covered in the Topic 2

membranes, how cells interact and how cells respond to signals. Biological molecules.
The model also provides the basis for our understanding of

The structure of cell
surface membranes allows
movement of substances
between cells and their
surroundings and allows
cells to communicate
with each other by cell
signalling.

4.1 Fluid mosaic membranes

By the end of this section you should be able to:

2) describe and explain the fluid mosaic model of membrane structure, including an outline of the
roles of phospholipids, cholesterol, glycolipids, proteins and glycoproteins.

b) outline the roles of cell surface membranes including references to carrier proteins, channel
proteins, cell surface receptors and cell surface antigens

<) outline the process of cell signalling involving the release of chemicals that combine with cell
surface receptors on target cells, leading to specific responses

The cell surface membrane

An organelle with many roles

‘The cell surface membrane is an organelle common to both eukaryotic and prokaryotie cells. It

is an extremely thin structure, less than 10nm thick, yet it has the strength to maintain the integrity

of the cell. In addition to holding the cell’s contents together, the cell surface membrane forms the
barrier across which all substances entering or leaving the cell must pass. This membrane represents
the ‘identity’ of the cell to surrounding cells. It is also the surface across which chemical messages
(such as hormones and growth factors) communicate. In fact, movement of molecules across the cell
surface membrane is continuous and very heavy. Figure 4.1 is a summary of all this membrane traffic.

The molecular components of membranes
‘The membranes of cells are made almost entirely of protein and lipid, together with a small
and variable amount of ‘The lipid of is ipids. The chemical
structure of phospholipids is shown in Figure 2.16 on page 43.

Look at its structure again now.
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Figure 4.1 The movement of substan

across the cell surface membrane

You can see that the phospholipid molecule has a ‘head’ composed of a glycerol to which is
attached an ionised phosphate group. This latter part of the molecule has hydrophilic properties
(wateroving). For example, hydrogen bonds readily form between the phosphate head and
water molecules. The remainder of the phospholipid comprises two long, fatty acid residues
consisting of hydrocarbon chains. These ‘tails” have hydrophobic propertics (water-hating).

The response of phospholipid to water

A small quantity of phosphalipid in contact with a solid surface (a clean glass plate is suitable),
remains as a discreet bubble; the phospholipid molecules do not spread. However, when a similar
tiny drop of phospholipid is added to water it instantly spreads over the entire surface (as a
monolayer of phospholipid molecules, in fact). The molecules float with their hydrophilic heads’ in
contact with the water molecules, and with their hydrocarbon tails exposed above and away from
the water, forming a monolayer of phospholipid molecules (Figure 4.2).

When more phospholipid is added and shaken up with water, micelles may form. These are
tiny spheres of lipids with hydrophilic heads outwards, in contact with the water, and with all the
hydrophobic tails pointing inwards.

Alternatively, the phospholipid molecules arrange themselves as a bilayer, again with the
hydrocarbon tails facing together (Figure 4.2). This is how the molecules of phospholipid are
arranged in the cell surface membrane.

In the phospholipid bilayer, attractions between the hydrophobie hydrocarbon tails on the inside
and between the hydrophilic glycerol-phosphate heads and the surrounding water on the outside
make a stable, strong barrier.

Finally, the phospholipid bilayer has been found to contain molecules of cholesterol.
Cholesterol has an effect on the flexibility of the cell surface membrane. We returm to this feature
shortly.

The permeability of a phospholipid membrane

We must note, however, that whilst lipids provide a cohesive structure, they also tend to act as a
barrier to the passage of polar molecules and ions. This is particularly the case where close-packing
of the hydrocarbon tails occurs. Potentially, water-soluble substances pass through the lipid bilayer
with great difficulty. We will return to this issue shortly, too.
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The proteins and carbohydrates of membrane

‘The proteins of membranes are globular proteins which are buried in and across the lipid bilayer,
with most projecting above the surfaces. Others are superficially attached on either surface

of the lipid bilayer.

Proteins that oceur pastially or fully buried in the lipid bilayer are described as integral
proteins. Those that are superficially attached on cither surface of the lipid bilayers are known as
peripheral proteins.

Membrane proteins have a range of roles. Some are enzymes, others are receptors, or antigens,
and many are channels for transport of metabolites. Those that are involved in transport of
molecules across membranes are in the spolight in the next section. A summary of the various
folls of membrane proteins is given in Figure 4.24 (page 94), after the movements of molecules
across the membrane have been discussed.

‘The carbohydrate molecules of the cell surface membrane are relatively short chain
polysaccharides, some attached (o the proteins (glycoproteins) and some to the lipids
(glycolipids) Glycoproteins and glycolipids are only found on the outer surface of the membrane.
Together these form the glycocalyx. The roles of this glycocalyx are:

1 In plants adapted to o cellcell recognition

survive in very low ® as receptor sites for chemical signals, such as hormone messengers

winter temperatures,  to assist in the binding together of cells to form tissues.

what seasonal change

o s e | The fluid mosaic model of membrane structure

the lipid bilayer of their The molecular structure of the cell surface membrane, known as the fluid mosaic model by those

membranes? who first suggested it is shown in Figure 43. The membrane they described as fluid because the

Whatis the difference components (lipids and proteins) move around within their layer. In fact the movements of the

betweedia lipid bilayer lipid molecules are rapid, whereas mobile proteins move about more slowly. The word masaic

and the ‘double ? : 4 i :

Tnembrane. of many described the scattered pattern of the proteins, when viewed from above. This is the current view

Sraaelles? of the structure of the cell surface membrane. It is based on a range of evidence, in part from

studies with the electron microscope (Figure 4.4).

Questions

three-dimensional view peripheral proteins -
polysaccharide 4 glycoprotein  attached to surface of lipid bilayer
outside of cell L protein

polysaccharide
glycolipid
ipid

v,
&
protein that traverses * t;.
the membrane, and
is exposed at both
surfaces channel protein
S with pore
. . oy g
diagrammatic cross-sectional view QAP orotein on one
ﬂ? side of the integral proteins —
| memrang ‘embedded in the lipid bilayer
inside of cell

Figure 4.3 The fluid mosaic model of membrane structure
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4.1 Fluid mosaic membranes

Composition of the membrane and control of how fluid it is
‘The phospholipids of the membrane are a mixture. Some have saturated fatty acid tails and some.
unsaturated fatty acid tails (Figure 2.14, page 41). An excess of unsaturated fatty acid tails makes the
membrane more fluid. This is because the kinks in the tails prevent close-packing of the lipids. However,
the presence of cholesterol among the phospholipid molecules has o be taken into account. The effect
of cholesterol s to reduce fluidity by preventing or reducing the movements of the lipid molecules.
Membrane fluidity is an important factor. Membranes must be sufficiently fluid for many of the
proteins present to move about and so to function correetly. If the temperature of a membrane
falls it becomes less fluid. A point may be reached when the membrane will actually solicify. Some
organisms have been found to vary the balance between saturated and unsaturated fatty acids and
the amount of cholesterol in their membranes as ambient temperatures changes. In this way they
maintain a properly functioning membrane, even at very low temperatures, for example.

The cell surface membrane and cell signalling

Cells respond to changes in their environment by receiving and integrating signals from other
cells. They also send out messages. Most cell signals are chemical signals. For example, motile
single-celled organisms detect nutrients in their environment and move towards the source. In
multicellular organisms, chemical signals include growth factors and hormones that may have come
from neighbouring cells or from more distant sources. Neurotransmilter signals cross a tiny gap
from a neighbouring nerve cell (page 320).

Cells are able to detect these signals because of receptors in their cell surface membrane to
which the ‘chemical message’ binds, and then trigger an internal response. Receptors are typically
trans-membrane proteins, which on receipt of the signal, alert internal signalling pathways.
However, some receptors occur within the cell, and possibly within the nucleus. These receptors
are stimulated by signal chemicals that pass through the cell surface membrane, such as the gas
nitrous oxide or a steroid hormone such as oestrogen. The activation of a receptor, whether internal
or external, initiates a chain of reactions within the cell, possibly involving a second messenger.
The outcome is some internal response.

EM of the cell surface membrane of a electron micrograph of the cell
000) cell surface membrane in cross-section  membrane (freeze-etched)
polysaccharides

lpid bilayer

inner face of Profen

membrane line of fracture of
membrane shown
o the right

Figure 4.4 Membrane structure: evidence from the electron microscope

Summarising the rol of membrane proteins in cells
‘The many roles that cell membrane proteins play (as channels for transport of metabolites, as
pumps for active transport, as clectron carriers, carrier proteins, cells surface receptors, and as
binding sites for specific hormone molecules and in antigen-antibody reactions) are outlined in
Figure 4.24 on page 94.

Look at this diagram now.

The potential for complex communications between cells that may result as chemicals released
from one cells combine with cell surface receptors on neighbouring cells is evident. It is the
proteins of cell surface membranes that facilitate this ‘cell signalling’.
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€ 4.2 Movement of substances into
and out of cells

‘The fluid mosaic model By the end of this section you should be able to:

allows an understanding of

how substances enter and 2) describe and explain the processes of diffusion, facilitated diffusion, osmosis, active transport,

exit cells by a variety of endocytosis and exocytosis

different b) investigate simple diffusion using plant tissue and non-living materials, such as glucose solutions,
Investigating the effect Visking tubing and agar

of increasing the size of ) calculate surface areas and volumes of simple shapes (e.g. cubes) to illustrate the principle that

model cells allows an surface area to volume ratios decrease with increasing size

understanding of the ) rvest gate the mHfect ok thanging Sirface area ta ol e rlic on A sion aning garblodklo

constraints of obtaining
resources across the

fferent sizes
investigate the effects of immersing plant tissues in solutions of different water potential, using

cell surface and moving )
stibeiances Gutiof calke the results to estimate the water potential of the tissues
) explain the f water be Is and i ith different water potentials and
xpl

explain the different effects on plant and animal cells

Into and out of cells passes water, respiratory gases (O, and CO,), nutrients, essential mineral
ions and excretory products. Cells may secrete substances such as hormones and enzymes.
‘They may receive growth substances and hormones, too. Plants secrete the chemicals that

make up their walls through their membranes, and assemble and maintain the wall outside the
membrane. Certain mammalian cells secrete structural proteins such as collagen in a form that
can be assembled outside the cells.

In addition, the membrane at the cell surface is where the cell is identified by surrounding cells
and organisms. For example, protein receptor sites are recognised by hormones, neurotransmitter
substances (from nerve cells), as well as other chemicals, sent from other cels.

We will now look into the mechanisms of membrane transport. Figure 4.5 is a summary of

the mechanisms of transport across membranes.

1 diffusion

movement from high to

ow

energy source = kinetic

energy of molecules =

ATP as energy

T S 3 bulk transport
difusion of water ARG, transport of soids and/or
molecules across | Fenciaie ¥ liquids by vesicl at the
2 membrane el surface membrane;

energy source = energy
from metabolism

2 active transport
selective movement of substances,
against a concentration gradient,

energy source = energy from metabolism

Figure 4.5 Mechanisms of movement across membranes



Diffusion: the net
movement of particles
such as molecules from
aregion where they are
ata higher concentration
10 a region with a lower
concentration, using
energy from the random
movements of particles.
This includes diffusion of
small non-polar molecules
(such as oxygen and carbon
dioxide) through the cell
surface membrane, as well
as diffusion of fat-soluble
molecules (such as
vitamin A) through the cell
surface membrane.

4.2 Movement of substances into and out of cells

Movement by diffusion

‘The atoms, molecules and ions of liquids and gases undergo continuous random movements. These
movements result in the even distribution of the components of a gas mixture and of the atoms,
molecules and ions in a solution. This is why we are able to take a tiny random sample from a
solution and analyse it to find the concentration of dissolved substances in the whole solution.
Every sample has the same composition as the whole. Similarly, every breath we take has the same
amount of oxygen, nitrogen and carbon dioxide as the atmosphere as a whole,

Continuous random movements of all molecules ensures complete mixing and even distribution of
molecules, given time, in solutions and gases. The cnergy for diffusion comes from the kinetic energy
of molecules. ‘Kinetic’ means that a particle has this energy because it is in continuous motion.

Diffusion s the free passage of molecules (and atoms and ions) from a region of their high
concentration to a region of low concentration. Where a difference in concentration has arisen in a
gas or liquid, random movements carry molecules from a region of high concentration to a region
of low concentration. As a result, the particles become evenly dispersed. The factors affecting the
rate of diffusion are listed in Table 4.1.

Table 4.1 Factors affecting the rate of diffusion

The conditions needed to achieve rapid diffusion

Factors affecting the rate of diffusion

across a surface

Concentration gradient — the greater the difference in
concentration between two regions, the greater the
amount that diffuses in a given time.

A fresh supply of substance needs to reach the surface
and the substance that has crossed needs to be
transported away.

Distance over which diffusion occurs — the shorter the
distance, the greater the rate of diffusion.

The structure needs to be thin.

‘Area across which diffusion occurs — the larger the
area, the greater the diffusion.

“The surface area needs to be large.

Structure through which diffusion occurs - pores or
gaps i structures may enhance diffusion.

‘A greater number of pores and a larger size of pores
may enhance diffusion.

Size and type of diffusing molecules — smaller
molecules and molecules soluble in the substance of a
barrier will both diffuse more rapidly.

Oxygen may diffuse more rapidly than carbon dioxide.
Fat-soluble substances diffuse more rapidly through
the lipid bilayer than water-soluble substances.

Demonstrating diffusion

Diffusion in a liquid can be illustrated by adding a crystal of a coloured mineral to distilled water.
Even without stirring, the ions become evenly distributed throughout the water, The process takes
time, especially as the solid has first to dissolve (see Figure 4.6 on the next page).

Cell surface : volume ratio, cell size and diffu:

n

As a cell grows and increases in size an important difference develops between the surface area
available for exchange by diffusion and the volume of the cytoplasm in which the chemical
reactions of life occur. The volume increases faster than surface area; the surface area:volume
ratio falls (see Figure 4.7 on the next page). So, with increasing size of a cell, less and less of the
cytoplasm has access to the cell surface for exchange of gases, supply of nutrients and loss of

waste products.

Put another way, we can say that the smaller the cell is, the more quickly and casily can
materials be exchanged between its cytoplasm and environment by diffusion. One consequence of
this is that cells cannot continue growing larger, indefinitely. When a maximum size is reached cell

growth stops. The cell may then divide.
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2 For imaginary cubic
‘cells’ with sides 1, 2, 4
and 6 mm:

calculate the volume,

surface area and

ratio of surface area
to volume for each

o

-

plot a graph of the
surface area of these
cells against their
volume

state the effect on
the SAV ratio of a
cell s it increases in
size

a

explain the effect of
increasing cell size
on the efficiency

of diffusion in the
removal of waste
products from cell
cytoplasm.
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Figure 4.6 Diffusion in a iquid

cubic cell of increasing size

amm
dimensions/mm Tx1x1 2x2x2 3x3x3 axaxa
surface areaimm? 6 2 54 %
volume/mm® 1 8 27 64
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volume ratio i ' i il

Figure 4.7 The effect of increasing size on the surface area : volume ratio

Demonstrating the connection between surface area : volume

ratio and diffusion

Working with a block of gelatine containing the acid-base indicator cresol red (coloured red in
alkali, yellow in acid), small, regular-shaped blocks of known dimension can be cut, and then
immersed in acid solution. The time taken for the red colour to completely disappear can be
recorded in a table, against the dimensions of the blocks, listed in increasing size. The results
of one such investigation are recorded in Question 4. Examine the data there, and answer the
questions that follow.



4.2 Movement of substances into and out of cells

4 Cubes of slightly alkaline gelatin of different dimensions, containing an acid-alkali indicator
(red in alkalis but yellow in acids) were prepared. The cubes were then placed in dilute acid
solution and the time taken for the colour in the gelatin to change from red to yellow was

d

measured.
Dimensions/mm Surface area/mm? Volume/mm? Time/minutes
10 % 10 % 10 600 1000 12
5x5x5 150 125 45
25X25%x25 375 156 4.0

a Foreach block, calculate the ratio of surface area to volume (SA/V).
b Explain why the colour changes more quickly in some blocks than others.

Diffusion in cells

Diffusion across the cell surface membrane oceurs where:

 the membrane is fully permeable to the substance concerned. The lipid bilayer of the cell
surface membrane is permeable to non-polar substances, including steroids and glycerol, and also
oxygen and carbon dioxide in solution, all of which diffuse quickly via this route. Note that the
net diffusion of different types of particle can take place in opposite directions without hindrance,
t00. So, at the lung surface, oxygen diffuses into the blood whilst carbon dioxide diffuses out.

o the pores in the membrane are large enough for  substance to pass through. Water diffuses
across the cell surface membrane by means of the protein-lined pores of the membrane. The tiny
spaces between the phospholipid molecules are another route for water molecules. This latter
oceurs more casily where the fluid-masaic membrane contains phospholipids with unsaturated
hydrocarbon tails, for here these hydrocarbon tails are spaced more widely. In this state, the
‘membrane is consequently especially ‘leaky’ to water, for example.

polar molecules, e.g. water, in
molecules of a non-polar substance,

<Fanon pola subeta o high concentration
e.q. steroids, glycerol, fatty acis,
g i dlycerol ity ackls, % permanent pores in the cell 5 %
0, and CO; in'solution a5 6.0 5
b surface membrane BN
o B
. B gt 6o & o o
o ©° ° ° ©
o B
o “ = o
o
. ° % ° - 2 » ® N o)
T cel surface T
embrane
diffusion between ® 6 © © o °© 2
themoleculesof | | o
° . ° °
the lipid bilayer © /o °
diffusion occurs in both directions, but there
is net movement from a region of hig net diffusion of polar molecuies to a region

concentration to a region of low concentration  Where they are in lower concentration

Figure 4.8 Diffusion across the cell surface membrane

Facilitated diffusion

In facilitated diffusion, a substance that otherwise is unable to diffuse across the cell surface
membrane does so. This is as a result of its effect on a particular protein in the membrane. These
are globular proteins that can form into pores large enough for diffusion. Those pores close up
again when that substance is no longer present (Figure 4.9),
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n Cell membranes and transport

Facilitated diffusion: the
diffusion of ions and polar
(water-soluble) molecules
through cell membranes
using specific protein
channels or carriers, down
a concentration gradient
(from regions where they
are at higher concentration
10 regions where they are
at lower concentration).

5 Distinguish between
‘diffusion’ and

Osmosis: the diffusion of
water molecules from a
region where water is at

a higher water potential
through a partially
permeable membrane to a
region with a lower water
potential.

“facilitated diffusion’.
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Figure 4.9 Faciitated diffusion

Aliernatively a channel protein may be slective. For example, some channel proteins are ‘gated’
and open to allow the passage of ions only under particular conditions. There are different
channels for potassium ions and sodium ions in the membrane of nerve fibres, for example
(Figure 15.6, page 317).

Such proteins undergo rapid shape changes when in contact with a particular solute molecule.
Facilitated diffusion follows. The movement of glucose into red blood cells occurs in this way. So
does the movement of ADP into mitochondria and the movement of ATP from mitochondria into
the cytosol.

Finally, we must remember that in facilitated diffusion the energy comes from the kinetic energy of
the molecules involved, as is the case in all forms of diffusion. Energy from metabolism is not required.

Osmosis — a special case of diffusion

First, look at the experiment shown in Figure 4.10. The bag shown here is made from a short length
of dialysis tubing. Some sucrose solution is added, perhaps by using a small plastic syringe. This is
an experiment that is easy to set up. When this partially filled bag is lowered into a beaker of water
it quite quickly becomes stretched and turgid. Obviously there is a huge inflow of water. This is a
simple but dramatic demonstration of osmosis.

Why does osmosis happen? Remember, in a sucrose solution the sucrose molecules are the
solute and the water molecules are the solvent.

a solution = solute + solvent

We saw in Topic 2 that in a solution, a dissolved substance aftracts polar water molecules around
it (Figure 2.28, page 53). The forces holding those water molecules in this way are hydrogen
bonds. The effect of the presence of a ‘cloud" of water molecules around each solute molecule is
to hamper and restrict their movements. Organic substances like sugars, amino acids, polypeptides
and proteins, and inorganic ions like Na¥, K*, CI™ and NO;”, all have this effect on the water
molecules around them. On the other hand, in pure water, all of the water molecules are free to
move about randomly, and do so — all the time. We say that here they diffuse frecly.

In the experiment in Figure 4.10, the solution of sugar was separated from pure water by
a membrane — the walls of a dialysis tube. This is described as partially permeable because
it only allows certain molecules to pass, not all of them. Water molecules move across the
membrane in both directions, by diffusion. At the same time, the solute molecules with their
cloud of water molecules are too large to pass through. In the mean time, there is a continuing
net movement of water molecules from the region of high concentration of free water molecules
(the molecules of pure water in the beaker) to the region of low concentration of free water
molecules (the water molecules of the sucrose solution). This causes the bag to fill up and
become stretched and turgid.
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1 Abag made from dialysis ., 2Thetagislowerd This experiment can be
(ubmgg containing 2 v into water. carried out in your laboratory.
concentrated solution
of sucrose.

distilled
water

3 Water enters the bag,
which becores
stretched.

dialysis tube —a partially

dialyss tube with
permesble membrane

sucrose solution

slow-moving sucrose molecules
with attached water molecules — few escape from
the bag into the surrounding water

netflow
ater
into the bag

volume of the bag has
increased, due to
water uptake

water molecules

water molecul
free to move about

Ules
attracted to sucrose molecules
Figure 4.10 Osmosis

Water potential

‘The name given to the tendency of water molecules to move about is water potential. ‘Water
potential”is really a measure of the free kinetic energy of the water molecules. The Greek letter psi
(symbol ) is used to represent water potential.

‘Water moves from a region of higher water potential to a region of lower water potential. We
say water moves down a water potential gradient. Equilibrium is reached only if or when the
water potential is the same in both regions. At this point, there would be no net movement of
water from one region to another, but random movements of water molecules continue, of course.

Next we will examine the effects of dissolved solutes, and then of mechanical pressure on water
potential, before returning to a re-statement of water potential.

6 What is meant when we say a membrane s partially permeable?

7 When a concentrated solution of glucose is separated from a dilute solution of glucose by a
partially permeable membrane, which solution will show a net gain of water molecules? Why
do we speak of a 'net’ gain?

8 Jam is made of equal weights of fruit and sucrose. What happens to a fungal spore that

| germinates after landing on jam?
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it trateante level of solution rises The concentration of solute molecules
carried out in your laboratory. and water poten
Pure water obviously has the highest water potential. By convention,
this is set at zero. Once a solute is dissolved in water, the water
molecules are immediately less likely to diffuse (they are less mobile).
So the effect of dissolving solute in water is to lower its water
potential. Consequently solutions at atmospheric pressure must have a
negative value of water potential (since pure water is set at zero). Also,
sucrose solution the stronger the solution (i.e. the more solute dissolved per volume of
(sucrose is the solute) water) the larger the number of water molecules that are slowed up
and held almost stationery. So, in a very concentrated solution, very
many more of the water molecules have restricted movements than do

in a dilute solution.
The amount of dissolved solute present in a solution is known
I~ as the solute potential of the solution. It is given the symbol y,. A
(water is the solvent) simple osmometer is shown in Figure 4.11. We use an osmometer
to demonstrate the solute potential of a solution. Once the
osmometer is lowered into the beaker of water, very many more
water molecules diffuse across the membrane into the solution
partially permeable than move in the opposite direction. The solution is diluted and
:i“‘:";‘;am“:;bgrm it rises up the attached tube. An osmometer like this could be
used to compare the solute potentials of solutions with different
concentrations.

net inflow of water by csmosis, owing to
solute potential of the sucrose solution

Figure 4.11 An osmormeter

Pressure potential
‘The other factor that may influence osmosis is mechanical pressure acting on the solution. This
factor is given the name pressure potential. It is represented by the symbol .

If a pressure greater than atmospheric pressure is applied to a solution, then this is an example
of a pressure potential being created in a solution. In the demonstration in Figure 4.12 a short
length of dialysis tubing has been set up to show how the pressure potential of a solution can
become large enough to stop the osmotic uptake of water altogether.

9 When a concentrated solution of sucrose is separated from a dilute solution of sucrose by a
partially permeable membrane, which solution:
a has a higher concentration of water molecules
b has lower water potential
¢ will experience a net gain of water molecules?

This experiment can be dialysis tubing bag now stretched by high intemal pressure
carred out i your laboratory. (hydrostatic pressure) due to water uptake, ie. it is in
2 turgid condition

bl = net water uptake ceases,
20 conaining sucrose uptake of water owing to the hydrostatic pressure
solution is lower by osmosis over time exerted by the dialysi bag, which

it gty o s Skl vt basttchod sy
iy i
condition the pressure potentil (y,)

has offset the solute pmsrma{ [("8)

Figure 4.12 Pressure potentia at work



10 When a concentrated

solution of glucose

is separated from

a diute solution of

glucose by a partially

permeable membrane,

which solution:

a has a higher water

potential

b has a higher
concentration of
water molecules
will show a net
gain of water
molecules?

4.2 Movement of substances into and out of cells

Water potential = solute potential + pressure potential
‘The concept of ‘water potential” allows the effects of the two factors acting on water in  system
(such as a dialysis tubing ‘bag’ or a living cel) to be brought together in a single equation:

water potential = solute potential + pressure potential
v 13 + ¥
We have seen that the water potential of a solution is the name we give to this tendency of water
molecules to enter or leave solutions by osmosis, and that the Greek letter psi (symbol ) is used
1o represent the water potential.

Since ‘water potential’ is really a measure of the free kinetic energy of the water molecules, pure
water obviously has the highest water potential. By definition, this is set at zero, We have also seen
that once a solute is dissolved in water, the water molecules are immediately less likely to diffuse
(they are less mobile). So, the effect of dissolving a solute in water is to lower its water potential.
Consequently solutions at atmospheric pressure have a negative value of water potential. For
example, a solution containing:

3.42g of sucrose in a 100cm® has a water potential of ~270kPa, and
34.2g of sucrose in a 100cm? has a water potential of ~3510kPa.

Do negative values like these give you problems?

Not really, perhaps. You use them in daily life. Imagine an international weather forecast that
reports the temperature in Siberia has changed from ~10°C to ~25°C. You immediately know this
means i's much colder there. In other words, ~25°C is a much lower temperature than ~10°C, even
though 25 is a larger number than 10.

In the same way ~3510 kPa is a smaller water potential than 270 kPa, although 3510 is larger
number than 270.

Osmosis in cells and organisms

Since water makes up 70-90 per cent of living cells and cell surface membranes are partially
permeable membranes, osmosis is very important in living things. We can illustrate this first in
plant cells.

Osmosis in plants

‘We need to think about the effects of osmosis in an individual plant cell first (Figure 4.13). There

are two factors to consider.

® In a plant cell there is a cellulose cell wall. This is not present in an animal cell.

 In any cell the net direction of water movement depends upon whether the water potential of
the cell solution is more or less negative than the water potential of the external solution.

‘When the external solution is less negative (that is, there is little or no dissolved solutes), there

is a net flow of water into the cell. The cell solution becomes diluted. The volume of the cell is

expanded by water uptake. As a result, the cytoplasm may come to press hard against the cell wall.

IF this happens the cell is described as turgid. The pressure potential that has developed (due to

the stretching of the wall) offsets the solute potential of the cell solution completely and further net

uptake of water stops. Incidentally, the cell wall has actually protected the delicate cell contents

from damage due to osmosis.

‘When the external solution is more negative (that is, much dissolved solutes), there is a net
flow of water out of the cell. The cell solution becomes more concentrated. As the volume of cell
solution decreases, the cytoplasm starts to pull away from parts of the cell wall (contact with the
cell wall is maintained at points where there are cytoplasmic connections between cells). The cells
are said to be plasmolysed (jysis means splitting) and are flaccid.
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when the external water potentialis the  when the external water potential i more

when the exteral water potential s less
negative than the water potential of the cell same as the water potential of the cell  negative than the water potential of the cell
net inflow. o net water net outflow
of water s movement of water

by similar cells
cell solution

cytoplasm

ecomes more
concentrated

plasma membrane cellulose cell wall

(partially permeable) fully permeable)
cell wall stretched and the qytoplasm pulls away from the cell wall;
cellis said to be turgid the cell is said to be plasmolysed and is
(prevents rupture of the cell surface membrane) flaccid
the external solution s less the external solution is the same the external solution is more
concentrated than the cel concentration as the cell solution concentrated than the cell

solution (a hypertonic solution)

solution (a hypotonic soluti

Figure 4.13 A plant cell in changing external solutions

Estimation of the water potential of plant tissue
‘The net direction of water movement in a cell depends on whether the water potential (y) of the
cell solution is more negative or less negative than the water potential of the external solution. We
exploit this in our measurement of the water potential of plant tissues. Representative samples of
tissue are bathed in solutions of a range of water potentials so that the solution which causes no
net movement of water can be found. This technique may be applied to plant tissue from which
ou can cut reproducible-sized cylinders that will fit into a test tube or boiling tube. The tissue
should be fully turgid at the outset; soak in water to ensure this. Examples of suitable tissues would
include beetroot, potato tuber and carrot root. Cut the cylinders with a cork borer, wash them in
tap water, and finally measure their length (or cut them all to a standard length) (Figure 4.149).

> olinders of tissue
7 cutwith a cork
borer

ofinders cut toa
standardised length

washed and soaked in
immersed in a sugar solution water to ensure turgidity
of concentration of range
0.2moldm2 (tube 1) to

1.0moldm-3 (tube 6)

v
finally, lengths of individual
oylinders are re-measred,

and change in length expressed
a5 % of the original length

Figure 4.14 Measuring water potential of plant tissue



Table 4.2 The water potential of
sucrose solutions

Sucrose | Water potential
(mol dm) | (kPa)
02 540
04 1120
06 1800
08 2580
10 3510

4.2 Movement of substances into and out of cells

Steps to the experiment:

© Immerse (at least) one cylinder in each of the range of five sucrose solutions, 0.2moldm™ to
1.0moldm™ in a tube. Leave them immersed for one day. Set up a table to record the lengths of
the tissue cylinders from each of the five tubes.

® Re-measure the length of each cylinder and record this in your table. Calculate the change in
length as a percentage of the original length.

 Plot a graph of the percentage change in length against the molarity of the sucrose solution. Read
off the molarity of sucrose that causes no change in length of the tissue.

 Using the conversion table below, quote the water potential of the tissue you have investigate.

In evaluating the experiment, consider the significant potential causes of error or inaccuracy in the

technique. What improvements could you make?

Movement of water between plant cells
We have seen that water flows from a less negative to a more negative water potential. For

example, consider two adjacent cells that have initial solute potentials and pressure potentials
(values in kilopascals) as shown:

Ws=-1400 | ¥s=-2100

Wp=600 | ¥p=900

‘The water potential of each cell can be caleulated (y= Y4 + o)

of cell A = -800kPa
yof cell B = -1200kPa

So net water flow is from cell A to cell B unil an equilibrium in water potentials is established.
When we discuss water movement through plants (Topic 7, page 135) we will see the flow of
water from cell to cell in roots. From root hair cells, where water uptake occurs from a soil solution
(of high water potential, i.c. less negative ), to the cells at the centre of the root (of lower water

potential, i.e. more negative y).

Plasmolysis in plant cells

Plasmolysis is most easily observed in cells with a coloured vacuolar solution. Examples include
beetroot tissue or the epidermis of thubarb leaf stalks. There may be others local to you (Figure 4.15).

Plasmolysed plant cells When they are placed in a solution of
In cells in which the solution in the water potential greater than that of the
vacuoles is coloured, they can be seen  — el solution, plasmolysis of the cells
under the microscope whithout staining can be observed by microscopy.

An external solution that

causes plasmolysis in 50 per cent
of the cells (incipient plasmolysis)
has the same water potential

as that of the cells
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Questions

M Asan herbaceous
plant wilt, s cells
change from being
turgid to flaccid. In
this situation, what
happens to:

the solute potential
of the vacuolar
solution in the cells
the pressure
potential of these
cells?

In the plasmolysed cell, the wall exerts no pressure at all. As a plasmolysed cell starts to take up water
the contents enlarge. At the point where the cytoplasm starts to push against the wall, a slight pressure
potential is produced (Figure 4.16). As water uptake continues, the pressure potential eventually
becomes large enough to reduce the cell’s water potential to zero. At that point, water uptake stops.

il

(water potential
= solute potential
pressure potential=0)
cell contents

Start to press
agans th cellvall

yatruptake Fully turgid cell
(dilution of cellsolution) Wl
= solute potenti
water potential=0)

pressure potential
ol

100 +100
££ 20 +200 £
£ 300 4300 §
1] H
228 400 +400 5
£t 7
53 500 water potential T w500 §
500 +600
700 +700
ow increasing cellvolume high
efeaiing el ke,

Figure 4.16 Changing water potential of 3 plart cell

Plasmolysis and wilting

Typically, the cytoplasm of plant cells is undamaged by a period of plasmolysis. Cells promptly
recover when water becomes available. In non-woody plants (they are called herbaceous plants,
to tell them apart from trees and shrubs) a state of turgor is the normal condition. The turgidity of all
the cells plays a key part in the support of the plant body. If herbaceous plants become short of water
for a prolonged period, the plant wilts. Ultimately, a wilted plant will die if it does not receive water.

well-watered potted plant with water loss continues; many cells of the leaves and stem
turgid cells become plasmolysed; flaccid cells provide no support

Figure 4.17 Wilting



4.2 Movement of substances into and out of cells

Osmosis in animals

An animal cell lacks the protection of a cellulose cell wall, Consequently, compared with  plant
cell, it is very easily damaged by changes in the external solution. If a typical animal cell is placed
in pure water, the cell surface membrane will break apart quite quickly. The cell will have been
destroyed by the pressure potential generated.

Figure 4.18 shows what happens to an animal cell (a red blood cell) when the external solution
has a water potential that is both less negative and more negative than the cell solution.

In most animals (certainly in mammals) these problems are avoided because the osmotic
concentration of body fluids — the blood plasma and tissue fluid — is very precisely regulated. The
water potential is regulated both inside and outside body cells (to maintain isotonic conditions)
‘This process is known as osmoregulation (Topic 14).

Figure 4.18 A red biood cellin
changing external solutions

when the external water when the extetnal water when the external water
potential is less negative potenti e same as the potential is more negative
than the water potential Water potential of the cell, than the water potential of
of the cel e.g.in the blood plasma the cell

no net water

movement net outflow

ofwater
cellburss clloutine
= becomes
cipkled
&= cell olution becores

more concentrated
net inflow
of water

Aquatic, unicellular animals

Many unicellular animals live in aquatic environments and survive even though their surroundings

12 Whatis the outcome
have a water potential substantially less negative than the cell solution. All the time, water is

of immersin

Ml i flowing into these cells by osmosis. They are in constant danger that their membrane will burst

T sellenior because of high internal pressure. In fact the problem is overcome — or rather, prevented.
substantially lower ‘The protozoan Amoeba is one example. The cytoplasm of an amoeba contains a tiny water
water potential than pump, known as a contractile vacuole. This works continuously to pump out the excess water.
that of the cell? What |  How important the contractile vacuole is to the organism is fatally demonstrated if the cytoplasm is

would be the effecton | temporarily anacsthetised — the Amoeba quickly bursts
a plant cell?

Two adjacent animal
cells, M and N, are
part of a compact
tissue. They have:

a
W

nudeus

pond water———
ool water potential ioglaan
v [ -s80kPa Jess negative than
ate potenial of
v [ 4t10kpa oter poeal
ellN of Amoeba
v, [-s40kPa contractlle vacuole:
collets here
w | ks — Snd s thn expeed
B thevaioie from the cell by the
Will net water flow be st i, pumping acton of
from cell M to cell N? the vacuole

| Explain your answer. Figure 4.19 The role of the contractile vacuole in Amoeba
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Polar water molecules and the lipid bilayer — a recap

We have seen that water enters and leaves cells by osmosis, yet the lipid bilayer of the cell
surface membrane is at least theoretically impermeable to polar water molecules. However, water
molecules are very small and it s likely that there are many tiny spaces open between the giant
molecules of the lipid bilayer. Remember, the lipid molecules are also constantly moving about.
In addition, quite small, protein-lined pores exist in the membrane and are permanently open.
These proteins allow unrestricted water movement because the pore is lined by hydrophilic
amino acid residues.

smal, protein-
lined pores

ermanent molecules of the
Sranindfor lipid bilayer are

a
move, producing
tiny Ghort-lved)
pores that are
large enough for
water molecules
1o pass through

diffusion

of

water molecules m g l
O
5

Figure 4.20 How polar water molecules cross the lipid bilayer

Movement by active transport

Active transport is the selective movement of molecules across a membrane. In active transport,
metabolic energy produced by the cell and held as ATP is used to drive the transport of molecules
and ions across membranes. Active transport has characteristic features distinetly different from
those of movement by diffusion. These are s follows.

1 Active transport may occur against a concentration gradient
Molecules can be moved by active transport from a region of low concentration to a region of
higher concentration. The cytosol of a cell normally holds some reserves of molecules valuable
in metabolism, like nitrate fons in plant cells or calcium fons in muscle fibres. The reserves of
useful molecules and ions do not escape; the cell surface membrane retains them inside the cell
However, when more useful molecules or ions become available for uptake, they are actively
absorbed into the cells. This uptake oceurs even though the concentration outside is lower than
the concentration inside.

2 Active uptake is a highly selective process
For example, in a situation where potassium chloride, consisting of potassium (K*) and chloride
(CI) ions, is available to an animal cell, it is the potassium ions that are more likely to be
absorbed, since they are needed by the cell. Where sodium nitrate, consisting of sodium (Na*)
and nitrate (NO3) ions, is available to a plant cel, it is likely that more of the nitrate ions are
absorbed than the sodium ions, since this too reflects the needs of these cells.




4.2 Movement of substances into and out of cells

3 Active transport involves special molecules of the membrane called ‘pumps’
The pump molecule picks up particular molecules and transports them to the other side of the
membrane where they are then released. The pump molecules are globular proteins that traverse
the lipid bilayer. Movements by these pump molecules require reaction with ATP. By means of
this reaction, metabolic energy is supplied to the process. Most membrane pumps are specific to
pasticular molecules. This is the way selective transport is brought about. If the pump molecule
for a particular substance is not present, the substance will not be transported.

Active transport is a feature of most living cells. We meet examples of active transport in the gut
where absorption oceurs, in the active uptake of ions by plant roots, in the kidney tubules where
urine is formed, and in nerves fibres where an impulse is propagated. We discuss some of these

examples later.
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Figure 4.21 Active transport of a single substance

‘The protein pumps of cell surface membranes are of different types. Some transport a particular
molecule or ion in one direction (Figure 4.21). Occasionally, two substances are transported in the
same direction; for example, Na* and glucose. Others transport two substances (like Na* and K" in
opposite directions (Figure 4.22).
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A case study: the structure and function of sodium-potassium

pumps in axons

A nerve impulse is transmitted along the axon of a nerve cell by a momentary reversal in electrical

potential difference in the axon membrane, brought about by rapid movements of sodium and

potassium ions. You can see the structure of a nerve cell and its axon in Figure 15.3, page 313.

Sodium-potassium pumps are globular proteins that span the axon membrane. In the
preparation of the axon for the passage of the next nerve impulse, there is active transport of
potassium (K*) fons in across the membrane and sodium (Na*) ions out across the membrane. This
activity of the Na'-K" pump involves transfer of energy from ATP. The outcome is that potassium
and sodium ions gradually concentrate on opposite sides of the membrane. The steps to the cyclic
action of these pumps are:

1 With the interior surface of the pump open to the interior of the axon, three sodium ions are
loaded by attaching to specific binding sites.

2 The reaction of the globular protein with ATP now occurs, resulting in the attachment of a
phosphate group to the pump protein. This triggers the pump protein to close to the interior of
the axon and open to the exterior.

3 The three sodium ions are now released, and simultaneously, two potassium ions are loaded by
attaching to specific binding sites.

4 With the potassium ions loaded, the phosphate group detaches. This triggers a reversal of the
shape of the pump protein; it now opens to the interior, again, and the potassium ions are
released.

5 The cycle is now repeated again.

2 changes in shape

3
and postion of 3
carter protein @ @ onsloaded
1 carrier protein
activated by ° /

reaction with ATP

e it i .
@& 4G i
i i S 4

carer protein ¢ ©

in lipid bilayer K*ions loaded

Figure 4.22 The sodium-potassium ion pump

14 Samples of five plant tissue disks were incubated in dilute sodium chloride solution at
different temperatures. After 24 hours it was found that the uptake of ions from the
solutions were (in arbitrary units):

[ sodium ions [ chloride ions |
| issue at 5°C | 20 [ 40 |
| Tissue at 25°C | 160 [80 |

Comment on how absorption of sodium chloride occurs, giving your reasons.




5 Phagocytic cells are

a
@

also found in the
airways of the lungs.
Whatis their role and
how do they carry it

Distinguish between
the following pairs.
a proteins and lipids
in cell membranes
b active transport and
bulk transport
hypotonic and
hypertonic solutions
endocytosis and
exocytosis

a

4.2 Movement of substances into and out of cells

Movement by bulk transport

Bulk transport occurs by movements of vesicles of matter (solids or liquids) across the cell surface
membrane. The flexibility of the fluid mosaic membrane makes this activity possible, and energy
from metabolism (ATP) is required. Figure 4.23 shows this form of transport across a cell surface
membrane, in action.

nucleus

uptake of sold partickes = phagocytosis

uptake of matter = endocytosis

uptake of liquid = pinocytosis

Figure 4.23 Movement by bulk transport

Exocytosis s the process by which cells export products such as enzymes by means of vesicles. We
have seen that vesicles may be budded off from the Golgi apparatus (Figure 1.16, page 18). The
vesicles are then guided to the cell surface membrane by the network of microtubules in the cytosol.
Here they merge with the membrane and their contents are discharged to the outside of the cell

Alternatively, waste matter may be disposed of at the cell surface, in  similar way.

By the reverse process, endocytosis, substances may be imported into the cell. Here, fresh
vesicles are formed at the cell surface. This occurs when part of the cell surface membrane forms
a“cup’ around a particle or a drop of luid, and encloses it to form a vesicle. This vesicle is then
brought into the cytosol.

‘The wholesale import of solid matter in this way is termed phagocytosis. In the human body,
there is a huge force of phagocytic cells, called the macrophages. Some of these mop up debris of
damaged or dying cells and break it down. For example, we dispose of about 3 X 10" red blood
cells each day! Al of these are ingested and disposed of by macrophages.

is bulk import of fluids and occurs in the same way. Bulk uptake of lipids by cells
lining the gut oceurs as part of the digestion process, for example.

Exocytosis: secretion