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Get the most from this book 
v\felcome to the AQA A-level Biology Year 1 Stud nfs Book. This book 
covers Year l of 1he AQA A-level Bi.ology specification and all content for 
the A1Q_A AS Biology specification. 

The follovting features have been included to help you get the most from 
this book. 

Prjor knowledge----~~-""" 
This is a short list of topics that 
you should be familiar ivith before 
starting a chapter. The questions 
will help to test your understanding. 

Test yourself questions -----41----~~"'" 
These short questi.ons 1 found 
throughout each chapter1 are useful 
for checking your understanding as 
you progress through a lopic. 

Tips--------~ 
TI1.ese highlight b1'lportant facts 
common misconceptio·ns and 
signpost you to,vards other re leva.nt 
t,opics. 

Ke t rms and formul 
These are highlighted in the text and 
definitions are given in the 11:1argin 
to help you pick out and learn these 
in1portant concepts. 



Activities and Required 
prac icals 
These practic.a]-based activities 
vtill help consolidate your learning 
and test your practical sl,lls. AQAs 
required pracrica ls are clearly 
highlighted. 

E tension 
Tlu·oughout the book you 'Will 
also find Extension boxes~ which 
contain extra material to deepen 
your understanding o,f a to pie. 

Examples of questions and 
calculations feature full w ,orkings 
and sam.p le answers. 

Practice questions 
You will find Practice questions at the end of every chapter. These 
follow tb e style of the different types of questions you might see in your 
examination, including n1uhiple-ch oice questions> and are colour coded to 
highlight the level of difficulty. Test your understanding even further, 'With 
'J\1aths questions and Stretch and ch allenge questions. 

Green- Basic questions that everyone. should be able to answer vvithout 
difficulty. 

Orange - Questions that are a regular feature of exams and that all 
aompetent candidates sho,uld be able to handle. 

Purple - More demanding questions whicl1 the best candidates 
should be able to do. 

II StretcJ1 and cl1.a.llenge - Questions for the most able candidates to test 
their full understa11ding and sometime£ their ability to use ideas in 
a. novel situation . 

Dedicated chapters for developing your Maths and Practical skills and 
Preparing for your exam can be found at the back ,of this book. 
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Biological molecules 

. . 
••••••••••••••••••• ••••••••••••••••••••••••• ••••••••••••••••••••••••• •••••••••••••••••••••••• ••••••••••••••••••• • • • • : PRIOR KNOWLEDGE : 
• • • • : Before you start, make sure that you are con fident in your .knowledge and : 
• • : understand;ng of the fo llowing points. i 
• • • • j • Carbohyd ratesj fa·ts and proteins are u,sed by the body as fuels and f 
: to bu ~ld cells . : 
I • Many small mo lec ules ~·mono,miers ] can jo i1n together to form very f 
~ large ,molec ules [polymers). ~ 
i • Proterr, mo lecules a re made up of long chains of amino actds. ! 
• • 
: • They a,re folded to p r oduce a, speci fic sha pe that enab les oth er : 
! m olecules to fi t ,into th e p rote:in. ~ 
• • 
; ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ~ .................... llllllllii. 

~ --·························································································: 
: TEST YOURSELF ON PRIOR KNOWLEDGE ! 

1 Nam e the process in w hich mo lecules such as carbohydrates are 
used by the body as fu els. 

2 Proteins a re poly m ers. Nam e the monomer f ro,m wh ich they are 

Molecules make up living organ isms 
You may think that 
living 1hings -a1--e aU very 
different from each othe.r> 
and in some ways they 
are. But ~then you study 
thetn in detail, you find 
that all living things are 
fundamentally alike. They 
a.re all made of cells, and 
the m olecules they are 
made from are the same, 
so at this level H ving things 
are remarkably similar 
to .each other. T11ese 
fu nd.amental sin1ih1riti.es are 

explained by -evolutionary 
theory: it is t'h,ou ght that 
all living things share a 
common ancestor. 

• • • • • • • : 
' • • • • • • • .. 
" • : 

F'.igure 1 ~ 1 Al l Livi1ng thi:ngis a ref u nda men ta Uy alike 
when yo 1u look at thei motecules they ;re made from. 
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Wa,ter .is the 1most co mmon 
moilecule i·n ceHs and its 
properties a1re extremeily 
important for life on Eairth. Yo u 
w ill find out a.bout the pro perties 
of water in Chapter t O on mass 
tra nsp art 1i n p lants . 

c nd ns ti r When one monomer Joins to 
cJinother and a water molecule is remove-d. 

H~r r ' i When wateli' 1m0Lecu[es are 
. aid!d,ed tn th,e process. of breaking bonds 
between mo,lecufts, for exampi,e wh·e11 
breaking a polymer ~nto m1ono·mers. 

:a Ha --- 9

~ o~ 
'- --- ---- J 

Con den sat ion 
I ~n ked w~th the 
rennov a I of a 
molecule of water 

Hydrolysis 
broken down with 
the addition of a 
molecule of water 

Large an 1d small molecules 
The food we buy in a supermarket may be processed but, v.rhether it is 
a pizza ,or peanut butter, it has been derived from living organisms. lt 
contains substances that once made up those organisms, although maybe 
not i.n the s.::1.1ne proporti.ons. Three groups of these substances are very~ 
important in our diet. They are carbohydrates, proteins and lipids, and 
they all contain. carbon. We describe the molecules of substances in 
these groups as being organic molecules. All other carbon-containi.ng 
substances that ,vere once in living organisms are also organic n1olecules. 

Carbon a101ns are unusual b ecause they can form four chen1ical bonds. 
They can b,ond v;.ilth other ca1bon aton1s and wid1 atotns of ·other el ements. 
The carbon aton1s can join in long, straight chains or in b,ranched chains. 
Many of the organic molecules found in living organisms are very~ large in 
size and are knoVv~n as macromolecules. Macr,o,mole,cules are buih up fro1n 
much smaller molecules. In many macromolecules these small building 
blocks are called m on omers and they 1nay be identical or si1nilar to each 
other. Several m onomers join together to form a poly,ner. 

Look a t Fi.glire 1.2 . It shows how two monomers join together by a che111ical 
reaction called cond nsation) in which .a molecule of ,vater is fanned . This 
water molecule is made up of a hydrogen. aton1 (- H) fl1at is removed from 
one of the t,vo n1011.omers, and a hydroxyl (-OH) group from the other . 
Because parts of the n1olecules have been ren1oved (to [om1 water), we refer 
·to the larger parts ihat ren1.ain as "residues. Joining a lot of monotner residues 
in this ,va.y produces a polyLner. 

Polym rs may be broken down to the monomers that formed th m by 
I ) r~ ly .. i.. . This reaction is the opposite of condensation, because it 
adds -H aJnd -OH from a molecule of water (see Figu1~ 1.2). 

There are numerous examples of mo lecules jo ,n~ng tog·ethe r by 
condensati on rn biology. Many of them are ipoilymers, but m.a ny 
more a.re not. 

o--~~~~~~-c a r bah yd rates 
-0 OH 

Figure L2 Monomers jo i,n togethe r by 
condensat~on to form a po Lym er. This 
diagram shows two monomers jo1ining 
together. When a large number of 
monomers are joined Like this. we get a 
polymer. A polymer can be broken down 
into its monomers by hydrolysi1s. 

.A carbohydrat molecule contains ·carbon, hyd1·,ogen and o""1'8en. h has 
twice. as many hydrogen atoms as oxygen atoms - the same propon ion as 
in \Vater. Carbohydrates are divided into three main types: 

• Monosacchari.dles are single sugars. Different monosaccharides contain 
different numbers of carbon atoms. Most of those that are important in 
ou r food , such as glucose, fructose and galactose, contain six carbon 
atoms. 

• Disaccharides are carbolltydrates that con tain two m onosaccharides 
joined together. Sucrose, maltose and lactose are disaccharides. 

• PolysaccJ1aride:s are v,ery large molecules and contain many 
monosacchartdes. Starch is a polysacchartde. 



Figure 1 .. 3 Most of the carbohydrate that 
we eat coimes fro,m plants . This crop i1s 
sugar cane. a plant that stores suc rose 
in its s tem. The carbohydrate stored by 
other food p Lants su eh as pota,toes and 
cere-a,Ls is starch. 
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Figure t.5 Two a-g lucose molecll~es join 
together by condensati1on to g,ive a 
molecule of the disaccharfde, m,altose. 
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G ·:o I ,: nd A chemical bond fiormed 
as the result o,f condensatron betw&en tw,o 
monos acch arjdes. 

u iol1 ~s gain of ele-ctrons or hydrogen. 

Glucose and other sugars 

G]ucose is a monosacchari.de~ s,o it is a single sugar. Its molecular fonnu1a 
is CsH 1200. TI1is formula simply teHs us ho~· many atoms ,of e.ach element 
there are in each gluc,ose molecule. 

Now look at the structural .formulae shov,rn in Figure 1.4. They show a 
molecule of a-glucose and a molecule of P-glucose. Count each type of 
atom in diagram (a). TI1ere are 6 carbon atoms, 12 hydrogen atoms and 
6 oxygen ato1ns ~ equal to the numbers of diiffe1-ent atoms sho1N11 by the 
molecular fonnula, C6H 120 6. This diagram also sho,vs you ho,v the aton1s 
are an-anged. 

All glucose molecules hav,e the sa1ne formula, C6H120 6. Hov.,,ever, there 
are two different kinds of glucos . This is because the atoms in the glucose 
molecule can be arranged in different ,vays ~ called isomers. Figure l . 4 
shom the arrangement of the atoms in the tVi.i"O differ nt kinds of glucose. 
(a1) (b) 

6CH20H 6 ( H20H 

I I 
H sC - 0 H ' /,~ "' / 4C IC 

/"?H ~/'-
HO 3 C--2C OH 

H 5C - O OH 

' / 1 " / 4C H 1( 

/ '\ OH H / ' 
HO 3~~~ · H 

I I I I 
H OH H OH 

Figure 1 .. 4 '(a] An a-glucose molecule,: and fb ] a ~,-g,lucose molecu!le. 

Look at the way that the -rl and --1QH groups are bonded to the carbon 
atom o,n the right-hand side (IC) in P-glucose. Now look at the-Hand 
-OH groups bondedl 10 the carbon atom ,011 the left-handl side (C4) . Notice 
that they a.re bonded the opposite ,way round. Compare this with the 
diagram. of a -glucose. Here, both-H groups are above the carbon atoms; 
and both -OH groups are belo"v the carbon atoms. 

Galactose and fructose are also n1onosaccharides and have exactly the 
same molecular fom1ula as a-glucose. Howe,;ler~ the aton1s d1at tnake up 
these n1olecules are arranged in different ways. This tneans tha_Jt althougl1 
an three substances are sugarsl they have slightly different structur,es. This 
gives th m slightly different properties. 

11onosaccharides such as 1a-glucose are the monomers that join together 
to, make many other carbohydrates. Two a-glucose molecules Join by 
condensation to fonn a molecule of the disaccharide 1naltose. The bond 
fnrms between carbon l of one a-glucose molecule and carbon 4 of the 
other; such a bond is called a gl cosidic bond (see Figure 1.5). 

Other disaccharides fom1 iit a similar way. Lactose., for example, is the sugar 
found in n1ilk. It is formed in a condensation reaction bet\veen a molecule 
of u-glucose and a molecule of another 1nonosaccharide, galactose. Sucrose 
is fonned f-r-on1. a-glucose and fructose. 

"When suga?S such as a-glucose are boiled '\Vi'th Benedict! solution, an orange 
prect1:,itate is foamed because Cu(ll) ions in the Benedict~ soluti,on are 
1 ·dtu.:t:d to orange Cu(I) ions. This reaction ,occurs because of the way the 
chemical groups are arranged in such sugars. These sugars are therefore called 
reducing sugars. Fruclose, maltose and ga]act,ose are also, reducing sugars. 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • : Extension • • • • • • • 
Structure of amylos,e and amylo1pectin 
Figure 1.6 shovts the structure of starch. You side-chains all stick out on the same side.. This 

• • • • • • • • • • 
: can see that amylase is a long chain of <1-gh.1cose 
: molecules . They are linked by 1, 4-glycosidic 

arrangement cause5 the chains of a-glucose : 
molecules to coil into spirals as sho"'Wll in Figure : 

• : bonds. This chain is coiled into a spiral and its • 1.6. Amylopectin molecules have branches because : 
: coils a.re held in place by chen1ical bonds calle,d so1ne of the a-glucose tnolecules fon:n bonds bet\veen : 

carbon aton1s l and 6 instead of l and 4. This enables • : hydrogen bonds. Amylopectin is also a polymer of 
: a-glucose but its m olecules are bran c·hed due to 

• 
starch n1olecules to fold up compactly. : 

: l , 6-glycoSll die bonds. 
• • • • • • • 

In amylose, the iex.-glucose n1o]ecules are linked by 
1,4-glyc,osi.dic bonds. Notice that the -CH20H 

• • • • • • • • 
Amylose • • • • • 
consrs-ts of a long chai,n of a~glucose residu(?s 

• • • • • 

~ _)(H 0 0 

0 

Th~ chain ·is coi1ed i:nto a spira l. 
Hydrog@n bo:nds ho ld t ni~ spiral 
in shape. 

Am yloped:i n 
consists of branched chains 
of n-g l1ucos~ ras idues 

• • • • • • • • • • • • • • • • • • • 
• 1 ; 4 Iii nks • • • • • • • 
: Figure 1.6 Starch consists of amylase and amylopectin:. Starc1h fro1m different plants conta ins different a1mo1unts O·f : 
: the se two substances. : 
• • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

You can re mem ber tha t oxidation 
1 s Loss of e le et ro n s o r hyd ro gen 

a nd redoct1on is gain of e lect ro ns 
or hydrogen by us ing' the 
1mnemoni,c DILRIG: Ox idation Is 
Loss; Reduction Is Gain. 

Sucrose does not give an orange precipitate with Benedict's solution; 
it is a non-reducing sugar. However

1 
when boiled with dilute acid) 

sucrose is hydrolysed to m on osaccharides . The sucrose molecules are 
hydrolysed into a-glucose and fructose ) both Teducing sugaTS. Then it 
will give a positive test with Benedicts solution. (See page 14 for details 
of quali tative tests.) 

Starch 
Starch , a substance found in plants. is ,one of the most hnportant fuels in 
the human diet. It makes up about 30% of what we eat. Starch is a n1ixture 
of two substances, amylose and amylopectin. Both these substances 
are polymers made f-rom. a large number of a -glucose molecules joined 
together by condensation reactions. In the biochemical test for sta~ch, you 
add a drop of iodine solution. A b]ue-black colour indicates the presence 
of starcl1. 

St1orage molecules 
Starch for storage 
We use the starch rrom plants as a fuel. For n1any plants, sta11Ch is a storage. 
compo,und, both for short-term storage ov-en1ight \\rhen photosynthesis 
cannot occur, and for long-term storage, for example in seeds and in the 



Figure 1.7 Starch 1molecules can fold: up compactly and can therefore ti t into small 
storage organelles, such as the starch gra~ns in potato tuber ce lls, sho·wn here . 
The starch grains are shown in g,ree·n. 

organs such as bulbs and tubers that sun ive through the ,,inter. lt is 
particularly suited for storage because it is insoluble and so does not diffuse 
out of cells easily ,o,r have any effects on water po,tential and thus osmosis. 

As a storage compound it is important that starch rean be ,easily synthesised 
and broken do"Arn. Ptants have enzymes that can rapidly carry out these 
processe5. 

We have a digestive enzyme called amylase that hydrolyses the starch in our 
diet to maltose . This can then be hydrolysed into glucose., whicl1 is needed 
to provide a source of fuel for respiration. 

Glycogen for s torage 
Animals such as hun1ans do not rebuild excess glucose into starch foI 
storage. Instead Vle make it into a polysaccharide similar to starch 
called g]yc,ogen. 

l ike amylopectin~ glycogen also consists ,o,f a-glucos,e chains ~ith both 
1 ;4- and l ,6-glycosidic bonds, but the 1 ;6 bonds are much more frequent , 
so the molecul es are 1nuch more branched (see Figure l.'8) overleaf). This 
makes glycogen 1nolecules even more con1tpa.ct than starch molecules. In. 
h unllans, some glycogen is stored in the n1uscles as a readily accessible 
store of glucose close to the site v.rhere the rate of respiration is 
~egularly raised very rapidly. The liver stores larger reserves of glycogen 
and continually breaks it do,vn to nudntain a stable blo,od glucose 
concentration. 
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H., r n :t A ch,emi,cal bond important 
in the three-dimensional structur,e of 
biologic;;}I molecules. Hydrogcm bonds. 
requ mm r~~ative ly Uttle ~nergy to break. 

Figure 1 .. 9 Cellulose is a po'Lyme·r 
of p-glucose m,olecules joined by 
glycosid1ic bonds. Its molecules are to ng 
and stra igrht and form fi bres tlhat are 
very strongr. Cellulo,se gives cell waUs 
the ir strength a·nd. resistance to being 
stretched . 

Figure 1.8 A glycogen molecule. 

Cellulose for strength 
The main substance i.n a plant cell waU is the carbohydrate cellulose. 

Like starch, cellulose is a polysaccharide and is a polymer of glucose. The 
1nonomer in cellulose is ~-glucose. 

In cellulose, the ~-glucose molecules join together in chains by 
condensation. As \vhen starch chains a.re made from a-glucose molecules. 
glycosidic bonds are formed.Bulin the ceHulos chains every other 
~-gluc,ose is ~upside-down'> so the -CH20H side-chains stick out alternately 
on opposite sides, as you can see in Figtlre 1.9. This 'alternate' bonding 
makes the cellulose molecules very straight. Tl1.ey are also very long. 
They line up parallel \\oith each other and becom·e linked together by many 
h 1 drogc..·n bond -. Ahl1ough each hydrogen ·bond is ,veak, many together 
lead to strong binding between the rnolecules. 

m ic rofib ri l _-+ 

H 

gilycosid ic bond 
~-~ -. --,o, . HH 

0 0 

Long chain of 1,4 l1inked 
1
t,-g,ucose residues. Hydrog.en bornds link these cha~ns 

together to form mkrofi bril,s, 

0 



Sn1.a1l bundles ,o.f cellulose molecules 111ake very thin fibres, called 
n1icrofibrils. These microfibrils ar-e: remarkably strong. They have th~ ability 
to withstand stretching as steel fibres of the same diameter. Groups of 
n1icrofibrils are join ed together to make thicker~ stronger fibresJ just as a 
piece of string is made from many thinner strands. In cell ,Nalls these fibres 
are criss-crossed ) making th.e '"'Talls resistant to stretching in any direction . 

Cellulose is structurally so \veU su~ted to i ts functions of supporting cells 
and luniting 1..vater intake that it is found throughout the plant kingdom . It 
is pro"bably the most abundant carbohydrate. Surprisingly, n either hu1nans 
nor any other man1maL are able to make a 11 enzyme that can digest cellulose. 
There are b acteria and fungi that do make such an ,enzym.e. and th ese play 
an important role in recycling th e ,constituen ts of cellulose. This is f.o,:rtunate, 
since othe1"\vise the W'orld would ha\·e disa1:,peared under cellulose long .ago. 
Nlammals such, as cattle and rabbits, who,se diet consists largely of plants, 
carry bacteria in their guts that hydr,olyse cellulose, so they can mak use 
o( the e.nergy in the large quantities of cellulose. in the.ir food. Hu1nans, 
ho~lever) have n o means of extracting the energy stored in cellulose. 

~ ···························································································: : TEST YOURSELF ~ 
• • : 1 Explai,n. usingi a diagram,, how a -glucose molec u Les j,oin toget her by : 
• • 
: condensation. : 
i • 
: 2 Li st the differe nces between th e structures of cellulose m olec ules : • • 
: and starch :molecules. i 
I 3 Stairch is insoluble and does not affec t osmosis in ce tls 1in whk h it i • i I is s tored. Explain how these propert ies make sta,rch a good stora:ge j 
: compound . : 
~ . 
: 4 What features of glycogen ma,ke it usefu l as a1 storage molecule i,n : • • 
: m uscte trssue? : 
• • 
J 5 Th e molecular form ula of ga lactose 1s C6 H120 6. Wha t 1s t he m,olecular i 
: form1u1la of a molecule of lac tose? : 
• • • L • : o Starch 1m olec1U tes from1 different pla nts may differ f ro.m ea ch other. : 
• • : Give two ways 1n w hich they might be diffe rent. : 
• • 
: •••••• • •• • •••••••••• • ••••••••••••••••••••••••••••••••••••• •• • ••••••••••••••••••••••• 111111111 .................... llllllllllii 

o~~~~~~~-
L i pi d s 
The t nn 'lipids' covers a. group of substances that includes fats and oils 
(triglycerides) i stero,ids nd sterols) and waxes. Tw,o groups of lipids are 
especially significant. These are triglyc,erides and phosphoHpids. Ycu will 
learn in Ch apter 3 th3t the cell-surface 1nembrane is made up of lipids 
and p roteins. 

'Triglycerides 
The commonest lipids found in living organisms are triglycerides. Most 
of the triglycerides found in anin1als are knovvn as fats. They are solid 
at a ten1perature of about 20 °C. A t1i glyceride is made up of a molecule 
of glycerol an d dn-ee fatty acid tnolecules. The basic structures of these 
molecules are shown in Figure 1.10. overleaf. 

As Figure 1.10 shows, there are two kinds ,of fatty acids. Saturated fatty 
acids have only single bonds between ihe carbon atoms. Unsaturated fatty 
acids h ave at least on e double bond betit..veen carbon atoms. l11 general, 
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I 
H-~-OH 

H-~-OH 
I 

i..j-C-OH 

~ 
R.C:00~ 

(a) Glycerol is a type of alcohol. It has three ~H gmup5, 
each of which can undergo a condensation rea·ction 
1,i\/ith a fatty acid. 

(b) Thi·s is the simplest formula for a fatty acid molecufa. 
The letterr R rgpresents a hyd.roca,~bon chaiin 
consi,sting, of carbon and hydrogen ato,ms. 

H H H H H 
o~ I I I I I 
)c- ~-C=C--C-C- H 

o I I I I H H H 
H 

(c) In saturated fatty acids1 each of the ca,rboni atoms in 
this cha in, with the excapti on of the la stt has two 
hydrogen atoms joined to lit Tlh e bonds between 
the ea rbon atoms a re stn g le bonds. 

(d) In unsaturated fatty acids, tllere are one oir rrno re double 
bonds between the carbon atoms in t:he chain. Because 
of this1 some carbon atoms w i'II be joined only to a 
srng te hydrogen atom. 

Figure 1.1 o The basic structure of a 
mollecute of [a·) gly·cerol and [b! fatty 
acid ; ,(cl shows the structure O·f a 
saturated fatty aci:d and (d] shows the 
structun;i of an unselturated fatty acid. 

saturated fatty acids have higher melting points than unsaturated fatty 
acids. Fats that ar,e solid at room temp rature, such as lard or b1.1.tter, tend to, 

have more saturated fatty acids in them, while oils that are liquid at room 
temperature, such as sunflower or olive oil , have more unsaturated 
fatty acids. 

Glycerol is a type, of alcohol. Look at Figure 1 .10 (a). You ,vill see that 

tlu:re are three -0 H groups in glycerol. These groups allo,v the 1no lecule 
to join "\Vith thre,e fatty acids to p roduce a triglyceride. FiguTe 1.10 (b) 
is the simplest possible way of shovt!ing the structure of a fatty acid 
m,o]ecule. The letter R represents a chain ,of hydrogen and ca1·bon atoms. 
In the fatty acids found in ani1rud cells there are often l4 to 16 carbon 
atoms in this chain. 

When a triglyceride is formed, a tn,olecule of water is removed as each of 
the: three fatty acids joins to the glycerol. You may reme1nber that this type 
of chemical r,eactio11t is called condensatio·n (see page 2) . The formation 
of a triglyceride from glycerol and fatty acids is shovm in Figure 1.11. 
The bond fonned betwee11 the glycerol and the fatty acid is called an 
ester bond. 

You can use the emulsion test to test for lipids such as triglycerides. Crush 
a little of the test n1aterial and n1ix il thoroughly vrith ethanol. Pour the: 
resulting solution into water in a test tube. A white emulsion shows that a 
lipid is present. 



• Dtaw a diagram to show a glycero:I molecu,le. 
• Draw three fatty acid molecules lthe wrong way ,round' next to it. 

• Remove three motecu,l'es of water, ta!ki ng the H from the glycerol 
a,nd the -OH from the fa,tty acids. 

~ I 
H-'r-CJLHgoC.R. 
H-t-qBC]RpC.R 

I 
H-C-OOC.R 

H-!-ooc.R 

H-!-ooc.R 
H-!-~c .R 

~ 
glycerol, 

Figure 1 .. 11 Thi s diagram ,is a ·simple 
way of showi,ng- how a mole cu le of 
g Lyce rol joins with three fatty acid 
molec.ules to, form a tri,glyceride. 

fatty acids l 
• Close everything up to show the cornp1eted trig lyceride. 

Phospholipids 
A phospho lipid has a very similar structure to a triglyceride. but .as 
you can see from Figure 1.] 2 J h contains a phosphate gr,oup it1stead 
of on.e of the fatty acids . It is quite a good idea to think of a 
phospho lipid as having a 'head' consisting of glycerol and phosphate 
and a ·taiP containil1tg the long chains of hydrogen and carbon atoms 
in the two fatty acids. The presence of the phosphale group means 
tl1at the 'head1 is a ttracted to ·wat,er. It is therefore describ,ed as being 
hydrophilic or ·water loving~. The hydrocarbon tails do not n1ix vi,rith 

water so this end of the n1.olecule is described as hydrophobic or 
\vat er hating'. 

Triglyceride Phos pho Ii pi d 

phosphate ----+­

glycero·I---

II 1 .... 1 ____ ..... 

I 

Head end of/ 
moilec ul e. Th is ,s 
attracted to water 
and is described as 
hydrop h i,I k. 

H'ydroca rb o:n ta i J. 
Th,s end of the 
molecule does not 
,rn ix with water. It is 
described as 
hyd,rop ~ob ic. 

Figure 1.12A plhospholi1pid ha1s a structur,e VQry si,mi l~r to a trrglyceri, cte. but it 
conta,ins a phosphate group instead of one of the fatty acids. 

When phospholipids are n1ixed 1.ovith ,vat:er> they arrange then1selves in 

a double layer \vith their hydrophobic tails pointing inwards and 

their hydrophilic heads po,inting outwards. This double layer is caUed 
a p hospholipid bilayeT and fonns the basis of membranes in and 
around cells. 
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~ ···························································································: : TEST YOURSELF i 
• I i 7 Trigtycerides are not potym ers. Ex pla1i1n why. ; 
. 8 . ! Carbohydrates and trig,lycer1des are both made of carbon 1 hydrogen : 
• • 
: and oxygen atomis . Expla ~n how the proportions of t hese atoms are ! 
• • 
: different in ca rb ohyd rates and trrgilycer ides. : 
• • 
: 9 How is a tri gilyce ride different from a p hosph o tip id ? : 
• • • .................................................................................................................. 

. ... .. ... .. .... ... .. ... .. ... .. ., .................................................................. ,.. .................................................................................................................. -........................ ·: 

Fatty acids in milk 
Milk co ntains triglycerides. Sc ientists tnvestig,a,ted whether the fatty acids in 
human breast m,i'lk depend on the food that the ,mother eaits. The scientist s 
coHected sa.mip'les of breast milk from two groups of wo:men . The women in one 
group were vegans a:nd on ly ate food obta,ined from ptants. Those ,in the other 
group. the coritrot group. ate food obta i:ned from both an ima ls and pla·nts. 
Ta b~e 1 .11 shows the concentrations of different fatty acids ,n the milk sa ·mptes. 

Table 1.1 lh e concentrations of dif f.erent fatty aclds in vegian and control group 
mllk samples. 

Laurie 0 12 39 
Myristi·c 0 14 68 
Pa lmitic 0 1'6 166 
Stea1r ic 0 18 52 
Palm tto[e ic , 16 12 

Oleic 1 18 313 

Linolei c 2 18 317 

Li,nolenic 3 18 15 

1 The first four fatty acids in the table are saturated fatty acids . Explain why they 
are described as sa turated. 

2 Construct a ta,ble to show all of the followJng': 
• the tot a l co n c en t r a t,i o n of sat u rated fatty a1 c ids Ln mi l k fro mi the veg a in g ro u p 
• the tota l concentration of unsaturated fatty ac ids i n1 m1i1lk from the vegan group 
• the total concentrat:ion of saturated fatty a:cid s in milk from the control group 

the tota,l co ncentrat~on of un saturated fatty acids in m ilk fro1m, the co nt rot group . 

3 Use an examp le fro.m the table to explain what is meant by a polyunsatu rated 
fatty ac i,d. 

4 Describe the di1ffer e1nce between the total concentra ti on of potyunsat,urated 

fatty ac i1ds in mHk produced by the vegan group anid by the control group . 
Suggest an ex pla na t1ion for th~s dHfe rence. 

33 
80 

276 
108 
36 

353 

69 
8 

0 . . --~~~~~~-Proteins 
Earlier in this chapter ~...,,le sav." that starch is a polymer made up of a single 
type of monomer, a-glucose.. W"hether these a-glucose monomers are joined 
to form straight chains or branc·hed cha.ins) they still form starch . Diffe.rent 
types of starch. are very sirrlilar. 



epti on A chem~cal bond formed 
between two am~no acids .as a result of 
cond!ens ati on. 

Amino acid Amino acid 
H H H, 
1 

~o H, 
1 

~o 
N-C-C N-C-C 

/ k '{--- ------ :,- ~ 'o~ 11 ,OH H
1 

I ----------

Condensation ~ HiO 

Di peptide 

H H H, I .40 H, I ho 
N-C-Cr' N-C-C~ 

H/ I Peptide I 'oH 
R bond R 

Figure 1..1., Jo,ining amino adds. 

Proteins ar.e different. The basic building blocks of proteins are atnino acids. 
Th re .are 20 different amino acids found in almost all living organisms~ 
,vhich is indirect evidence for evolution. These a nino acids can be joined in 
a range of different orders. En any living organism, there are a huge number 
of different proteins and they have many different functions. 

If we take a single. tissue~ such as blood, we Clll get some idea of just ho,v 
varied a.Illd important are 1h,e roles of proteins. Human blood is red because 
it contains haen1oglobin. This is an iron-containing protein thal plays an 
extren1cly ir-uportant part in transporting o;,qrgen from the lungs to respiring 
cells. When you cut yoursell, blood soon clots. This is because another 
protein, fibrin, [om1S a nllesh of threads over the surface of the wo,und~ 
trapping red blood cells and forming a scab. Blo,od also contains enzytues, 
which are proteins. The antibodies produced by ,~lhite· blood cells are a]so 
pr·oteinsl and are i1nportant in prot,ecting the body against disease. 

The biu.re't reacti,on ·enables us t.o test for a protein. Sodium hydroxide. 
solution is added t,o a lest sample~ and then .a few drops of dilute copper 
sulfate solution. If there is a protein present, the solution will turn mauve. 

Amino acids: the !building blocks of p,roteins 
All 20 amino acids have the same general stmcnu~e. Look at Figure 1.13. 

Notice that there is a central carbon atom called the a~carbon and that it is 
attached 'to four groups of atoms. There is an amine group (-NHi) . This is the 
group that gives the molecule its name. Then \Ve have a carboxy] group (the 
acid; -COOH) and a hydrogen ato,m (-H). TI1ese three features are exactly 
the same in all 20 amino acids. The fourth group, can d the R-group, differs 
from on amino acid to another. As W·eU as sho'Wing the general slntc ture 
of an amino acid, Figure 1.13 also shov,,.~ the structures of three particular 
amino acids found in proteins. Jn each of these three amino acids (and in the 
other 17), it is only the R-group that is different. 

ex-carbon 
hydro gen atom 

H~ 1 1'0 
N-C-C ___ carboxyhcacid group 

H/ r 'oH 
the R-group is different _____ R 
in different a mi no acids 

H 
H, j ,f-0 

N- C- C 
IH/ ] '-014, CH -

Alanine 3 

Figure 1.13 The structure of amino adds. 

Amino acids join togetl1er by condensation reactions. Look at Figure 1.14. 
You can see tha:t a hydrogen atom is removed fron1 the amino group of one 
au1ino acid. This combines ,vitl1 an-OH group re.moved from the carboxylic 

aci,d of the other amino acid) forming a n'lo]ecule of water. Tbte bond formed 
between the two amino acid residlues is called a p ptirl bond . Joining lVlo 

amino acids together produces a. dipeptide. When many .amino acids are 
joined in this way, they form an unbranched chain called a polypeptide. 
Polypeptides can be broken down .again by hydrolysis into the amino acids 
from ,vhich they are made. 
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Im r r1 • t r r The sequence of am ~no 
;cidls in a1 polypeptide. 

Figure 1.15 This dJagram shows the 
prrmary s tn.Jcture of an enzy:me called 
ri1bonuclease. The names of the am,ino 
adds that make up this protein have been 
abbreviated. Ribonuctease has 124 amino 
ac,ids. Some prote1ns, such as antlbo,dies, 
are much la1rger and contaJn many more· 
amino a,c:ids. 

,4 ••iol I ... • ...... I• .... o,.I I •,& 1,,1 ,.., l.t,,I 1,,1 ..... &.,i 1,,11.A,,11,,11,• ~ •• ........ I 1.,1 ..... • f I, 1.& i 4 I> I 1,1, • I 4 1,,1,1~fI41,1,,1 

nd r, tr I t r- The shape the 
poly peptide chain fofd s into,} such as an 
alpha hetbc or a beta pleated sheet. 

Polypeptides and proteins 
A protein consists of one or more polypeptide chains fo]dedl into a 
complex three-dim,ensional shape. Different proteins bave different shapes> 
determined by the nrder in which the amino acids are arranged in the 
polypeptide chains. The sequence of ~unino acid.s h1 a polypeptide chain is 
tl1e . ritnary s tn tctu rc of a protein (see Figure 1.15). 

We shaU see in Chapter 4 that genes carry th genetic infom~ation that 
enables ceUs to 1nake po]ype.ptides and ensur, s that the sequence of a1mno 
acids is the same in all molecules of a particular pol:ypepttde. Changing a 
single one of these a1nino acids 1nay be enough to cause a change in the 
shape of the protein and prevent it from carrying out i ts nannal function. 

PaTts of a polypeptide chain are twisted and folded . This is the secondar y 
s tn tcturc of a. protein . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
: Extension : • • • • : Secondary structure: a-helix and ~-pleated sheet : 
• • : Sometimes ihe chain , or part ,of it, coHs to : 
: produ.c,e a spiral 01· a-helix. Other parts of the : . ~ . • polypeptide may form a ...,-pleated she.et· this • 
• • • occurs where t\vo or more parts of the chain run • • • • paraUe] to each other and are linke d to each o ther • • • 
: by hydrogen bonds . : 
• • 
: The sequence of an1ino acids in. the polypeptide : 
: decides whether an a.-heHx or a ~-pleated she.e t is Figure 1.16 Here is another di:agram : . ' . • formed . Some sequen ces are more Hke]y to forn1 an of a ribonu clease molecu1.e, t'hiis t ime • 

: a-helix> while others form a p,-pleatedl sheet, as in showi,ng. its seconda ry structure. : 
The three sp ira Lye LLO'N parts of th,e 

: Figure 1.16. polypepti,de cha1in a,re where it is : 
• COriled into an «-helix. The, flat blue • • • • sections show where the chain is • 
• • • folded to form a1 ~-pleated sheet. • 
• • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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Te U · tn, . ur Gives a prot,e,in the 
characte risdc c,o,mp lex, th ree-dimens.io n al 
shape that ~s, clloselly related to ~ts, function. 

Figure 1.17 The 1model in thi s 
diagram shows the tert iary structure 
of a ri bonuctease mo Lecu le. tT he 
she11pes represent atoms.) This i1s the 
way the whole potypeptide is folded . 

Enzymes are prote ins. You 
will lea rn more a bout the m 
in C ha:pte r 2. 

(a) 

(b) 

Figure 1.18 [El ] Fib rous ; nd [b] globuilar 
protejns. 

The t\Visted and folded chain 1nay fold up further to giv,e the whole 
polypeptide molecule a glob,ular shape. The complex folding of the whol 
molecule is th t • rli~ 1 y t ru , u trl· of the protein (Figure 1.17). 

As ·with the secondary stn,cture, the tertiary structur,e is also determined 
by the sequence of amino acids in the po]ypeptidle chain. All molecules of 
a particular protein have the satne sequence of amino acids, so under the. 
sam,e conditions they ,viU all fold in the same way to produce molecules 
,vit h the same tertiary· s tructure. 

Tertia1}7 structu15e is extren1ely important and is very closely related to the 
function of the protein . Different types of bond form between different 
a1nino acids 'Within the protein and the types of bond help lo maintain the 
shape ,of the protein. These bonds include the following: 

• Hydrogen bonds (see page 6) 1 ,vhich fonn between the R-groups of 
a variety of amino acids. These bonds are not strong. They are easily 
broken, but there are many of the1n. 

• Ionic bonds) which form betv,reen .an amino acid \vith a positive 
charge and a n a1nino acid ,vith a negative charge) if they are close. 
enough to each oth er. These are not s trong bonds and are easily broken. 

• Disulfide bridges) which for1n between amit10 acids that contain sulfur in 
their R-groups. These are quite strong covalent bonds~ less easily broken 
than hydrogen bonds or ionic bonds. 

There are t"i.VO categories of proteins, differing in their tertiary structure. 
Fibrous proteins are typically long and thin, and they are insolu bl . 
Th y often have structural functions~ such as keratin in hail~ or collagen that 
makes ui:, a lot of connective tissue in our bodies. Globular prot ins are 1n,ore 
spherical in shape. They are so]uble and have biochemical f11nctions~ such as 
enzymes or myoglobin) a pigment that stores oxygen in muscle tissue. 

Some proceins have- more d1an one polypeptide chain. We describe a 
protein that is n1ade up from two or more polypeptide chains as l1aving a 
quaternary stn1ctu1-e. The polypeptide chains are held together by the same 
sorts of chen1ical bond tliat maintain the tertiary structure. Th,e r ibonuclease 
n1olecule shown m Figure 1.17 does not have a quaternary structure 

because it consists of only one polypeptide chain. The red pign1ent in our 
blood~ haei11oglobi.n > is a protein that does hav.e .a quaten1ary structure. 
A molecule of human haen10,globin has four polypeptide chains. 

!I 

' • • • • • • • • • • • • • • • • • • • • • • • • ,. 
• • • • • Ill 

• I 
I 

............................................................ , .............................. . 
TEST YOURSELF 
10 Po lypept ides ca,,n be made up from 20 differen t amino acids . 

A trip eptide is a polypept1ide consisti ngi of three a miino acids . How 

many different t ri peptides is H possible to m,ake? 

11 Give one way 1n w hich th e formation of a pept ide bond 1s si.milar to 
the formation, of a glycos idi c bond . 

12 Egg whiite contai ns a protein. Which one !or more] of the following 
occurs w he n egg w hite i's hea ted in a wate r bath co ntaining wa ter 
at 100 °C? 

A Gtycosidk bonds are broke:n . 
B1 The protein ,is ,kj liled by the heat. 
C The bonds ho ldi ng t he tertiary structure are broken. 
D1 The prote1i1n is hydrolysed. 

• • • • • • • • : 
• • • • • • • • • • • • • • • • • • • • • • • • .. 
• • • • • 
i • : 
• • • • • • • • • : 



c.n 
LIJ 
...J 
:J 
c.J 
l1J 
...J 
C 
:E 
-I 
<t 
(J 
iiiiiii 

(!) 
C 
-J 
0 -cc 
..... 

O .. · .. ------~~----~~-
aualitative tests for substances in food 

Qualitative tests detect the 
presence of a substance but do not 
s how exac tly how much 1s present. 

Substance Test 

Protein Bmuret te st 

Carbohydrates Benedkt's tes t 
Re du ci ng sugars 

Non-re·ducing sug.ars 

Starc h Iodine test 

Lipid Em.u Lsion te st 

There are sotne tests that can be carried ,out to find out which 
sub·stances are present in samples .o,f food and other substances. 
These tests are summarised in Table 1.2. 

Ta ble 1.2 Tests for food substances. 

Brief details of test Positive result 

• Add sodi um hydroxid,e to the test samp le. Solution turns mauve 
Add a fe\lV drops of dilute copper suHate solution. 

Hea,t test sa m,pte with Benedict's reagent. 0 range -red precipitate is 
formed 

• Check th·at there is no red,udng sugar present by 0 range-red prec ipitate is 
heating pa,rt of the sa·m pl.e with '8ened icf s solution. formed 
Hydrotyse rest of sample by hea ting w~th di1tuite 
hydrochto r ic a,dd. 

• Neutralise by adding sodium hydrogencarbonate . 
• Test sample w ith Benedkt's solution. 

• Add iodi1ne sol ution . Turns blue-black 

• Dissolve the test sample by shaking with ethanol. A white emuls i1 on is formed 
Pour the resulting so~ution into water in a test tube . 

Care should be taken with the chemh;als and methods described above. Consu lt the CLEAPSS Hazcards fo r each chem icat, 
and ensure sufficient sa fety precautions are, taken wHh chemrca,ls and hot water. 
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A student was given three tu bes. The tabte shows the contents of each tube. 

Tube Contents of tube 

A Protein and protease ,(an enzyme that digests protein) that have b,een Le.ft together at room temperature 
for an hour . 

B Sucrose starch Upid . ' 
C Glucose. protein 

The student ca rried out test s for food subs tance s on a,ll three tu,bes. 
The tab le below s hows the results she obtained. 

1 Copy the table and co mplete the left-hand co lumn to in dicate whi ch 
tub e gave which result s. 

Orange -red Tes t not carried out 
precipitate formed 

Stayed b Lue Stayed b Lue 

Stayed blue 

Stayed yel lowy- brown Stayed cllear 

Stayed yellowy-brown Staye.d ctear 

Blue-btack co Lour Mi Lky-w h ite 
emuls ion form,ed 

2 Why did the stud ent deci de not t a carry out the non- reducing sugar test 
on one of the tubes? 

J Expla fn why two tubes gave a posJtive result for the biuret test. 
4 Sugg est how th e student could u1se qualitative t est s to distinguish between 

three soluti:ons conta,in ing d'~fferent concer,tratiion s of glucose. 

Mauve 

Mauve 

Stayed bh.rn 

: 
~ 
I . . • 
= • : . 
: . . 

c 
i 
~ 
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A stud ent dec id ed to investigate the sensi t ivity of the iodine test fo r starch. 
She was given a 1°/o starch sotuti on . She used thi.s to make ser ia l dHuti ons 
as shown 1 r, Figure 1.19. 

1 cm3 

starch solution 

1 GI cm3 
11 o/o stan:n 
solutro·n 

g c.m3 distitled 
~vater 

1 cm3 

9 cm3 distmed 9 cm3 distil'led 
water water 

1 c:m3 

starch solution 
1 cm3 

starch sol·ution 

g. cm3 distilled 
water 

1 % stamh 
solu1tion 

0. 1 o/o starch 
solution 

0 .0 1 o/o starch 
solution 

0.001: % starch 
s;olution 

Figure 1.19 Making serial di·l,utions of starch. 

After th,is she added 0.5 c1m3 of iod~ne solutio n to eac h starch soluti on aind 
loo ked for a blu.e-black co louration. 

1 How would a tec hnic ia1n make up a 1 o/o solution of starch? 

2 Give th e co n·ce ntration of t he fin al so lution 11n th e diagiram. 

3 The blu e-black coilourati on tha.t occurs when iod i1ne h,tera cts wrth s tarch 
is cau sed by the iodine mo lecu les be co ming trapped in the amylose helix. 
Use this tnformation to exp lain why the sensitfviity of the iodlne test can 
be different dependi·ng on the type of s tarc h present. 

You do not need to be able 
to recall the details of th ~s 

practical activity. 

i 
~ 
! 
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Finding the concentration of reducing 
sugar in a solution 
A colori1meter is a ptece of equipment that passes 
Ught of a parbcular wavetength through a sample. 
It works on the princip,le that a coloured solution 
transmits light of the same wavelength, througih 1tf 
and absorbs other wavel·engths. So a blue solut1on 
transm1ts blue flight throug,h it and abso rb s other 
wavelengths. In add~tionw a darker-colou,red solution 
absorbs more Light than a pale- co!loured so lut~on . 
This can be u·sed to measure the co n,cen trat i,on of a 
coloured so luti1on . The co lorf m,eter 1is set up so that it 
shines tight of a complementary colour throug1h th e 
sotut·ion . For examp le, if the so lutj or, 1is red in co lou,r. 
blue Ught is shon e through rt 
s .oluti,ons to be tes ted i:n a co lodmeter a:re plaiced 

into a cuvette. This 1s. a sm,a ll plastk tube rather 
like a test tube but square 1n section . You can see a 
cola ri meter and cuvette 1in Figure 1.20. 

Figure 1 ~20 Using, a co Lori meter. 

When using a co 'lorimeter, you nieed to produce a 
caliibrati,on curve. This is done using1 so lutions of a 
known concentration. 

An alterna,bve version of Benediicf s reagent for 
q u anti t ai tive t es t,i ng conta1 in s potassium th rocya,nate 

and does riot form red co pper ox i1de. Instead the 
presence of red u crng s ug a r 1i s measured by the 
loss of the blue colour of copper s ulfate and a white 

precipita,te is form ed. This will settle out or can be 
removed by filtering . lhen the fiH rate is placed in 
a cuvette in a color imeter. The 1ntensity of the blu e 
colour is measured by the am ount of tight that is 
able to pass through the solution. This ,method can 
give an accurate ,measurement nf the concentration 
of redu!c~ng sugiar in a solubonj and it is much m or e 
sensft,ive than the quallitatiive Benedict's test. 

A s tudent was given a 11 maldm-3 solut ion of 
glu cose an,d then :made serra l dilu tions of t his (see 
page 15}. gi1ving six so lutions of d:ifferent known 
concentratrons. She put 4 cm3 of each so,lut ion into 
a se parate ta be lled test tube. Next she added 2 cm3 
of quantitative Benedicfs reagent to each tube 
and placed the tubes hn a1 boiUrig water bath for 
5 minutes. After this trme, she filte red eaich so lution 
to re move the preci pHate. 

The student set the wavelength on the co lorimeter to 

red. She filled a c uvette with distilled water and pu t it 
into the colorimeter. Thi,s is ca lled a ' blan k' . She set 
th e tran s m 1iss1ion of light through t he tube to H)Oo/o. 
This meant that s he could corn.pare the tran smiss ion 
·Of Light througih the test solu,tions to the bla,rik. 

The student pu1t a sa,mple of each test solu ti'on 
into cuvettes~ and measured the percentage 
transmiss ion of Ug ht through each tube. Next she 
plotted a g,raph w ith co ncentiratio·n of glucose on the 
x-axi,s end percentage tran smission of light through 
the so l1ut1ori on the y -axi:s . 

F1na lly, she used th e sam e method to irdentify the 
concentration of glucose 11n two soluti ons of unknown 
concentration . 

1 How c:o,u ld the s tudent use the 1 m,ol d m-3, sollut ion 
of glucose to make th e f1ve other sotu tions? 

2 Why d~d the student use a red light 1in the 
co lo rj meter? 

3 Wh at is the purpose of th e ·olank'? 
4 How co uld the s tuden t use her gra ph to f:ind t he 

co ncentra ti on of glucose in an u nk now n soluti on? 
5 lf one cuveHe was a, Uttle thi.cker than, another, how 

would this a.Hect the results? 
6 How would the s tude nt use the graph to f ind the 

conce ntrat~o:n of glucose ,n the unknown sotutrons? 
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Practice questions 
I a) C,opy and complete the table to show the monosaccharides that 

join together to form different disacchartdes. 

Disaceharide Formed from 

Lactose 
1Maltose 

Sucrose 

b) Describe hnw you could test a solution to find out whether it 

(3) 

contained a non-reducing sugar. (4) 

2 Some scientists carried out an investigation into the artificial S\V,eetener 
aspartame. This ,vas because some people said they eJq)erienced side­
effects after consuming the substance. Previous investigations had found 
the anificial S\Vcetener to be safe. The sweetener is digested in the gut to 
give ihe amino acids a.spanic acid and phenylalanine. 

In the new study; the scientists recruited 50 pe.ople who believed they 
had suffered side-effects ·because they \Vere sensitive to aspanan1e. 

• The volunteers were matched by age and sex to 50 people -vi1ho 
volunteeied to eat aspartame. 

• The volunteers ,vere placed at random into one of two groups. 

• The -vo]unteers in each group vtere giv-en either a. cereal bar containing 
aspartame or an aspartan1e-free cereal bar. They "''ere then given 
medical checks up to 4 hours after consuming it. 

• The folloMng week> the expe.rimen.t v,las repeated with each volunteer 
receiving the other type of cerea L bar. 

a) i) Explain why it ~ras important that the 50 volunteers who were 
happy to e.at aspartan1e were matched by age and sex to the 50 
people who believed they were sensitive to aspartame. (2) 

ii) The volunteers wei--e placed at random into two groups. 
1Give one n1ethod that tl1,e sci.entists co,uld u se to do this. (1) 

iii) It was in1portant that the sci,entists and the volunteers 
did not know which ce I a.] bars contained aspartame. 

1Give two re.~s,ons to e,q,lain why. (2) 

b) The diagra1n shows the amino acids aspani.c acid and pl1enylalanine. 

H R1 0 

' I // N- c - c' 
/ I ' H OH 

H 

asparti-c acid 

H R2 0 

' I ~ N- C- C 

/ I ' H H OH 

phenylalanine 
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Aspa11ame ·s made by joining these two, amino acids toge1her. 

i) Draw a molecule of asp,anam ·, 

ii) Name the reaction tha:t occurs when these two amino 
acids are joined together. 

3 The diagram sl1ows t,vo fatty acids. 

H H H H H H H H H 
0

~ I I I I I I I I I 
c- c - c- c-c-c- c - c - c - c-H 

I I I I I I I I I I 
0 H H H H H H H H H 
I 
H 

H H H H H H H H H 
0
"' I I I I I I I I I c- c- c- c- c- c- c= c- c- c-H 
0
1 I I I I I I I 

H H H H H H H 
I 
H 

(2) 

(1) 

a) i) Wbich of these fauy acids is saturated? Explain your an.._~er. (1) 

ii) Name the reaction involved vvhen three fatty acids con1bine 
,vi'th a glycerol 1nolecule to form a triglyceride. (I) 

b) Die.scribe a test you. could perform to sho\v that a inixture 
contains lipids. (2) 

c) Give one similarity and one difference between the structu 
of a phospholipid and the stn\cture. of a triglyceride. (2) 

4 a) Copy and complete the table below "With a tick if 1:·he statement 
is true and a cross if it is not true. 

Statement Proteins Polysaccharides l ipids 
Molecule is a polymer 
Contaiins amino acJds 

Conta1ns nit rogen atoms 

b) i) A protein has a tertiary structure but not a quaternary 
structure. Hovl many polypeptides does it contain? 

ii) Name two kinds of bond that hold a protein in its 
tertiary structure. 

Stretch and challenge 

(J) 

(1) 

(2) 

II 5 Research the differences between D- and L-isoiners of 1nolecules. You 
should find that the amino acids in most living organisms are the 
L-isomers, and the monosaccharides in most living organisn1s are the 
D-isomers. Suggest why this is indirect evidence for evolution. 



Enzymes 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • • • 
: PRI R KNOWLEDGE : 
i : 
i Before you start, make sure that you are confident in your .knowledge and : 
• • : understand;ng of the following points. : 
~ . 
4 • 
f • 

: Prote~n molecules are made up of long chains of amino aci1ds. which i 
~ are fold ed to produce a s peci1 fi c shape tha,t ena bles other mo lecule s ! . -: to fit into the protein. : 
' . 
: Catalysts i·ncrea,se the rate of chemiica l reactions but are uncha,ri.ged : 
• • 
: themselves. Biologicat catalysts are called enzymes. Enzymes are : 
• • 
: proteins. : 
• • : The s.hape of an enzym.e ,is vital for the enzy1me·s function . High : 
• • ! temperatures change the shape. Different enzymes work best at : 
• • 
: different pH va lues. : 
~ . • ~ ............................................................................................................. .... 

~ -··························································································: 
i TEST YOURSELF ON PRIOR KNOWLEDGE ! 
• • I 1 Name two factors that affect an enzyme·s act~vity. i . - . 
: 2 Suggest why cha ng,ing: the shape of an enzyme stops it from work~ng . : 
• • • 
······~···········&~····~·······~······~···········~·······~••••t••·····~····~·····•• !l!II- ....................... .. 

I ntrod uctio n 
There are many chemical reactions taking place in living organisms~ mainly 
inside the cells. TI1.e sum of all these reaction s is known as :metabolis1n. 
Som e of these reac tions hydrolyse larger molecules into smaller ones) while 
others join Sinaller molecules toge ther lo make bigger ones. There are 
enzyn1tes in biological " 'ashing powder, ,vhlch help to clean clothes at lo,ver 
temperatu re.s. 

Molecules known as t: nz ·,nc: - are requir,ed for metabolic reactions to 'take 
place. Enzymes are biol gical catalysts. They speed up the rate of chemical 
reactions, enabling reactions that take place in living organisms to occur fast 
enough for life to continue. As they are cat.alysts; and so remain unchanged 
during reactions) they ,can work m any times. 

Enzyn1es are inade of protein and> as you ,vill see\ they l1ave specific 

shapes that enable them to .function. You learned in Chapter l (page 13) 
that globular proteins have a con1plex tert iary structure> and this is very 
important in explaining ho\-v enzymes ,vork. 

En . .,1m A proteh1 that sp,eeds iup th,e raite of a chemical 
reactijon in a Hving organ~sm. An en2y1me acts as catalyst 
for spQcific chem~ca~ reactions~ converting a specific set of 
raa1cta1nts (caUed substrates) into, specific products. 
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()~H-o-w~d-o_e_n_z ___ m_e_s __ w_o_r_k_? ______________ _ 

Have you ev,er found an old newspaper one lhat was perhaps months 
or ev,e.n years oid? If you have., you pr,obably notice.cl that it had turned a 
yellow-brown colour. What had happened? The paper had reacted with 
oxygen in the air; but it. is a very; very slow reaction. 

We can easily speed up t}1is Te.action . All we need to do is to touch the 
comer of the paper with a lighted match. The paper bursts into flame ) 
r,eacling 1With oxygen in th e air n1uch more ,quickly. This reaction involves 
co1nbustion. TI1e ne·\vspaper is fuel and contains chemical potential energy. 

In order to release lhis energy in the chen1ical reaction with oxygen) we 
must supply some energy at the start. This is \\there the n1atch co-tnes in. It 
provides the activati,on energy necessary to sta11 the r,eaction. 

We so1netimes compare what happens here ~1th vlhat would happen if you 
had a large rock at the top of a steep hill. There is a lot of potential energy 
in this situation butl uncler n.orma1 conditio11"s the rock will just sit there. 
Ho,vever) give it a push and it will roU all the way do"'rn to the bottom of 
the hill. In other ,vords, supply activation energy at the startl and the rock 
~vil.1 give up a lot of its potential energy. Look at Fi.gure 2 .1. This is a graph 
showing1 in a different wa)~ the idlea of the energy changes that take place as 
a chen1ical reaction progre.s ses. 

1 
Energy 

Activation energy 
tne energy necessary 
to sta,rt ~he reaction 
------------------ Energy in 

hydro gen peroxide 

--------------------------------="=-~- Energy in 1product:5 

Reaction time .. 

Figure 2.1 Acth,ation energy is necessary before a chem i,cal reaction will 
take place. 

Hydrogen peroxide is a substance produced 'by reactions in many Hving 
cells . his harmful, so it is re1noved. It breaks do,wn very sl,o,vlly to give the 
products water and oxygen: 

2H202 ~ 2H20 + iQ,2 

The products of this reaction ) water and oxygen> are not only h_annless, they 
are exn~en1.ely useful to the organisin . 

We can pout some hydrogen per.oxide into a test tube and it wilt break 
do\vn slo\vly: We ca11 make th e reaction go faster by heating the hydrogen 
pero,xide. Clearly, inside the body ~ .. ,e cannot use a match or a Bunsen 
burner to heat our cells to increas the rate at which th hydrogen pero:,,..ide 
they pro·duce is broken dow11. This is "rhere enzym·es come in. 



Cells produce an enzyme called catalase. Its substrat , the substance on 
which an enzyme acts, is hydrogen peroxid . Cata.lase lovt,ers the activation 
energy needed to stan the breakdown re,action of hydrogen peroAide. As a 
consequencc 1 the hydrogen peroxid . brea.ks down rapidly at the relatively low 
temperatures found inside living cells. Figure 2 .2 shows this as a graph . Note 
that t.hcre is the san1e chemical potential energy at the start. of the two reactions 
and the1co:e is the same a1nount in the products of both reacti.ons. The enzyme 
has shnply lowered the activation energy necessary to start the reaction. 

Figure 2.2 Adding an enzyme lowers 
tihe activation energy necessary to start 
a chemical reaction. 

Key 
-- React,ion without enzyme 

-- Re(lction with enzyme 

- - ---- - --- -- - ----- Energy 1n, 1 
Eneirgy hydrogen peroxide 

-- - ----- - ---- - ----- - ---- - ----- - --- - Energy in products 

Reaction time __ ......,.. 

••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
· E ten ion • • 
: Enzyme shape and enzyme function: ribonuclease 
• : A skill that a biologist 1nust ·have is to be able to 
: interpret unfamiliar data. Here we ,vill look at 
: some research carried out by c ·hristian Anfinsen in 
: the 1960s. It was very important research because 
: it demonstrated ·the relationship bet,,veen the 
• : structure of an enzyme and its function. 

• : Anfmsen investigated the enzyme riJbonuclease. This 
: enzyme hydrolyses ribonucleic acid (RNA). There ~re 
! different forms of ri.bonuclease. Look at the diagram 
! in Figure 2.3, which shows the stn1cture of one fon~n 
• • • of this enzyme. • • 

X 

••••••••••••••••••••••••• • ••• • • • • • • • • • • • • • • • • • • • • • • • • 

: The nu1nbers on the diagram show positions along 
: the polypeptide chain. For examph\ nun1ber 26 is 
: the twenty-sixth ainino acid along tl1e chain. The 
: large shaded dots represent the an1ino acid cysteine. Figure 2.3 A rmoleculle of one form of the enzyme ribonuclease. 

: This amino acid contains suliur. 1Chen1ical bo,nds 

• • • • • • • • • • • • • • • • 
• • • • • • called disulfide bonds, or disulfide bridges (see • : Chapter 1, page 13), form bet~reensulfur-containing • • • 
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: an1ino acids. ni.ey are ,quit,e strong bonds and help 
• to hold the tertia1y structure of a protein togethe1·. 
• In Figure 2.3 on the previous page> the amino acids • : at positions 26 and 84 .arc cysteine. The dotted line 
• bet~r,een them is a disulfide bridge. 
• 
" • • • 

When we look at unfamiliar data) it is very important 
to take the time to think about it carefully and make 

: sure that ,ve understand it. \Ve should be able to 
• • 
• 

anS\ver son1e basic questions about Figure 2.3 . 

: 1 \;Vhat chemical group is shown by the letter X on 
• • • • • • • • • • • • • • • • .. 
• • 

the diagram? 

This 1.s i111 ermine.. (-NH, ~ g,1 ~u1 . L , ,h i11. fo , t f 1guri.: 1.14 
on p igc. 1 . iou can .i;,: 1l1 tH d1 dipt:pnd1.: f1as -CO I 
gn up ( r 07k' c id and ,m -Ar H 

2 
group ar. th o t/1 · • Tl1 · 

~ ,me is tr lt .. ~r ct l olvpet,Udc. Tht,r i~ alwuys <1-CCJOH 
g ·or 'l' L, t one nid and m - ·~n-1

2 
group ac lhc od1 et s ;nce 

thL' - C.001-I group ,~ s1toH;n on tJh., dJngn.1 n1 . pasilio 1 )( 

,nHst be· where rhcre ,s an - I\TJ-f~ group. 

: 2 Figure 2.3 shows one form of d1.e enzyine 
• ribonucle-ase. How do you think other forms of • • • • • • • • • • • • 
• • • • • • 

ribonuclease vrill be different? 

Drjje · nt form~ '>{ ri bo,n..i 1.h a;;,;t will lHlVl d~ff Ten t 
, mi ll 1. Cic ~ ;n t~[ftt't'nt 10~iti n~. r,1 thr.;T 1', 'lJJli!), 

1;.L1d 1 f J ~, will /1 c ,·e n "li ,Jd ly (. ~[rc.ri: n t p,·i nh ry 
~ r-ncutrf. l 1.J \1i11·v ·,. l'h w uJd ni. f c.:.<p 'Cl c1111n1 tu 

l{(cr mHcl?. btruu~t the v ,~ re all Jonno.: of tlit: SC1t11 c; 

cnzy l 1J1 ,·,l,on t1deasl, . 

: 3 All molecules of this form of ribonuclease have, the 

• • • • • • • • • • • • 
• • 
• • • • 
• 
• • • • • 
• • • • • • • • • • • • • • • 

sani.e tertiary structure. Use information from the 
diagratn to explain why. 

Th i.s shardd be uitc s I n1 p1 c·, if you h,1 ve u 1dr.:' rs r ood 
th t: dingra ,1. AU rno!e"''lrlcs of t!,is form of ribo 11rde" -e 
,vilf hove the ~er me. st·,1u 1,;·ncc j arni 11 1; t/ ids. Th 
cy~ t ·i,11,;· tl1i l ·i.:Hl · wdl dun efort" oln1a v · hr ii1 l11 an1i;· 
po.;itr, n n J di · c7,sulf;dc· In irlg, ·~ wi'1 form i,1 rh · 
~Lune pJac . 

Hopefully~ you have understood what the diagram 
in Figure 2.3 tells you. We ,vill no·w look at ihe 
steps in Anfinsen.s investigation. 

• Anfinsen started by measuring the activity of 
untreated ribonuclease. 

• He then treated the ribonuclease vrith 
n1ercaptoethanol. This substance broke the 
disulfide bridges in the ribonuclease molecules. H·e 
measured the activity o.f the treat,ed ribonuclease . 
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80 
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Figure 2.1. The effects O·f different e)(perimental 
treatments o,n the rate· of rea·ction of ribonuct.Q;n;g. 

• • • • • • • ii 

• • • • • • • • • • • • • • • • • • • • • • • 
• • .. 
• • • Again ~ the data shown in this bar chart are probably : 

unfamiliar. v\7e need to take the rime to 1nake sure • • 
ihat \Ve understand the graph. We ,viU start by : 
looking at tl1e axes. The x-axis> the 11.orizontal one, : 

sho,vs the three different treatments. The y-axis, : 
• 1he vertical one, shows the enzyme activity. This • 
• is grven as the percentage of maximuin enzyme : 

activity, so .a value of 100 represents the fastest that : 
the nzyme could possibly react. : 

To make sure that we really understand the 
information in the graph, we sl1ou]d ask the 
folloViting, for example. 

4 \iVhat does the second bar show? 

\1T/1cn the n bonudcasi: is t reared ~"'·;tlJ rn!?rc nptoethanol, 
the t·-r1,zv,nr is uot vn v n ~\Jclivc. fr sJ1L"., ,vs onlv alJoUL 

~ - ~ 

29:S c.-:f its ,n1.. ximum activH_v . 

5 Why did mercaptoethanol have such an effect on 
the activity of ribo,nuclease? 

• • • 
• • • • • • • • • • • • • .. 
• • • • • • • 

r ,1 l' l . , {rt , V ~, , Lt ll! ~ o( ri honudcCl.s L" ~i ·11 r L'C lh T ~ .. 
by disuifid{; li , iL .~c ... . Tiu·se h VL b en brohct1, .. c 

t11t"' J c, lype lldc· eh( in lLSt.:'S it~ sfurpi? \\Ti? ~(l)" £1u.1t 
H ,s den,JLL(ro..l. T1ns JBt'"cu1s th,u th,. site into w11ic11 
rhc s H1'sr rate rnolccr tlc-s (1 t also lases U ~ s1 apt-. 
i\.s ,1 ,·r.::srdr. the su bs.f.n1tt? H'ill no lo 1gcr l1ind co 
tl1e ~nzyme. ]' lot strrpnsing,y. the "1cH\·1ty cf t11e­
L::nz)'·n~e fnl1s . 

6 What happened ,vhen ihe n1ercaptoethanol was 
Temoved frotn the ribonuclease.? 

TI, 1 f.111 I r :/ , ,n u; {.i ,,j du: t (:f UCH) ' ' tt ucrru 
.r lh 1.:' LZ V'7h \Vet~ 11::q orcd. Th l ll'.!Vl11 ' V/di,; 

ft, n\. iinnaJ gl ; n . 

• • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • 

• Finally, he removed the mercaptoethanol. As a 
result; the disulfide bonds re-formed. His results 
are shown in Figure· 2. 4. 

•• ••••••••••••••••••••••••••• • • ••••••••••••••••••••••••••••••••••••••••••••••••••••• 



See Chapter 14 to find out how to 
draw a bar chart. 

Enzymes, substrates an 1d products 
If we mix an enzyme solution with biuret reagent the s,olution go,es 
violet in col,our. This is the test for proteins 1 and we can use it to sho,v..,· 
tha.t enzymes a.re proteins. Now look at Figure 2.5. It shows some of the 
bioch emical reactions that t3ke place in a typical cell. 

. 1f I .. 
Each of the 520 dots is a particular substance ai-1d the 
lines connecting these dots are biochemical reactions . 
What is really important to unde.Tstand is that each of 
these reactions is cont150Ued by a diffeTent enzyme1 so 
a si.ngle cell contains hundreds of different enzyn1es. 
These enzyn1es differ quite a lot in size. Some are rather 
small n1Lolecules and some are relatively enon1-ious, but 
aU of them are proteins. 

In addition~ each enzyme has a unique shape; or te1ti aty 
structure. Somewhere on the surface of the enzyme, a 
group of amino acids fonns a pockel. This pocket is the 
~cth~ site of the enzyrne. When an enzyme catalyses 
a particular chemical reaction .. a substrate molecule 
collides Vlith the active site and binds with it to fonn 
an unstable intermediate substance called an enzyme­
substrate con1plex. This con1plex then breaks do,vn to 
the product molecules. Tl1e ·enzyrne molecule is not 
used up in the reaction. It i.s now free to bind 'With 
another substrate molecule. 

Figure 2 .. 5 B·elieve it or not, this 1is a simplified diagram of 

An enzyme-substrate complex forms and breaks down 
rapidly, forming .a complex that lowers the activation 
energy necessary to trigger the reaction. Scientists 
suggest different ways i.n which the activation energy 
might be lowered. The enzyme- substrate complex 
migl1t bring together substrate i-11olecules in positions 
that allow the reaction to take place more easily. Or it 
i.night put the substrate molecule under stte.ss so that 
bonds break n1ore readily. 

Enzymes and models 

so·m e of the b~ochem lea i ni!acti ons that take p Lace in, a sing-Le 
cell. The dots represent different substances a,ind the react,ions 
are shown as lines Un king the dots. Each one of the rea·ctio,ns 
is controlted by a different enzyme. 

Scientists use mode]s to help them explain their 
observatio,ns. We have known for a long time that 

enzymes are specific, m eaning that each ,enzyme catalyses just o,ne 
.., ....... ·- •• ,_ •••• , •• 11o• ..... _.. •••11• Ji.•,, ........... f• ..... , ...... jll• ................ •'11 ••'I ... ,. 

cti · . It Part of an enzyme mo!,ecule, not 
part of the substrate. The active site is the 
part of the enzy1m,e rnolecu!.e hito which the 
s.ubstrate fit,; du liing a bto chemical re.action. 
Active site and substrate th,erefore have 
compL,ementa1ry 'Shapes; they do not have 
the sam1e shape. 

type of reaction with ont. type of substra'te. Amylase 1 f.or example~ is an 
enzyme that hydroly5es starch. It breaks down starch to maltose. If we 
mix an1ylase and p rotein, h ow.ever, nothing will happen, even though 
the b,reakdo¥ln of proteins to amino acids also involves hydrolysis. 
Aullylase only hydrolyses its specific substrate) starch. It won't hydrolyse 
any o tl1er substance. 

Induced-fit n1od 1 
We no·w kn,o"W .. a lot about protein structure . For example, new 
techniques reveal th t proteins are not rigid structures and \Ve have 
fo,und ,out that various parts o[ an enzyme molecule move in response to 
a change in its envir,onment. Some of these movements are smaU. Others 
are quite large and happ·en when the substrate binds to the enzyme. 
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We now have a model to, ,explain how e.nryn1es ,v,ork, called the. 
induced-fit modet which is sho,~ln in Figure 2 .6 . 

Figure 2.6 In t he ind uced-fit 1m ode[. the 
substrate does not ti t preci,se ly unUL it binds 
wi th th e actlve s ite of the enzy1me. The act ive 
site then changes shape and moulds round t he 
substrate·. allowing, a, prec1ise fi t . 

In this model ~ before the substrate binds to, the enzyme, the substrate 
and the active site are not precisely comp lementaiy in shape. As the 
substrate bin.ds; the active site changes shape and moulds closely round 
the substrate.. It is a bit like a sock and a foot . Before you put your sock 
on, it is not foot-shaped at all. Put it on and it moulds round your foot. 

The induced-fit tnodel is now favoured over the lock-and-key model 
that you learned about at ,GCSE. Jn that 1nodel of enzyme action, 
the spe,cific shape of the substi~ate is said to be a. precise fit for the 
rigid shape of the active site of the enzy1ne, just like a key in a ]ock . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
: E tension : • • • • 
: Evidence for the induced .... fit model : 
• • 
: It is one thing to come up with a n1odel to eJi..-plain how enzymes work, but in order : 
: to make real scientific progress ,ve need to find evidence to support it. Is there any : 
: evidence for the induced-fit tnodel? We will look at one piece of evidence. : 
• • • • • Hexokinase is an ,enzytne that catalyses rl1e ·reaction shown bclo\v. • • • • • 
: glucose + ATP -t- glucose 6-phosphate + ADP : 
: h exo'k in ase enzyme : 

Hexohinase trans[ers a phosphate • 
• group from a substance called ATP to a : 
• • glucose molecule. This produces glucose .. • • • • : 6-phosphatc and ADP. Scientists used a 
: technique called X-ray diffraction, v,lhich 
: enabled them to form 'three-dimensional 

• 
a 
• • • • 

• • • • • • • • 

pictures of molecules. They investigated 
what happened to the shape of hexokinase 
when it binds to glucose . 

• • • • • 
: Look at Figure 2.7. It shows you that the 
: active site has changed in shape and has 
: moulded round the glucose molecule .. 

• • • 
Figure 2~7 The d iagram shows t he shape of a hexokinase moilecu le : 
before and afte r it has bound with i:t s g·lucose s,ubstrate. Look at ho·w the • • • • •••••••••••••••••••••• 
active si,te of the enzyme has cha:nged sh,ape . • • ·················~·············· ......•..••... ·············· 

_ ········~···~···········~···~····· ·········~··· ··········· ,··· ··········••,111•••••••••,11•• 
TEST YOU RSELF 

• : 1 Na.me the sub st ra t e and p roduc tfs l i1n th e followi ng reactiio n. La.ctase 
• i catalyses th e hydro lyS!is of lactose to gi luco se and ga la1c tose. 

! 2 U.se a diagra m, to ex pla1ri w hy amy lase can hydrolyse s tarch but 
• 
: carrn ot hyd ro tys e ce llulose . 

f 3 A s tud e nt w r ote "Maltase fo rm s an enzym e- subs trat e co m·plex with 

• !I 

: • • • • • • • • • • • • • • • • • • • • • • • • • : • • • • 

ma ltose because maltos-e is the sa m e s hape as the enzyme·s active : 
• stte·. What is w r ong w11th th~s statem ent? : 

• • 
i 4 In th e H'abe r pr ocess 1 nitrogen and hydrogen react together to form : 
i am moni;aj using a ca,talyst as well as 15-25 ,megapasca ls [M pa ] i 
J p r,es sure and 300-55 0°C . Ni t ro gen-f i xj n g bacter ia have an enzyme j 
: caHed ni,trogena,se th at enab les the 1m to carry out the same react ion : 
• • 
: at a1t1mospher ic pr essures an,d no rma l so il temperature. How does the : 
• • 
: enzym·e do th is? : 
• • 
: •••••••••••••••••••••••• • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 4111111 .......................... . 



o~~~~~~~-
T h _ properties of nzym _ s : acti ·e sit _ s 
and enzyme ction 

Re,m,em1ber that w hen ta lk ing 
a bout enzymes yo u should refer 
to t h e · a et 1ve site· , w hereas for 
other ty pes of p rotern you sh ould 
refer to th e 'b1 nd1 ng site'. 

Enzym,e-controlled reactions depend o,n substrate molecules fitting inlo the 
active site of the enzyn1e. Environmental factors al ter the shape of the active 
site and the ref ore alter the rate of a reaction . Such factol"S include high 
ten1peratures) variations in pH and the p resence of inhibitors. 

High temperatures 
Each enzyme has an optn11um te1nperature. At this tempe1-ature ~ its rate 

......... .. ........... ., ....................... .............. ............................. ...................... . of reaction is a.roun d its maxin1un1. If we increase the ten1peratu1·e above 
n 11 a I n A permanent change to the 

shape of an enzyme or other prutein that 
occurs as a result of brea1king the bonds that 
maintain its tert~ary structure. This r1esults 
from factors such as h~gh temperature or 

its optin1.mn, we increase the kinetic energy of the enzyme molecules. As 

~a rgQ- changes in pHI. Denaturation on Ly 
refers to changes 1i n tertiary st ru ctu re. not 
to th,e hydrolysis of protefrns into the amino 
adds from wMch they are made. 

a result, they vibrate more vigorously, and this breaks the hydrogen and 
ionic bonds that maintain the tertia1y structure of the enzyme molecules. 
Once these bonds have brok·en> the enzyine changes its shape. This is caUed 
1.h:n~ tur.,ti n . Its active site also changes shape and) as a result, substrate 
molecules will no longer fit and f onn an enzyme.......substrate complex. For 
example> the saliva of many people con.tains amylase. This enzyme 1nost 
actively digests starch at body temperature. Vlhen veiy hot food is ,e-aten~ 
very little wiU be digested in the inouth as the temperature is too high. 

p E 
Temperature and enzymes 
Acetylcholi niesterase is an enzy me tha,t ex ists in several 
differe nt forms in different ani·ma l species. It is found 
111 the nervou.s system of ma·ny ani mals 11nclluding hsh. 

Table 2. 11 shows the temperature at which the rate 
of reaction of this enzyme is at its maximum i,n 
th ree di ffere11t spec 1es of fish. 

Table 2. 1 The tempera tu re ; t which thei ratei of the re~ chon ce:i ta,lys.ed by eacetylch oli.neste rase is at its m,axjm um, 
~n th ree different spedes of fi sh. 

Spe_cie.s . I Habitat 

lceffs h Under the ice tn th e Antarcti c 

Trout Freshwater l akes and s treams in Br itaiin 

Grey mullet Medi ter ra,nea,n Sea 

Describe the relat ionshirp bet'Ne-en the temperature 
of the fiis h's hab itat and the temperature at which 
the rate of react ion of a.cetylcholinesterase is at a . 
max·1mum. 
The temperature at 1Athic h the enzyme ·s rare of 
reaction is fastesl is about the same temperature thal 
the fish ·s habltat v11ll be far most of the time 

2 Trout have two form s of acetyl chol1nesterasej which 
are active under di fferent env iro n1m,enta l condi.tions. 
0 ne has a m ax,i mu, m rate of react1 on at 2°C: t he 
oth er has a maximu·m rate of react iicn at l 8°C. 
Sugg est t he a dva,nta ge of th is t o t ro ut. 
One forrn of acetytchollnesterase w,ll be n1ore active 
in the vvinter rnonths and £he other forrn wilt be more 
active in the summer monlhs lNhen the env1ronmenlal 
l ernperature ~s higher 

I Te~J!eratilre at.whi_ch th~ rate of 
reaction is _at a m.axim_um/°C 

-2 

Between 2 and 1·8 

25 

Acety:lcho'Unesterase :is found in icefi sh and grey 
m.ullet but ,it has slig hHy different prorpert i.es in 
each speci'es of fish . 

The acelylcholinest,ersse i'r1 both fish brea·ks down 
a substance caUed acetylcholi ne. Exp lain why it is 
abte to do th i.s. 
The enzyme has an active site that fs the right shape 
for acetvlc hoi ine to fit into. 

,I 

Use yo ur knowledge of prote in structure to 
ex pla in w hy the acety lc holrnesterase found i,n 
these two fish has s lightly different propert~es. 

Each enzyn1e n,ay have a slightly difff;;rent amino 
acid sequence so that hydrogen bonds and disutfide 
bridges fcrm 1n slightly dffferenl places. gwing a 
slightly dilfer@nt lertiary s ructure 
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Figure 2.8 Enzymes work effrdently over a, narrow pH 
range . Th1i,s graph shows the, effe,ct of pH on a typical 
enzyme from a hu 1man ceU. 

enzyn,e 

substrate 

~ 
~ 

corn peti-tive 
inhibitor 

e-rizyme-1in h1ib itor 
complex 

Figure 2.9 A competHive i1n:hi,b1itor competes with 
substrate motecules for the aicti ve sHe of the 
enzyme. 

pHI 
The pH 1of a solution is a lneasure of its hydro gen ion 
concentration. The higher the concentration. o.f hydrogen 
ions (H"') 1 the lower the pH1 and the more acid. the 
solution. pH is a logarithmic scale> so as the pH scale falls 
one poinl .from 7 to 6, the concentration of hydrogen ions 
in.creases 10 times. 

look at lhe grapl1 in Figure 2 .8 . ll shows that the rate 
of a reaction rises to a peak at pH 6 .5 . It then falls 
sharply. The p eak value of 6.5 is the optimum pH for 
this enzyme. 

1Changing the pH above or below the optimutn of an 
enzyme affects the rate at which the ,enzyme works . The 
change in pH alters the concentraHon of hydrogen ions (H·1

') 

1or hydroxyl ions (OH·) 111 the surrounding solution. If the 
change is smaU, the main effect is to alter charges on the 
amino acids tl1at make up the active site of the. enzyme. As 

a result, substrate n101ecules no longer bind. A large change 
u1 pH breaks the hydrogen and ionic bonds that maintain 
the tertiary structure of the enzyme. The result is that the 
enzyme is denatured. 

Inhibitors 
Inhibitors are substances that slo"'l do\V11 the rate o.f 
enzyme-control1ed reactions. Competitive inhibitors are 
molecules that a.re very similar in shape to th,e substrate of 
the enzyme, as shown in Figur-e 2 .9. They a.re described 
as competitive inhibitors because they compete with the 
substrat:e for the active site.. They fit into the active site and ., 

block it. This prevents substrate n1olecules from entering 
and stops an enzyn1e- subst:rate complex b eing formed. 

Figure 2.10 shows how non-competitive inhibitors 
work. N oti.ce that a non-cotnpetitive inhibitor 
doesn~t fit i11to, the active site of the enzyme and 

block it in the way that a cou1petitive inhibitor 
does. Instead, it binds s,o,mewhere lse on the 

substrate 
unabl!e to enter 

e.nzy1ne-. This causes the enzyme., including the 
active site 1 t,o change shape and, as a re:suh, 
substJate mo]ecules no longer fit and so no 

enzyme~substrate complex is fonned. 

no n-c.omp etttive 
inhibiror 

enzyme 

ai;:tive site 

enzynne-inh~bitor 
complex 

Figure 2.10 Non-cO'mpetitive inhibitors bind to the enzyme 
somewhere other than the active site. This ca uses the active site 
to cha ng,.e s!ha p@. 

The higl1.er the concentration of a competitive 
inlribitor, the greater the degree of inhibition. In 
ofl1er ,vords) the effect of a competitive inhibitor 
can ·be reduced by adding n1ore substrate. On 
the other hand, cl1anging the concentration of 
substrate has no ,e.ffect on the degree of inl1ibilion 
sho~ by a non-c1on1petitiv,e inhibitor. 



M:ake sure that you und erstand 
the effects of different enzy me/ 
inh ib itor concent rat i,ons on rat e in 
co rn pet itive and non-competit ive 
1nhib~tion. 

~ ···························································································= : TEST YOURSELF i 
• I i 5 U riic add 1is a substain ce that i1s made in th·e body. Gout is a painful i 
i condi t ion ca·used when too much ur ic a:cid iis produ ced and crysta ls i 
i for1m in th e joint s. Gout can be coritr otled by a dru g called aHo puriniol. ~ 
i AHopu 6nol is a competitive inih~bitor. Suggest how allopu r inol i 
I c o n t ro ls g out. i 
• 6 . : Ethylene g.lycol 1is a substance found rn anHfreeze. So·metrmes it ~s : 
• • 
: consumed accidentally. Ethylene glycoil itself is not po ison ous hut it : 
• • ! 1s broken down f n the body by the enzy me atco hoil dehydrogenase to : 
• • : s ubsta nces that are tox~c . One way for doctors t o treat ethylene g-lycol : 
• • 
: pois,oning ,is to g~ve th e pe.rson 01 drink contain ing, alcoho l. Suggest : ; ; 
; how this works to prevent the poison1ing becom,ing fatal. i 
.i 7 t 

• Figu re 2. 11 shows the effect of a compebtive or non-competiti,ve : 
• • 
: inh,ibitor on an enzyme-controlled reactio·n. Ex plain why ad di ng more ! 
• I i substrate r edu ces t he effec t of a com,petit~ve inhib itor. but a,dd in g more f 
: subs trat e does not reduce the effec t of a non-competitive [nhibi tor. : . ~ • • • • • • 
: Competitive inhibitor Non-com petitiv·e inhibitor ; 
• • : no inh1bito r : • • • • : ,.... no inhib~tor : 
: ~, "" vvrrth 1nhfbitof : 
: ., ;, -" ~f!!i!iiM- : 

• ,. .,~ ""' witn ,inhibitor • : , ,. : 
• I , • : l I l ~ : : I i~ : 
: ~ I : 
: I I : 
: / i ; 
; I I : 
i Initial I lni1t ial 1 • 

i rate of / rate of / ! 
! reaction 1

1 reactron / i 
: I I t i I I I 
: : 
• b b • : Su -stra-te concentration 11- Su strat~ con c:~nt:ration ~ : 
• • • • • • 
: Figure 2.11 The ·effect of a competit~ve or non-com petitive inhibiitor on an : 
i enzyme-controUed reaction. : 
• • • • • • • • f 8 Copy the graphs s hown in Figure 2.11 and a dd a Une to each to sh ow ~ 
• • : the effect of add ing a greater amount of inhib it or. : 
• • • ................................................................................................................... 

o~~~~~~~-
T he properti _ s of nzymes: collisions 
come first 
An enzyme and its substrate must ,com e t,ogether before an enzyme-controlled 
reaction can take place. They must collide \\!ith each other with enough 
energy to break existing chemica] bonds and fonn new ones. The greater the 
number of successful collisions in a given p eriod of tin1e~ the faster will be the 
rate of reaction. Increasing the temperature and increasing the concentration 
of the substrate or of th e ,enzyme can increase the probability that a successful 
collision Vvill take place and 'lhat an enzyme-substrate con1plex Vvill form. 

Temperatu re 
We have already seen 'that high temperatun?s denature nzynies and stop 
them from ~·orking. At temperatures below the optimum, an i.n crease has 
a different effect. An increase in temperature increases the kinettc energy 
of the ·enzyme and substrate molecules. As a result~ they move faster. This 



••••••• ••••••••••••••••••• • • • Exten 
~ • • 10n • • • • • • In reality, denaturation occu l'S • • • 

: belo,v the optimun1; the • • 
optimutn is the balance ben,veen • • • • slo,ving due to dena.turation and • • • • • • increasing due to more collisions . • • • • • This is because there are t\v,o • Ul • • I.LI • rates o.f tVlO reactions: the rate • E • > • of de.naturation and the rate of • 

N • • z • enzyme-substrate. reaction. Both • 
LU • 

" are te.mperatu:re dep nden.t. • • • N • • ••••••••••••••••••••••••••• 

increases the probability that enzyme and substrate molecules wiU collide 
with ,each o,ther. In most nzy-me-controlled r actions, a rise of 10°C more 
or less doubles the ra.te of reaction, provided that temperature stays V1.ith1n 
an acc,eptable range around the optin1um. 

Figure2.12 The tuatara is a New Zealand repble. l ike other reptiles. the tuata ra 
cannot regulate its body te:mperat1ure lnde·pendenUy of the· te·mperature of its 
envtronment lit ~s an ect,otherml. Th,e tua.tara· is active and its enzy,1mes can dig,est 
food at tem,perature s as low as 6°C. Wi1th an increase in temperatu re. its enzymes 
work faster and it d,igests iits food faster . 

An incr.ease in temperature. therefore increases the r ite of reaction until the 
temperature reaches an optimum value > andl then the rate of denaturation 
also increases. Around l0°C above the optimun1 temperature, altl1ough 
the initial rate of react ion is very fast, it so on falls as the enzyme quickly 
becomes denatured. This is su1nnuiTised in Figure 2 .13 . 

1 
~.fe 

reaction 

0 10 20 30 40 50 
Te rnperatu rel°C 

Figure 2.13 The effect of te m.peratu re on the ra te of 
reaction of an enzyme- co ntro'lled rea cti,on . 

Rates o,f reaction 

60 

The rate of a reaction is ho,v fast it is goil1g over a given time. Ca.ta l tSe 
catalyses the reaction in ,vhich hydr10,gen pero,dde is broken down to 
water and oxygen. One way of following the progress of this reacti,on is to 
measure the volume of oxygen produced. 



Using catalase to measure rates of reaction 
1 Suppose 25 cm3 of oxyg,en was ,produced in 20 seconds. What woutd 

be the rate of this react ion over th 1s 20 second p-edod? 
The rate ~vould be the volume cd oxygen produced divided 
by the time the reacUon took. In other v1ords. 25/20 or 
1.2529cm3 per second. 

2 When we carry out thi.s rea ct,ion in a tube rn a 
laboratory. its rate changes. As time progresses. ~t 
.slows dov,1n until it co mes to a com plet e .stop. Expla,in 
why the rate ot the reaction s lows dovvn. Use your 
knowledge of the way in which enzymes work. 
Th~ number of tiydrog~n pero:,ade rnolecules will gel fev.1er 
and fewer as the substrate is broken do1Nn. The nurnber 
of rnolecules of ratalase. hovlever. does not change This 
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rneans that there ~vill be fewer collisions bet1Neen substrate 
molecules and the active sires of the enzj1me molecules. 
Fe~ver coUisions rnean a slovver rate of reaction . 

Figure 2.14 Gre11ph, snowi ng the bn~~kdown of hydrogen 
peraxi de by cEl! ta'lase. 

The graph 1n Figure 2.14 shows a progress curve for a 
react~on 1n which ea ta lase is involved in breaktng down 
hydrog en pe roxi,de. 

Calculate the rate of the reacbon between 110 and 
20second::.. Explain how you ardved at your answer. 
U~ing a graph to calculace the rate of a reactton 
,s re.aUy no dt'fferent fron1 the calculation that you 
have Just carried out. In this c.,se. you read off the 
total volume af oxygen produced beti.-veen I O and 
20 seconds. This is 20cn, 3 - 10 cm 1. 10 cm3 of oxygen 
is therefore produced in I O seconds. so the rate is 
10/10 or I cm3 per second 

Suppose. howeve r. th at you wa nt to loo k at what Is 
happening a l1ittle later on whe n the rate Is cha ng I rig. 

Calculate th e rate of the reaction at 30 seconds. 

You cannot d1v1de the volun1e produced by 30. This 
w1llgive you the mean rate over the whole 40second 
period Vou 11>/ant the rate al a particular Un,e_ 
30 seconds. Figure 2. 15 sho,,.vs what you should do. 
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1. Draw a tangent to the curve at the po~nt 
at which you are interested. hlere it is 30 seconds. 

2. Use the tangent to read the vo~ume of 
oxygen produced. Here it ks 34 - 18 or 16 cm3. 

3. Use the tangent to read off the ti,me in which 
this volume is produced. Here it is 50 - i O or 40 s. 

4. Calculate the rat e by d·ividing the VC?turne by 
the time. Here it is 16/40 or 0.4 crn3 s-1• 

Figure 2 .1 S Advice on ainswe.dng questions: caku late the rate 
of the react ion at 30seconds. Note that a tangent 1s a stra ight 
Une that touches but doesn·t cross a curve,d line. 
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PR CTICA 1 
Investigation into the effect of a named variable 
on the rate of an enzyme-controlled reaction 
Note: This is just one example of how you might tackle thi,s 
re q ui,red p ra c.ticaL 

A student dedded to invest-igate the effect of pH on a 
protein-digesting enzym,e. She set up several boiHng 
tu bes conta iriing a mixture of 2 cm3 of a protease enzyme 
and 5 cm 3 of a buffer .solution as fa Hows. In each t 1Urbe she 

placed a glass capHLary tube containing solid1ifjed egg wh1te 
[a prote in). She measured the length of egg white in each 
capHlary tube before putting lt in each tube. She left all the 
tubesf stoppered, in an incubator at 30°C for 12 hours. After 
this trm,e~ she removed the cap illary tubes of egg wh1ite fro,m 
the boiLing tubes and meas,ured the length of egg white 
remai,ni ng. The results a re shown i·ri Table 2.2. 

Table 2.2 

Avoi1d d i1rect co nta et with tine enzymes ,in 
geriera1l, and particularly proteases. Enzymes 
can cause al'lergik reacti1011s 1 and sometimes 
sensittsati'ori. Wear eye protection. and wash 
off splashes from sk1 n. Pea ple kn own to be 
serisftive to enzymes should avoid the activity ; 
or v.,ear gloves [they should be removed 
ca,refully to avoid contam1nation,l. Plant or 
fungal prote~ns shou ld be used if possible~ 
and care taken when measuring protei:n 
cylinders~ to avoJd dislodging the material. 

pH lnitia l length of egg white in tu be/mm Final length of egg white in tube/mm 

4.8 54 47 

5.6 50 45 

'5 .8 52 42 

6.2 54 40 

6.6 52 32 

6.8 53 27 

7.2 52 17 

7.6 48 7 

8.2 47 1S 

8.6 52 2.3 

9.0 54 37 

9.6 53 49 

1 Calculate the percentage of egg white that has been, digested i1n each tu,be. 
~ Ptot a graph showi,ng tine dependent variable on the y-axis agaiinst the 

i ndep ende n t va rra bte on the x-axis. 
Why was it important to ca lcu late the percentage O·f egg whiite digested~ 
rather than ten,gth of egg. white in the tube? 

4 Sugg est a su ttable contro l for this investigation. Expta11n why thi1s is needed. 
Why was rt necessary to put stoppers in the tubes before kicuba,ting them? 

The student llsed a huff er solution to create the co rrect pH in ea.eh tube. 
Explain why she used a buffer~ rather than adding aci,d or atkati. 

7 The student decided that the o,ptimu1m pH fo1r this enzy1m1e was 7.6. 
Do you agiree with this? Give reasons for your answer. 



o--~~~~~~-
L i mi ting factor and substrat 
cone n r tion 
The shape of the curve in Figure 2.16 is ·one lh t you will often come across. 
It is au exanlple that has nothing to do with biology Supporters are going to 
a footbaU match. To get into th e ground, they have to pass through tun1.stilcs. 
The graph shows the rate at ,vhich the suppDrters get into the ground plotted 
against the number of people outside liVho are trying to get in. 
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Figure 2.16 The rate of ·entry into a football gr,o.iund plotted aga,inst the nu,mber 
of peopl; outsid~. 

We have d ivided this curve into two parts. Look at pan A first. It sho,vs 
tha t t h e rate of ,entry into the ground is directly proponional to the number 
of people outside. Three hours before th e game. starts , very few people are 
trying to get in. They can go straight to a. turnstile and ,valk through. As 
more and n--iore people arrive, the rate of entry into the ground ir:tcreases. 

There comes a point, ho,,rever, when there are so many people outside 
that aU the turnstiles ar,e ,vorking as fast as possible and queues s'tart to 
build up. The rate of e.nt ry to the ground cannot get any faster. We are 
now on the part of the curve labelled B. W e say tl1at over part A of the 
cu rve, the number of people outside. is the limiting factor as it limits 
tl'lle rate of entry to t.he groun d. The curve levels out in part B. It does 
not matter how much faster supporters arrive at the ground , the rate of 
entry stays the same . Something else is acting as th,e limitin g factor. I t is 
probably the number of turnstiles . 
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Figure 2.17 ThQ effQct of s ubstrat2 
concentration on the rate of ein enzyme­
controlled react,ion. 

We wiU now look at a bi,ologkal ,example d1at is based on the san1e p1inciples. 
Figure 2.17 sho'\tVS what happens to the rate of r action when the concentration 
of the substrate is increased but enzyme concen'tration is kept constant. In this 
reaction, both the temperature and the pH are 3t their optimum values. 

I 1 1 
B C 

Rate 
of 

reaction 

Substrate concen,tration __ ....,.. 

The effect of substrate concentration on the rate of an enzyme-controlled reaction 
Look at the part of the curve between poi1 nit A and B 
on Rgure 2.17. What U,mits the rate of reaction over 
this pa rt of the curve? 

successfully iNith the active site c.J an enzyme and a 
reaction 1Nill take place 
Look at the part of the curve between Band C. How 
does increasing the substrate concentrati'on after 
po i1nt 8 affect the rate of rea,cti on? 

The ansi/ver is substrate concentrat/on 
2 What is the evi,dence from th e graph for this 

answer? The ratP or rPa r..flon stays th€' c.arn e 
As we ,ncrease the concentration of the substrate. the 
rate nf reaction atso increa;es 

What ca used the ra,te of react,ioin to stay the sa ·me 
over this part of the curve? 

What causes the rate of reaction to i:ricrease over 
this part of the curve? 

At any one time, all the enzyrne active sites are 
occupied. The enzyrne cannot v,ork any faster: The only 
way that the rate of reaction can be increased is to 
increase the number of enzyn1e n1oiecules. 

The more substrate n1olecules there are. the greater 1s 
the probability that one of these molecules will coUide 

Rate of 
react1on 

In creasing enzyrn e 
con ce ntrait ion 

Figure 2.18 The effect of enzyme 
concent:ra,tion on rea,ct i,on rate. 

Look out for curves of the .shape s hown in Figures 2.1: 6 and 2.17. They 
are very corn·mon, i1 n b'iology a:nd their exp la:nati,on relies on the same 
principles every time. We wiU ca ll what we plot an the x-axis X~ and what 
we plot on the y-axis Y. 

• The first part of the curve r ises. Y is lijmited by X beca1use an increase in 
X produces an increase jn Y. 

• The y-axi.s value on the seco11d part of the curve stays constant. On this 
part of the curve, an increase in X has no effect on Y. Someth [ng other 
than X is limiting t: 

The effect of enzyme concentration on reaction rate 
Increasing the enzyn1e concentra'tion v;,.ill increase the rate of an enzyin e­
contrioUed reaction! provided that there is enough substrate present. This is 
because adding more enzymes increases the number of activL: sites for the 
substrate molecules to ,coUide \Vith. This is sho\Vn in Figure 2.18. 

Of course) the linear increase in rate of reaction only occurs until substrate 
concentration becomes lilniting. 



· ··· ·······················~······························································· ······························· ······ ······················ ; 
i TEST YOURSELF i 
i 9 As its body temperat1ure jin creases from 15°C to show th e concentra:tjo n of product when the ! 
i 30°C. the ra te a,t which a crocodile digests Its food concentrat 1ion of enzyme added i1s 2A but excess i 
: increas es. What ca,us es this in,ereas·e? substrate is present ~ 
• • 
~ 10 An enzyme works most quickly at a pH of 6.4. A ~ 
• • : c nan gie rri pH from 6.4 to 6 .8 has a ta r9e effect on : 
• • : the rate of the rea ctiio n cont ro lledl by this em zym e. : 
• • 
: Use your knowledge of pH to exptain why a smaU : 

f cha ngie in pH has a large effect on the rate of the concentratron A ~ 
• • : reac tion . Cone of : 
: product ; 
: 11 Sketch som·e axes with the x-axis la betted ·e nzyme : : . 
i co nc ent ration· and they-axis la betled ·rate of : 
I • 

; r·eac. tlon' and draw on a line show~ng th e rate of f 
f reac ti on 1in the presence of excess substrate. i 
i 12 Sketch some axes with the x-ax i1s la belled ! 
• Tirne • i 'enzym e c oncentrabion' and th e y - axi s labelled ! 
: ' ra,te of r ea,c.t 1ion· a nd add a line to show the ,ra te Figure 2.19 ConcQntratio1n of produ1ct wh ; n an : 
~ of reaction when·the substrate con centraHon enzyme is added to exce ss substrate·. ~ 
• • 
: becomes a limit~ng factor. : • • i 13 The graph rn F1igure 2.19 shows the concentrat~on 14 Enzym,es used for student pract icals are i 
i of product when a concentration A of an enzyme usuaHy stored i,n the prep room r ef dgerator. i 
: 1s .added to excess substrate. Sketch a Hne to Explatn why. : • • • • • • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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IVI Y 

Making a better oral rehydration solution 
Thi s 1is an i nvesti ga bo n that co u ldl be cairr :ied out 1i n, 
a laborato ry. How would you: go a,bout it? 

Oral r ehydrati on so lutions [OR S)I can be use d by 
doctors to s ave the lives of children suffer ing 
from diarrhoea L diseas es. ofte n f o llowi n 91 n:a tu rat 
di sas ters such as Hoods or typhoons . Wh1le c hHdre n 

are suffering from dia rrhoea. they are not abso rb ing 
the 11utrient s th ey need. As a1 r esullt,, they becoime 
wealker and weaker and l·ess able to fl ght off th e 
effect s of th e nex t attack of diarrhoea. Scientists 
wanted to develop a very eff ect.ive ORS. on e that 
not only prevents dehyd ration but a lso prov ides the 

The sc ientist s iirwest'igated a1n ORS based or, t he 

starch ~n one type of rice ftou r. They f ound that it 
r ehydrated di a rrh oea s ufferers and also heilped 
to overco me ma lnutriti on. Howeve r. at hi gh 

concentrationsj a d ee-flour O'RS is so t hick t hat 
eh i ldren ea n not swa llow it or take ,it from, a f eed1 n g 

botUe. The sc ienb st s dec ided to use the enzyme 
amylase to digest the st a rch. This red uces it s 
v1iscos~ty [thi ckness)1 so that a pabent can ddnk it fro m 
a cup or a f.eedin·g bottle. They investigated the effect 
of different co n,centratfons of amylase on reduc,ing 
th e v i,scos ity of r,ice-flou r sotut,io,n . 

~ 

! ... ~ ~.~~~ ~.'~ ~~:.~.~:.~~.i.:.~~~ .. ~-~-~~.-~ .. ~.~~.~~~~~-~ .. ~--~~~ .i.~-~·:.~~-~~: ............. ·-· .......... -·· ....................... -..... -·- ..... -................ -..... -·-.......... ·-· ................. -·· .............. . 

See Chapte r 15, on pra ctfca l s kills, 
to 9et i1d eas about r nves t:igat in g 

a sdenhfi c question. 
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Pr ti q stion -
1 A student carried out an investigation to find the effect of temperature 

on the rate of digestion of starch by amylase . She-pipetted 5 em3 of 1 % 
staoch solution into each ,of three test tubes. She then added six drops 
of iodine solution to each of these tubes . The student took another 
three tubes. Into eacl1 of these tubes she pipetted 2 cm3 of amylase 
solu tion and 1 ctn3 of a buffer solu tion at pH 7. She placed one test 
tube contain ing starch solution and one test tube containing amylase 
into each of three water baths, at 10°1C~ 20°C and 35°C. She left the 
tubes in the vnter b,a.ths for lOminutes. After this~ she poured the tube 
containing amylase into the tube containing the· starch so.Jution, mixed 
the contents thoroughly and found the time taken for the blue colour to 
disa.pp ar. The student~ results are shown in the table. 

Tem pe rature/°C Time taken for blue colour to disappear/s 

10 180 

20 125 

35 75 

a) i) Describe J1ow you could ma.ke 20 cm3 of 1 % stan:h solution. (2) 

ii) Explain "\i\rhy the student added a buffer solution to the tubes 
containing amylase. (2) 

iii)The student left the tubes in th water baths fo,r 10 1ninutes 
befor mixing them together. Explain why. (2) 

b) Suggest a suitable control for 'this investigation, e.xplaining why it 
is necessary. (2) 

c) The student recorrled the tune taken for all the starch to be 
digested. Suggest 110~~ sh e could use these results to calculate the 
rate of reaction. Explain your answer. (2) 

2 The diagran1 shows a biochenrical path,vay that takes place inside a 
cell It als,o shovts the n1olecular structures of t,vo of the substances 
in the path\.vay, gluta1nic acid and glucosamine 6-phosphate. 

gl,utam ic acid 

glutamine synthesa5e. J 

glutamfne 

J 
glucosamine 6.1phosphate 



a) What type ,of substance is glutamic acid? Use the diagram to give the 
r,eais,o-n for y,our an~·er. (3) 

b) Glucosamine 6-phospha.te inhibits the enzyme gluta1nine synthetase. 
It is a non-competitive inhibitor. 

i) Vi/hat information in th e diagram suggests that glucosa1nme 
6-phosphate is not a oou1petitive inhibitor? EJ...1)lain your 
a~L ~ 

ii) Explain how glucosamine 6-ph osphale inhibits glutanmte 
synthetase. (3) 

c) Suggest a possible advantage 'to an organism of each 1of the foHo,ving. 

i) Th,e product formed in a biochemical path~y inhibits ,one ,of the 
enzymes in the pathway. (2) 

ii) The enzyme that is inhibited is at the start of the pathway. (2) 

iii) The prod.net is usually a non-co1npetiti.ve inhibitor. (2) 

3 Gelatine is a protein. When a gelatine solution cools, i l sets to fonn a jeHy. 
Fresh pineapple juice contains an enzyme that digests protein . A student 
investigated the effect of pineapple juice on the setting of jelly: He set up 
three different tubes of gelatine and recorded which had set after 3 hours . 
The contents of each tube and his results are sho\\rn in the table. 

Tube Contents of tube Jelly set 

A 6 cm3 gelatine+ 2 cm3 pine·a:pple Ju ice+ 2 cm3 water 

B 6 cm 3 ge'lati1ne + 2 cm3 pineappte j,uice + 2cm3 h1ydroch lork acid 

C 6 ems gel; ti ne + 2 cm:1 boiiled pi riea pp Le juiice .... 2 cm3 watQr 

a) Explain wl1y 2 cm3 of water was added to tu.bes A and C. 

b ) Explain the results of tube A and tube B,. 

c) \¥hat was the purpose of tube C? 

Stretch and challenge 

No 

Y9S 

YQS 

(2) 

('4) 

(3) 

II 4 How are t.he properties of enzymes found in organisms that live in extreme 
envir,onments such as very cold or very hot places, different from those of 
nzymes found in most other o,rganisms? How does the molecular structure 

of enzymes in organisms that live in hot environments allow them to resist 
denaturation? 

5 Hovi.rare enzymes used in industry? Focus on the range of uses and also 
die benefits of using eu..zy1nes rather than alternative cl1.e1nical processes. 
(For exan1ple, in food manufacture; in producing ~stone-,vashed' jeans~ in 
the production of paper; in cleaning materials, etc.) 



Cells 

·································~··············································································· • • • • i PRIOR KNOWLEDGE i . .. 
: Before you start. make sure that you are con fident in your knowledge and : .. ... 
: understanding of the following points. : 
~ . . ~ . ~ 

: Most human and an:i1ma l cells have the follow ,ing pa,rt s: i 
! t : - a nucleusj which co·ntrots the activities of the cell : 
• • 
: - cytoplasm I i,n which most of the che·mica1l reactiions ta,ke place ~ . : 
: ~ a cell membrane. which controls the passage of substa,nces ~nto ! 
• • 
: and out of the cell ~ 
• + 

: - :m11tochondria , which are where where resp1 ration occurs i 
• • : - dbosomes. w hi ch are w here prote:in synthesis occurs. : . .. 
: • Pilant and algal ce llls aiL so have a ceU wa ll made of cellu Lose, whk.h : 
• • 
: s trengthens the ceU. Plant ce lts often have: : 
• • 
: - chlloroplasts, w hrc h absorb U9ht to make sugar : 
• • 
: - a permanent vacuo le fHled w ith celll sap. : . ,. 
; A bacterral ceU cons 1ist5 of cytoplasm and a, m,embrane su r rounded by : 
• • 
: a cell wall; t he ge nies are not in a distlinct nucleus. ~ 
• • 
: Dissolved substan ces can ,m1ove into and ou,t of cells by diffu sion. : . .. 
: D'iffu sion ls th e spread ing. of the part ictes of a gas, or of any i 
! substance in solubon, res·ulting in a net m:ove,ment from a region : 
• 
: where they are of a higher concentra,tion to a reg :ion with a tower : 
f • 

: concentratio n. The g.reater the dHfe,r.enc:e in concentrati,on1 the faster : . .. 
: th e ra te of d~ffusion. : • • • • .. . ................................................................................................................. 

~ ···························································································= : TEST YOURSELF ON PRIOR KNOWLEDGE ~ 
• + 

: 1 Th ere are more mitochondria rn a cell f rom an. insect's w i;ng : 
• • 
: muscles than in a ce ll from the l,ining ot th e insecfs gut. Expla,in the : 
t • 

: advantage of this. : 
• i 

f 2 Giv e two structura l difference s betw een ari a n1im,al ceH and a i 
: plant ce ll. : 
• I 

f 3 A cell that ,produces enzym es contains a lot of ribo somes. Explain the ! 
: adva nta g,e of thi s. ~ 
i I+ What features of ce llulose make jt usefuil for bui Lding plant ce ll waUs? i 
• • 
: .................................................................................... ......................... 1111111· 

CJ--ln-tr_o_d_u_ct-io-n~~~~~~~~~~-
It v.ras only \vhen th,e n1.icroscope had b een invented that scientists 
could start to study the detailed structure of Hving things and see 
that organisms are m ad·e up of cells. The English man Rob ert Hooke 
(1635-1703) was a brilliant self-taught scientist who n1ade his own 
microscope. H·e made a microscope tnuch better than anyone had ·ever 
ma.de before, so he could see structures that had never b,e,en see,n bef o,re. 
You can se,e his microscope in Figure 3. 1. 



Figure 3.1 .Robert Hoo·ke·s microscope 
in Micrograph/;~ [1 66 5]. 

1 r oti,:: ,. 1 l A ceU ,con ta in,ng a nu cteus 
and other m1embran,e-bound organellles. 

k nt ir ll A c,elU that does not 
contain a1 membrane-lb o u nd n udeus or 
any mem br~ne ~bound organeU~ s. 

Robert Hooke used l1is microsco,pe to look ::1t all kinds of things. He 1nade 
a drawing of cork as seen under his 1nicroscope. He noticed that the cork 
,vas made up of empty spaces with walls around them. He called them cells 
afte.r the Latin ¥lord cellus, m,eaning 'little room). He calculated the nu1nber 
of cells i.t-1t a cubic inch to be 1259 712 OOO. He did not see aU the smaller 
structures within the cell> because he was looking at the empty spaces 
between the ceH walls in the cork, but he ,vas the fi1~t p erson to realize that 
cells ar,e the building blocks of living things. 

We now k"llOW that tvlo of the kinds o f cell in living things are e.ukaryotic 
cells and prokaryotic ceUs. Eul ·a ·yot il· eel I are cells that contain a nucleus, 
such as · re found in plants, anilnals and fungi. I l'i I· , r :ot i · 11 include 
ha,cteriail ceHs; and the-se do not contain a nucleus. 

0 ---------------5 tu dying eukaryotic cells 
Tllle cells that line the small intestine of a human are called epithelial cells. 
Figure 3.2 sh ows epithelial cells from 1he human small intestine. This 
photograph was taken through an optical microscope. 

Figure 3.2 EpitheUaL ce lls from the human smeiU intest i,ne· . Thi.s photograph has 
b9e n mag.n ified 330 0 t:i m 9S. 
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M ._ nlf · 1 This t~Us you how many 
times bigger the ~mage is than real Ufe. 

Re o lu i I The abmty to see two structures 
very do.se together as :separat,e structur,es. 

e~ectro n gun 

bear-n of electrons 

e1ectrom ag netic 
'lens 

specimen 

intermediate 
image 

-.----lliiiiliiillt-- fliuorescen,t screen 
r---11-- camera 

flna~ image 

Figure 3.3 The diagram shows the mai,n 
fQatur~~ of a transmi ss,ion ei lectron 
mi croscope . 

look at h ca1efu1ly and you \Vill see that ,each cell contains a large structure, 
which is the nucleus. We call animal and plant cells eukaryotic c Us 
because. they possess a nucleus. The Vv"ord eukary,ote n1eans ~tn1e nucl us,. 

You will also see th at the boundary of the cell~ where it Hne.s the lumen of 
rhe in1Lestine) shows up as a rather fuzzy rhick line. If \\re ·magnify tl1ils a 
'bit n1ore, it does not help a lot. AU vve get is a slightly thicker fuzzy line. 
Magnification on its o,vn is not enough . \~lhat we need is greater resolution. 
'tvlag11ificalio 1 is tnaking things larger. Rt:sol u ti n involves distinguishing 
between objects t]1at are close together. To resolve objects that are close 
'together> we need a nncroscope that ,vill produce a sharper image. 

light waves Hn1-it the resolution of an optical m icroscope. Using light, it is 
impossi.b]e to resolve tvto objects that are clo,ser than half the wavelength of 
the light by v~rhich they are view d. The '\\i~velength of ·visible light is b tw,een 
500 and 650nanometres (nm), so i.l would be imp,ossible to design an optical 
microscope using visible light that wo,uld distinguish bet"'·ecn object-s closer 
than half of this value . That is good enough for aJ ]ot of purposes. It is certainly 
fine for looking at cells &om animals and plants. Bu t H won\ let you see 'the 
very small structures i.r-mde a cell. For that we need an electron microscope. 

1cm 
CU 
~ 

°' C 
frogi eg,g ra 

5 1 mm .t:. 

s,ing1le-ce'.lled 
organism 

! 1 OOitm 
plant cell' ~ -

g 

.I ·~ a n1i rna I c:el Ii 

3 10µm 
nu:deus "-8. E 0 

~ mrtm:ho,ndrion 
..9=! 

1µm bacterium CU 
C 

:i 
--- ~ 

g 100nm 

virus 
ribosome 

10nm cel'l~surface membrane 

globu1lar protein 

f--1r 1 nm 

Figure 3.& 'T he sca le on this diag1ram, 
goes from 1 nm to 1 cm. lihese values 
have been p Lotted on a Log scate b ec@use 
thi s is the be st way of representiing such 
a large range of measurements. Th.e 
d1iag.ram snows that a human eye is able 
to see Larg'e single-ceUed organ:isms. 
W,ith an o·ptica l microsc,ope we can see 
th ings ais smatl as bacteria. With modern 
trei ns miss ion st.;ictro n micro sco pQs W Q 

can see L~rg,e molecules. 

The transmission 
electron microscope 
ff tl1e "vavelength of light Hunts the 
resolution of an optical microscope, 
then o,1:1e solution is to use a be-am 
of electrons instead. Electrons have 
very much smaller v., .. avelengt_hs th_an 
light, so a beam of electrons shotdd 
be able to resolve two o bjiects that 

are very close together. That is the 
;..vay an electro11 microscope works, 
as you can se.e in Figure 3.3. 

We cut a very thin section th1·ough 
the tissu.e that w,e are going to 

·examin e (thin enough 'to let 
electtuns th1·ough). This section, 
the specimen, is preserv d and 
stained with th sahs of heavy 
metals, such as uranium and 
lead. Then it is put inside a sealed 
chamber in the micro5cop e. The air 
is sucked out of the chamber andl 

this produces a vacuum . Finall)~ a 
series of magnetic lenses focuses 
a beam of electrons through the 
specilnen and produces an in1.age 
on a screen. Electrons pass u1ore 

easily through son1.e parts of the 
section than others. The e]ectrons 
pass less easily through parts that 
are stained "'°ith heavy met a ls. This 
produces contrast between different 
parts of the specimen. 



~ ·································: : TEST YOURSELF i 
• • : 1 How many mkrometres [:µm)l i 

TI1e big advantage of using a transn1ission electron micr,oscope is its 
resolving pew r. It lets us see the structu of a cell in much more detail than 
vi1e could ever hope to s,ee with an optical microsc-0pe. Look at Figure 3.4 . 

i are there in (al 1 mm [bi 1 m? ! 
• • 
~ 2 Calcula te the actual length of ~ 

It gives you a clear idea of just what can be seen with a hu,man ey,e, a good 
quality optic.al microscope and a transmission electron microscope. 

• • : the ep ith eUa l cell la belled A : 
• • : 1n Figure 3.2 on page 37. : 

The scanning electron microscope 
• • : 3 Can you see the cell-surfa ce : 
• • 
: membra ne su rround ing : 
• • 
: an an imal cell w,ith an : • • • • 
: opt icat rmicroscope? U.se t he : 
• • 

A scanning electron microscope Vlorks i.n a slightly different way from a 

transnrission electron microscope. In. a scanning electron nllicroscope the 
electron beam bounoes off the surface of the object. It is particularly useful 
for looking at th.ree-din1ensional structures such as viruses. 

: 1n form,atfon in Fi9ure 3.5 to : 
• • 
: ex pla 'in your answer. : 
i ................. ;++••···· ! 

A high resolving p ower means that a transmission electron microscope has a 
useful magnification 10£ up to 100 OOO tin1es. 

El.ectron microscopes have thei r llimitations 
You migh'l think that a transmission electron microscope with a. 
magnification of 100 OOO times is the perfect instrument to inve-stigate cell 
structure . However, such a microscope has limitations. Because there is 
a vacuui:n inside~ all the ,vate.r i-nust be rem oved fron1 the specime11. This 
means chat you cannot use a transmission electron microscope to look at 
living cells. They must be dead. Also> th e lengthy treatn1en t required to 

p repare specin:i.ens mean s that artefacts can be introduced which look like 

real s tructures but are actually the results of preserving and staining . 
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IVITY 
Sections through different planes ce'II X 
There a re a lso problems in inter p refrn g what 
you see. Som e of these ar1se because a very thrn 
s li ce has to be cut through the specimen. Look 
at F,igu re 3.5a. It s hows a1 red blood cell. The 
sha,pe of a red blood cell is often described as a 
bico ncave d[sc because it ~s t hinn er in the ce ntre 
and thicker at t he edg,e. 

1 Make s imple drawings to show wha t the cut 
surface of th e celt 1in Figiure 3.5a wou ld look 
Uke 1if it were cut through each of th·e planes 
shown in the f i g,u re. 

Figure 3 .. 5 ~al A drawi:n:g of a red blood cell. Sections have been 
cut through it in different planes. ~b)r A photograph of secttons 
through huma,ni red blood ce lls see n with a1 t rans,m,iss ion 
electron microscope. A photograph Like this is ca lled an eilectron, 
'mkrograph. 

2 Look at Figure 3.Sb. 1t shows very thin sections 
of red blood cells . Through which of the three planes shown in di1ag ram (al ls the 
ce ll labe lled X cut? 

3 The cell la be lled Y ha,s a bent s hape. This bent sha,pe resulted when the ce!lll was 
s Uced. Suggest what caused this bent shape. 

When the beam of electrons in a trarism,ss~orn electron mkroscope str1kes a spec,meni 
so me of the electrons pass straight through and so.m,e are scattered by dense parts 
of the spedmen. The parts of the specim,en that scatte r the electrons appear dark 
coloured on an electron micrograph . 

t. Red blood ceUs s how as a uniform dark co lour on an e lectron mi crograph. 
Exp lain! why. 

5 A human red blood cell measures 7 µm in diameter. Ca lcu late the magn1ifi cation 
of th e electro n, micrograp h in Fig,ure 3.5b [see page 51 for how to do thi1s)1. 

Figure 3.6 shows a sca nnrng electron 'm 1icrograph of red btood ce lls. 

6 What add itf onat information car, you g:e t about red blood cells from F1g,ure 3.6? 

Figure l .6 A sca,n n in g 
ete ctro n m·icrogra ph of red 
blood cgUs. 
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The ultrastructure of eukaryotic cells 

Figure 3.7 An electron mi crograph 
of an e,pi,thetial ceU from the small 
intesHne . 

The cells in a tissue jra broken open i,n a 
homogeniser, This is a ma eh i,n e. irather 
like a 'kitchen blender. The ti ssue is 
suspended in a buffer solution which 
keeps the p~ consqi nt Thi, solut ion i,s 
kept coid and has the sa,m~ water 
potential as tha tissue . 

The homogenised mixture is filtered. This 
removes 'large p,ieces of tissue that haw 
not been bro ken up. 

, . 
T1he fi lttate is now put in a centrifuge 
and spun at lo\v speed, Large organelles 
such as nude i fa I] to the bottom of the 
cen rifuge tvbe where they form a 
pellet. They c,n be resuspended in a 
fras1h solution if tihey a1~ \W.nted. 

The Uqu id or supernatant is ,now spun in 
the centr:ifug.e ag a fn. Tn1is bme, sma:11 er 
orga11el:les such as mitochondria sepairate 
out into a pe~ let. 

, .. 

Figure 3.8 l 1he orga nell.e s 1n a sample of 
tissue ea n be separated from ea eh other 
by the process of celt fra.ctrio nati,on in a 
centri fuge. This flow chart shows the 
'm,ain steps in the process. 

Figure 3.2 shows some epithelial cells from the. human small intestine as they 
appear "r.hen looked at with an optical microscope. Now look at Figure 3 .7. 
This sho,vs pan of one of the same ceUs ~ but it has been taken with a 
tra11.sn1.ission electron i-nicroscope, so you can see m.ucl1 more detail 

Look again at the bound ary of the cell ,vher,e it lines the lu1nen of tJ1e 
intestine. l t sho¥7S that the fuzzy thick line that you saw in Figure 3.2 is made 
up ,of tiny finger-like folds in the membrane called n1icrovilli. The nucleus 
can be seen clearly as welL Th rest of the ce]1 is made up of cytoplasm in 
whlch there are many tiny structures called organell . Th se organelles have 
particular functions in the cell. Table 3.1 summarises the functions of the 
,organelles found in an epithe1ial ceU from the small intestine. 

Because of the high resolution of a transmission electron microscope, the 
organe lles in the cell can. be seen clearly. You could not see most of these 
organeUes with a-n optical microscop e. 

Separating cell 0 1 rganelles 
Understandin g 'the structure of an organelle is not the sam,e. as 
understanding its function. To find OU'l abou t function) biologists need a 
pure sample ,containing lots of the organelle that they want to investigate. 
We separate cell organelles from each other using the process of c 11 
fract iona ti n . In this process) a suitable satnple of tissue is broken up 
and then centrifugated at different speeds. Figure 3.8 is a flow chan that 
summarises the main steps in this process. 



Table 3.1 Th.e ma~n organe lles f.o,und i1n an epithelia l cell from the small Intestine. 

ITh 1:h , : h ,Jll':l 
= 

C,ell-su rfa ce me m·b ra ne 

Niu cleus 

M itoch on dri on 

Lysoso 1me 

Rough endoplasmic 
retkulum 

Smooth, endopla·smk 
retkutum 

Gotg i apparatus 

cell wa'II 

The membrane fo.un"d airound the outsi,de of a 
ceH. ,It is ,made up of tip,ds a:nd proteins. 

The Largest org~ neUe in the ceH. It ,js 
siurrounded by a nuclear envelope consi,sting 
of two mem,brane Layers. The re ar,e many 
holes in the envelope ca lled nuclear pores. 

A sau sage-shaped or9ane lle. '1 ls 
s1u rrounde d by two me·m,bra ne layers . The 
Inner one· ~s folded and forms struc tures 
ea lled cristae. 

An o,rganelle contai,ning digesti:ve enzymes 
ca lled lysozymes. These enzymes a:re 
separated fro·m the rest of t'he cell by the 
me!'mbrane th@t s.urrounds the lysosome. 

A very sm1all organ~He, not surro unde,d by 
a me1mbrane. 

Endoplasmic retlcu lum is made of 
membra nes that torim a series of tubes 
in the cytoplasm of the celL 
The membranes of rough endoplasmic 
reticulum ar,e covered w ith ribosomes. 

Sr.miilar to rough endop!lasmic reticu lum. 1but 
the ,membranes do not have riibosomes. 

A stack of f'lattened sa,cs. each surrounded 
by a, me,mb:rane. Vesicles are co,ntinualLy· 
pin,ched off from1 the Q nds of thQse sacs. 

Plant cells 

Controls th.e passage of substances 
into and out of th~ cell. 

Contains the DNA. which holds the 
genetic 1infcmmatron necessary for 
controlling the ce Lt 

Produces ATP during resp.irat,ion. The 
motecule ATP is the sou1.rce of energy for the 
ce Ll 's activit ies. 

Digests unwanted mater:ia'l in 
the ceH. 

Assembles protein molec ule s from 
amino acids. 

Synthesises and transports p roternis 
around the ce Ll . 

Synthesises Up ids. 

Pac1kage s and pr,o,cesses molecules 
s:u eh as p rotei,n,s for use :i1n other parts of 
the cell. or for export to outside tine ce U. 
Forms Lysosomes. 

p l,asma memb ra,ne 
Figure 3.9 shows a single cell fron1 the palisade laye.r of a leaf. You "rill 
notice that, like an ani1na.l cell , it is eukaryotic. 

,Q 
0 
<::::, 

nucleus 

~ ........ - vacuole 

Q 
0

---~~~-·~ ~ --chloroplasts 

Figure 3.9 A simple diagram show ing 
a sijng le cQ Ll fro1m the palisadQ layer of 
a tearf. 

CeUs in flowering plants have all the organell s that are found in 
animal C·eHs. However~ they have some fundamental differ, nces . A key 
difference betw,een plants and animals is that p lants ph,otosynthesis· ·. 
This pro,cess requires Light. To make: glu .. cose: by ph,0itosynthesis, plants 
have chlorophy ll to absorb light. Sinc,e cl1lorophyll is only usefu] in 
areas exposed to light> it is n ot present in all plant oells . For exantple ; 
in underground roots chlorophyll would have no function. ln most 
p lants the leaves are where ih e majority of photosynthesis takes place, 
in the palisade mesopl1yll and spongy tnesophyll. You can see this in 
Figure 3 .10, ov,erle.af. 
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Figure 3.10 A photomicro,gra1ph of a· 
vert,ica l secti1on across a leaf. as seen 
wi,th an optica 'l mi,croscope [x 32l. 

Figure 3.11 An electron micrograph of 
a chtorop:las t [x 16 OOO] . 

.--.,...~..._- cutide 

· upper epidermJs 

paUsade rnesophyll 

11---- spongy rnesop hyl I 

~--- ilo,wr epidermis 
cuticle 

As you can see in Figure 3.11, the ,chlorophyll is not dispersed throughout 
the cells but is contained in sep-arate organelles called chloroplasts. When 
vie,ve.d \Viih an electron microscope> a chloroplast can be seen to have a 
complex structure 'that adapts it for pl1otosynthesis. 

TI1e chlnrophyll molecules are ,embedded in the membranes of disc-shaped 
stn1ctures. 1n some areas, the disc-shaped strucn1.res are stacked up, rather like 
pHes of coins. These stacks sl1ow up under low magnification in an electron 
microscope as dark 1 grainy patches. There are usually about 50 dark areas in a 
chloroplast) linked together by a network of the 1nen1branes. These structures 
hold th e chlorop11yU 1nolecules in positions where the maxnnum an1ount 
of the, light that falls on the chloroplast reaches them . The chlorophyll 
n1olecules use the light energy to split \.vater into hydrogen ions and oxygen. 

The surrounding troma contains enzyn'les. n1ese enzymes catalyse a seties 
of reactions that use the hydrogen ions1 ,electrons and carbon dioxide ·to n1-ake 
glucose. The chloroplast is surrounded by a double me1nbrane, v.."hich enables 
control and localisation ·of substrates and ensures 'that the- enzymes are held 
inside the chloroplast close to the ch[orophyU ,vhile. alloViring free movement 



of small n1olecules such as carbon dioxide and \.v"ater. The structure of the 
chloroplast ensures thal this complex process happens efficiently in a s1nall 
space iw'ith optimun1. us of available light energy~ Excess glucos is converted 
to insoluble starch and stored temporarily in starch grains in the chloroplast. 

Plant cell wallls 

You may have noticed that one n1.ajor difference betv;,;reen animal and plant 
cells is th.at an annual cell has no wall~ ,vhereas the palisade cell l1as a wall 
outside the cell-surface men1brane. This ,vaU is fairly thin. It is not 1igid like 
a brick ~vall, but it does give the ceH strength> as it resists being stretched. 
It is th e strength o f the c,eU waU that stops a leaf ceU fron1 expanding andl 
taking in so much water that it bursts. 

The leaves ,of most flowering plants stick out ft-on1 the stems. But~ as you kno,v 
if you have eYer forgotten to \W.te · houseplants; when a plant is shon of 'Nat r 
the leaves flop do"wn - they wilt. For the leaves to sta,,· flat) facing the light ; they 
need water that is taken up through th e: roots. ]t enters a leaf ceU by osmosis 
and fills the v.acuole. The water pushes against the wall and makes the cell 

fim1, just as air pu1nped into a tyre makes the tyre hard. The cell wall is strong 
enough. t o prevent the cell from bu rsting. Animal cells, however, llffile no ceH 

wall. If, for example 1 a red blood cell took in too much ,vater, its cell-surface 
meinbrane would burst. Animals lmve systems that control the "\\7ater conten t of 

the blood and tissue fluid surrounding ceUs and stop this happening. 

All life on Earth exists as cells; which .aU have comn1on features. This is indirect 
evidence for evolution. Ho'Never, not all organisms consist of eukaryotic cells. 
Prokaryodc ceUs are described in Chapter 6. 

·······················~····································,···················,························································,~··········· • : TEST YOURSELF i 
• • i /+. C 01m pare the cells s hown in fig ures 3, 7 a nd 3. 9. 5 Ca le u la te the actua l le ngth of the eh loro pla s t In f 
! Describ e th ree ways in w h1c h t he str uctures of F1.gu re 3.11 i:n m k ro,me tres. r 
~ the ceHs a.r e s 1mflar and three ways i.n w hrch 6 Explain how a r is ing glucose concentrat ion inside a ~ 
• • 
: th ey diffe r. chloroplas t 1mrght result in damage to the c hlorop la st. : 
• • • • 1 •• ·········· ························· ··· ········· ···· ········· ····· ·············· ······· ·············· ···· ········· ············ ····· ······· ·••411111111 .................... llllllllli 

Ce ll-surface 1mem bra,nes are 
fo un d in both prokaryotic a1.nd 
eukaryot ic ceHs. Their structure is 
the sa me in both types of cell. 

The cell-surface memb1rane 
You saw in Table 3.1 that the cell..surfacc mern brane is made up of 
lipids and proteins. The common est lipids found in living organis1.ns are 
triglycerides. You learned about these in Chapter l (pages 7-9). Most of 
th lipids found in a ce.U membrane are phospholipids. You \\rill re.member 
tha.t a phosphoHpid has a 1head' c,onsisiing of glycerol and phosphat,e and a 
'tair containing the long hydrocarbon chains of the fatty acids. 

This means that when pl10spholipids are mixed -with ~J'ater they arrange 
themselves in a double layer with their hydropJtob,ic tails pointing invfards 
and their hydropl1ilic heads pointing out\vards. This double layer is called a 
phospholipid bilayer and forms the basis o[ 1nembranes in and around cells. 

Tlte flu id rnosaic n1odel 
A cell-surfac,e membrane is only about 7 nm thick> so we cannot see all the. 
details of its structure; ev,en \Vith an electron microscope. Because of this, 
biologists have produced a mod l to :plain its pr,op rti s. This is caUed the 
fluid m saic m . · del. The tnodel '\tvas given ·this na1ne be.cause it describes 
how the molecules of the d1ifferent substances that make up the membrane 
are arranged in a 1nosaic. Not all of these molecules stay in o·ne place. 



Figure 3.12 A si1mpte diagra,m showing 
the structure of a ceU-surface 
membrane. T'he main components @re 
the phospholipids. w hich form1 a bi layer. 
and prote.i ns. 

They move ar,ound, so \Ve also describe the bilayer as being fluid. AU cell 
membranes have this structure~ not jus·t the ceH-surfac,e membrane. 

phos,pholiptd . 
brlayer 

p o,lysacc ha ride attached to 
'teb,.-cP-- p rotei:n ·forming a. g lycop·rote,i n 

---- protein 

look at Figure 3.12. This is a very simple diagram shoMng a section through 
a cell-surface membrane. lt illustrates ho,v the phospholipids and proteins 
are arranged. Til'.e me1nbrane is based on a phospholipid bilayer. Very small 
non-polar molecules~ and molecules that dissolve in lipids, can pass easily 
througl1 this bilayer. Water-soluble substances i however, 1nust pass through 
cl1annels and carriers in the protein molecules that span the tne1nbrane. The 
phospholipid layer therefore [orn1S a very important barrier. Since molecules 
of so1.ne substances are unable to pass through it directly; passage into or out 
of the ceH is controHed by the protein molecules in the men1brane. 

Some of the protei.ns move fre,ely in the phospholipid bilayer of the cell­
surface membrane. Others are attached to both the cell-surface membrane 
and structures in the cytoplasm of the cen. 

Membrane proteins have a variety of different functions, as follo,vs. 

• They 1nay act as enzymes. Enzyme5 that digest clisaccharides are found in the 
cell-surface. n1e1nbranes of the epithelial cells that line the small intestine. 

• They 1nay act as cl1annels through the membrane to aUow specific ions 01~ 
molecules through. 

• They act as carrier proteins and play an important part in transporting 
substances into and out of the cell 

• They act as receptors for honnones. A h.onnone will only act on a cell that 
has the tight protein receptors in its cell-surface inembrane or cytoplasan. 

• They act as n1olecules that are in1portant in ceU recognition, and may act 
as antigens. 

Carbohydrates are auac he d to lipids and proteins on the outside of the ce U­
surface membrane; fanning glycolipids and glycoprote.ins. They are important in 

allo'\.ving cells to recognise one another. Cholesterol n1olecules are also found in 
the cell-surface men1brane of animal cells, where they add sn~ength and p1~vent 
move1nent of other molecules in the membrane. 

Q ~D-if_f_u_s i_o_n_. _o_s_m_o_s_i s_a_n_d_a_c_t-iv_e_t-ra-ns_p_o_r_t_ 

Diffusion 
Diffusion is the random move1nent of the ions or atoms or molecules that 
make up a substa11ce from where they are at a high concentration to where 
they are at a lower concentration. In other words, panicles of the substance 



diffuse dov.rn a c nc ntration gradi C nt. Think about \1lhat happens if you 
put a drop ,of ink into a beaker ,of v.rater. The ink inolecules \\ill gradually 
spread through the Vv~t r. They ,,:-ill have diffus d from where they were 
in a high concentration in the original drop to v.rhere they are in a lo~~cr 
concentration in the surrounding water. 

These particles are moving at random. You can see this quite easily if you 
look at a tiny drop of toothpaste mixed i.vith water under the microscope. 
The toothpaste particles n1ov,e around~ twisting and turning. They are mnvi11g 
because the tn olecules of water in which they are suspended are 1noving at 

rando1.n and are butnping in.to then1. The kinetic energy that the n1olecules 
possess results in this move111ent. 

In a solid, the particles are packed closely together and can only vibrate; 
in a Hquid, the molecules are free to move, but are close togethe1-, so 
bump int,o each ,other and change direction; and i11 a gas, the molecules 
travel much further befo,re colliding \\oith ea,ch other. 

Diffu sion. is also one: of the ways in which substances pass into and 01u 
of cells. Durin g aerobic respiration, for exa1nple ~ ceUs produ ce carbon 
dioxide. So rh ere is a higher concentration of carbon dioxide inside a cell 
than outside. like OA-ygen., carbon dioxide is a small non-polar molecule and 
,viU diffuse from wl1ere it is in a high concentration inside a ceU through th e 
cell-surface men1b rane to "''here it is in a low concentration outside the cell. 
Surfac,es ·throu gh which diffusion takes place are called exch ange surfaces. 

The rate of diffusion is the amount diffused througl1-the surfac-e divided by the 
time taken. This depends on a nun1.ber o( factors . Th se include the foUo\ving. 

• Temperature: molecules move faster at higher temperatures; so the higher 
the temperalurej the faster r·he rate of diffusion. 

• Surface area: the greater the surface area of the e:xchan.ge surface> the 
fas ter lhe total rate of diffusion 

• The difference in concentration on either side of the exchange surface. The 
greater this difference! tl1e faster th e rate of diffusion. In the intestine., the 
blood is continuall~r transporting the products of digestion away from the 
intestine ,wll This ensures a greater concentration gradienl and a fast,er rate 
of diffusion. 

• A thin excl1ange surface. Diffusion is only efficient over very short 
distances. Exchange surfaces such as the epithelium of the intestine are 
just one c,ell thick . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
: TEST YOURSELF i 
• • ! 7 Fl sh have gills. They use th ese gills to obtain oxygen frrom the water : 
• • ! by diffusion. Suggest three features of flsh gi lls that a re adaptati,ons i 
! for eff ic ient dfffu s1on. : 
• • • • • • • • • • 

8 Which type of microscope wo·u ld be best to v iew: 
a) a s ing le-celled or9a ni s m sw imming through some pond water? 

• .. • • • • • • • • 
i bi th e surface of a ba1cterial ceU? i . .. 
i 1C)I th e intern al st ruc tu re of a, ch torop last? i 
I 9 Small! lipi d-soluble subst ances enter cens most qu ickly. Expla,in f . .. 
: w hy. : 
i 10 In cell frac ti onat:ion , why 1is a buffer so lution 1used? I 
' .. 
=•••••••••••••••••••••••·~ ~·•••••••••••••••••••• •••• w•••••••· ~~ ··• ••••• ~•••••• ••••• • .._.. ............................ . 
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D,iffusing molec1Jl·es biind t o -a, 
ca,rri er p rote~n. The protein, 
changes snape and takes the 
molecules tn rough the 
membrane. 

Clharnne1I proteins help the 
d iff,u sion of ions. So.me 1ion 
channe·ls have 9ates that 
open and close. 

Facilitated diffusion 
Large! water-soluble molecules such as those of glucos cannot pass directly 
through th pl1osph0Hpidl bil yer of a cell-surface membrane. They need. 
to be taken across by carrier proteins in the membrane. These carrier 
protein s have a binding site on th eir surface, which has a specific shape . 
. A glucose carrier, for example, has a bindin g site into which only glucose 
molecules will fit. In addition , different sons of cells have different carrier 
p rotein s. This explains why a particular cell wiU take up som e substances 
but not others. 

d'iff using 
molecules-- • 

gate dosed, 
ions ca·n not 
pass through, _ _,... 

ion ·channel~11-+ 
protein 

0 

• carrier protein mol ecuJe 
outside ce II 

• inside ce ll 

__ gates open. ions pass through. 

0 

0 
o o 

0 

ceil 1-s u rf ace 
membrane 

ce 1:1-su rf.a.ce 
membrane 

Figure 3J3 11n faciUtated diffusion. ca rrier proteins ,in the cell membrane assist in the transport of substance·s 
into the ceu. 

Look at Figure 3 .13. You can see that car1ier proteins cha11ge shape 
v.rhen they bind to diffu sin g molecules, such as glucose molecules . 
\\Then t his }u1ppens; the carrier proteins carry the mole1cules lhrough 
th e n1.embrane and into the cell. This process) in wl1icl1 a p rotein 
carrier t ran sfers a m olecule that ,vould not othervvise p ass th rough the 
mernb1,ane, is called facilita ted d iffus ion. Another kind of facilitated 
diffusion uses cltannel proteins. These are proleins th at have a ,vater­
filled cen tre v~rhich 1.vater-soluble tnolecule.s an d ion s can diffu se 
rhrough. As ,vith simple diffusion~ facilitated diffusion relies on the 
kinetic energy of the rnolecules . Jt is also described as a passive process 
because itt does not require hydrolysis of ATP from respiration. 
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EDP ACTICA 
Investigation into the effect of ,a 
named-variable, on the permeability 
of cell-surface· me,mbranes 
Note: This i.s just on,e example of how you 
might tackle this requ1ired practical .. 

Beetroot cells conta ,in p1g·ments called bata'La,ins 
that give the tissue its dark pu'rple-red co lour. The 
pigment rs contained in th e ·ce ll va,cuole. 

~ A student decided to 1invest~gate th e permeabiUty of­
beetroot mem,bra nes. She used a cor'k borer to cut 
severa l ·cores· of beetroot ti ssue. She cut these cores 
into slices 2 mm thick and ,pla,ced them in a beaker of 
co ld water for 2 hours . 

The stU'dent then took 21 test tu bes. She used a 
graduated pf pette to pta ce exactly 5 c m3 of distJHed water 
1n each tube. She labelled the tubes with the temperature 
of the wate'r bath she was goirng, to p~ace them in. She pot 

. three tubes ~n each water bath. The temperatures of tne 
~ water baths were 0, 25 1 40~ 50. 65J .85 and 95°C. S he left 
~ the tubes in the water baths for 5 m ·inutes. 
r . . . . 

Ta,ke ca re when using hot water- a wsber t·empera.ture 
greater tha ,n 50°C ca,n, ca use sea ld:ing damage to 
the skin. 

After th,is. she re moved flve beetroot discs f roim the 
beaker. She handled the1m carefutly usi,ng forceps and 
ge ntly blotted th em dry us[ng fHter paper. Then she 
put the discs in the f ir st t,ube and ,made a note of the 
·tim e. She repeated thi s for each tube. 

After exactly 45 m inutes, the student shook each tube 
ca.refully and gently removed the beetroot drscs. She 
placed a whHe tile beh ind each tube and made a note 
of its colour. 

Next, the s'tudent set the cotoirimeter to a blue-green 
fiHer [530 nm] and inserted a cuveHe containing 
dist~Hedi water. She set the absorbance to 100% . 

Then she i,nserted a sample of.the solution from each tube 
in turn into the cotorim,eter and measured the percentage 
absorbance. She obtaf ned the follow ing resu'Lts. 

: =~~~~====~========~~~~Ni~Hi~~~~ 
O Ctea,r and cotou rte ss 0.0 

25 Very pa,Le pink 3.9 
19.3 

50 46.2 

76.4 

99.6 

95 Red lOD.O 

1 Why were the beetroot discs placed ,f n a beaker of cold 
distiilled water for 2 hours before the rnvestrgatiorn? 

2 Why d'id the student ha 1ndle the d1scs carefully 
using forceps, and why were they carefully blotted 
dry before being, a1dded to th e tub es of water? 

3 Why were the tu bes of water left in the wate r bath 
for 5 m'inutes before the d,iscs were added? 

4 Why did the s tudent use a red-green filter Tri the 
cohlrtm ete r? 

5 Why djd the s tudent put a cuvette contajning 
djstiHed water into the cotodmeter before putting 
the test solut~on s in? 

0.1 0.0 0.0 
4. 1 4.3 4.1 

20.4 t 9.9 19.9 

44.3 43.5 44.7 

78.3 75.3 76.7 

98.8 98.2 98.9 

100.0 11 00 .0 100.0 

'Pilot a graph of these resu lts. Use th1s graph to 
describe the effect of temperaitu re o,n the amount 
of pig1m,ent released from b·eetroot tiissue. 

7 Use your kn,owledge of th e structure of ce ll 
membranes to exp lain thi s effect. 
Suggest at least two li mrtations of the student's 
m,ethod. Exptai·n how th ese m i1g,ht cau se smal l 
inaccurac tes in th·e res uUs ob ta ined, and s ugg es t 
how the-effects of these Umita,ti ons coutd be 
reduced. 

: • .............................................................................................. ., ........... 11•• ........ 11111• ........ ., ............ 11•• ... 1a ................... ,. ........................................ 11•• ................. . .. ••1111 ................ ...................... 1a ............ . 

Water potentia l and 1osmosis 
Look at Figure 3.14 overleaf. It shows water molecul s su1Tounded by a 
membrane. These water 1nolecules are i11 constant motion . As th y m ove 
around randomly; some of chem wiU hit the 1nemJbrane. The collision of 
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ramdomly 
moving water 
rn 0 1lec1:.il es membra ne 

s molecules of 
water move at 
random, so me 
hit the rn·embra,n~. 

Figure 3.14 Water ,molecutes move at 
random. Some w iLL hit the surroundi1n9i 
membra ne and. create a pressure on H. 
Th ts pressure Ls t he water pate ntr.a L 

" •• ,. ,. . ....... ... ~,. ... .. ·"' ""'"" • ••• ~ ,. ........ . .... ... .. , t•<i • • •"'! ""' .. """ --~~ .. ,.. ....... ,., •• , ..... •"I ........ . 

m i rhe net mov,ement of water 
mollecules from a solution with a higher 
wat9r potential to a solution w~th .a1 ~ower 
water po,tential through a selective~ 
permeable membrane. 

the molecules with the n1embrane cr,e~ues a pressure on it. This pressure is 
h-nown as th wat . r p t . ntial and is measured in units of pressure, usually 
kilopascals (kPa) . 

10bviously, the more ,v.ater molecules that are present and able to move about 
freely) the greater the ,vater potential. The greatest number of vtater molecules 
that it is possible to have in a given volume is in pure Vv11ter, because nothing 
else is present. Pure water therefore has the l1ighest ,vater potential. It is given 

a value of zero . . All other solutions will have a value less than this. They "rill 
have a negative water potential 

Now look at Figure 3 .15. This sl1o'WS a cell surrounded by distilled ,vate.r. 
The cell-surface menllbra.ne S·eparates the cytoplasm of the ceU from the 
surrounding """ater. It is se lectively p e rm abl . This n1e.ans that tt allows 
smaU inolecules such as water to pass thr,ough but not larg r n1olecu]es. 
The cytoplasm ,o,f the cell contains many soluble mo]e,cu]es and ions. Th y 
attract water molecu]es, which form a 1shelt round them. These water 
molecules can no longer move around fre.ely in the cytoplasm. Therefore ) 
iherc is a much higher concentration of free water molecules in the water 
surrounding the cell th an there is in the cells cytoplasm. 

Water surrounding Cytoplasm 
cell 

0 0 0 ~ 0 
0 0 00 ~ . 

~ g ~o~~ 
0

o ~ a 
0-. 0 0 - I I 

~ 
O ~ - - solutemo·ec,u,e 

0 00. 0- ddb SrUHOUn e . . y 
O O a O O ishell1 of water 

Q O ~ 0 . . 0 O mol.ecuiles 

\\FstE?r O Q O O . . 0 

o O 00 n O O · 
O O LJ 

sel e ctivety 
:permeabl~ 
membrane 

Figure 3.15 In thi s diagram. the concentration of water molecuiles 
that are abte to move free ly is higher outside the cell tha n inside the 
ceU. As a resu lt. waterw,iU 1m,ove into the ce ll 'by osmosiis. 

The ~tati r potential is higher outside ithe cell than inside it, and therefore there 
is net movement ,of "rater lnolecules from the distilled v,later into the cell. Water 
molecules '\ViU also show net diffusion across a membrane from .any solution 
v,,rith a higher water potenti..~ 10 a solution \Vith. a lo\\~,er water potential. This is 
osJnosis . We can, therefore define ostnosis in tenns of water potential. 

If you put an animal cell into a solution with d1e same ,vat:er potential as the 
cell, there will be no net movement of water by osn1osis into or out of die 
cell so it wiU stay the san1e. 

If you put an animal oell int:o a solution v.-1.th a lo,v,er v.,rater potential than the 
celL there 'Will be net movement of water out of the ceU and it w;U shrink in 
size. The same thing ;,vill happen to a plant cell, ·except that the cell memb1-ane 
and its contents 'Will shrink away from th c ll "raU. The gap b tv.,.een th cell 
membrane. and the cell ,vall -will be filled with external solution. 

If .an animal ceU is p]aced in a solution '\o'\rith a higher water potential 'than the. cell, 
il "rill take in "'rater by osmosis and sv,lell up. Eventually it "Will burst. A plant cell 



REQUIRED PRACTICAL 3 

placed in such a solution will also take in v:ater by osrrtosis, and \\1ill swell up to 
b come fim1

1 
but it "Will not burst becaus th cell wall .acts as a pi;otective ~cag · j 

around it , stopping it increasing in volume excessively. 

Production of a dilution se1ries of a solute to produce a 
calibration curve with which to identify the,water potential 
of plant tissue 
Note: This is just one example of how you might ta,ckle this req1ujred 

= pracUcat 

See Fig u re T .1 9 [ n C ha pt er 1 , 
page 15. for how to maike up a 
dilution se des. 

! A student was 9iven ar 1.0mol dm-3 so lution of sodi,um chtoride arid a beaker of 
i distiilled water. He u,sed this to pu,t 20 cm3 of five di~fferent sodiu,m chloriide sotu,tions 
! into five Petri' dishes as foltows·~ 1' .D~ 0.75, 0.51 0.2 5 and 0. 0 mol d1m1-3 sodium eh lo ride. 

: • . . . . 
r 

1 Copy and compl ete the table below to show how the student made up these 
s olutions. ca lled a dilution series. 

Volume of 1.0 mol dm-J sodium 
Dish eh Lor i de solution/ cm3 Volume of dfstilled water/c m3 

1 LO mot dm-3· sodium chlorf de 

2 0.75 mol dm-3 sodi:um, chloride 

3 0.50 m ol dim-3 sodium eh Lo ride, 

4 0.25 mol dm-1 sodium chloride 

5 0.0 mol dm,-3 so di1um chloride 

Next. the student used a cork borer to cut sever at · cores· of potato. He then 
cut the cores into discs, w:ith eac h disc about 2 mm thick. He weighed the 
discs in, batches of five~ made a, note of the mass, and then ptaced th e 
discs into one of the dishes. Th is w.as repeated for the other four dishes. 
He left the discs in the di.s hes for 2 hours. 

After this Hme, the student carefuUy removed the discs from each drsh 
using1 forceps. He carefully :blotted thern dry using f.1lter pa~er, and 
re-we.ighed ·th em in the sam e batches of flve. He recorded the res ults 

Take care when using kn~ves and 
co rk borers. Your teacherwHl 
demo,n st rate to you the correct, 
safe techn ique when cuttrrig 
cores and d~scs of pota to. 

f on a table. He ca~culated the percentage change in mass of the discs . . 
~ Copy and com1plete this table to process the data appropriately. 

' . . 
: • 
' . • ' . 
~ 
t 
L . 
E . . 

.. 

. 

·Dish , ln 1tiat mas~/9 :.Final .mass/ g 
' ' .. 

1 1.0mol d,m-3 sod ium ch loride 3.83 2.87 

2 0.75 mol dm-3 sodlium chloride 4.07 3.62 

3 0.50 mot dm-3 sodium chlori·de 4.02 2.85 
4 0.2'5 mol dm·3 sod ium chloride 3.99 3.84 

5 0.0 mol d,m-3 sodi.u:m chlorid e 3.96 4.73 

3 H was importa:nt that the student handled th e discs cairef,u lly when removing 
them fr o·m the drsh and blotting them dry with fllter paper. Exptatn w hy . 

4 The 1mass o f potato discs placed in each dish was not exactly t he same. 
Does this affect the va lidity of the s tudent's results? Expl.ain your answer. 
Plot a sui table gra ph of the proce5sed data to find the concentratlon of 
sodium ch'loride so lution that has the same water potent1iat aS the pohHo 
ce lls . 

6 Expla in the changes in mass of the potato tissu e. Use the terms ·os,mos~s· 
and ·wa,ter potential ' in your answer. 

7 ~dentify a,t lea st two limitations of thi's invest:igatjoin~ and suggest how they 
coutd be overco:me . 

•• •• ••• •• .... ••• •• ••• •• ••• •• ••• .... •• ••• •• ••• •• ••• • , ••••• • •••••••••••••••••••••••••••••••••••••••••••••••••••• , •••••••••• ~ -· ••••••••••••••••••••• IJ ••••••••••••••••••••••• , ••••••••••••••••••••••••••••••••••••••• , ..................... .......................... . 



Active transport 
Most cells are able to take up substances that are present in lo,"·er 
concentrations outside the cells Lhan inside. Plant cells, for example, 
contain 1nineral ions d1at are present in very small concentrations in the 
surrounding soil Act ive t ransport is a process by which a cell takes up 
a substance against a concentration gradient. 

As -with facil.itated diffusion) protein carrier rnolecules are involved, andl they 
transpon the substance across the membrane. The diffe1ence is, ho,vever, that 
active transport requi:r,es external energy. This energy comes [ron1 tnolecules 
of the substance ATP produced during respiration. Cells in ,vhich a lot of active 
transport takes place! such as the epithelial cells lining the small intestine, 
have large numbeIS of mitochondtia, \vhich pra.duce the necessary ATP. 

. ······•••••tttit+••••••t•••··············································· ·················· r T'EST YOURSELF 
'!! 
!! 
II 
II • • • : 11 Give one d~'fference between s1imple dif fusion andl facHf tated d,iffusion. : 

: : 
: 12 Give one si mHar ity a.rid two drfferen ces between faci,Utated diffusion : 
• • 
: a n d a c tive transport. : 
• • : 13 Suggest how channel proteins a re sped f1c for certain molecu tes o r ions. : 
~ . 
~ 14 List the srm1ilarities and differences betw e e n si m ple diffu s io n and ~ 
~ , . 
: osm os11s. : • • i 15 Som eti,mes. in a hospita t_ a patier1t who has lost a lot of blood is given i 
i s aL1n e (s te rile s olu tion of sodium chlor;ide] to compensate for th e loss i 
i of blood . Why ~s it i1mportant that the salrne solutron have the sa1m1e i 
! water pote nba:l a,s the blood ce lts? i 
i 1 & In cell fractionation J why j,5 the bu ffer used [a] of the sa m1e water i 
i potentia l as the cell and lb] ice-cotld? ! 
• • 
=·········-~·····~-···· ········································~···~······~·~···~··••41111 ........................... . 

o~~~~~~~-
P r aka r yo t e sand their structure 

Figure 3.16 (a] This ph1)to,gra·p'h (a) 
.shows the ma in features of a chote ra 
b~ cteri um. (b) The drawing- has been 
made from t he photograph to enable 
you t o identiify the vario us feat ures . 

Bacte1ia a1'e very smaU 1.nuch s rnaller than the hunian ceHs that some of them 
infect. Small size is a feature of the cells of all bacte:ria1 and although n1ost 

featu1-e.s of eukatJ-otic cells also apply to prokaryotic cells\ they do differ £ron1 
eukaryotic cells in a number of other ways. One is that a bacterial cell does 
11ot have a nucleus. It does contain DNA1 but this DNA is only present as a 
circular molecule in the cytoplasn1 of the cell and not in a nucleus. h is not 
associated v.,·ith proteins to form ,chromosomes. 

(b) 
capsule 

g.eneti c m ater,ia I 

flagel:lum 

I 



flagellum for locomotion ___ _, 

sHmy ea ps u le - stores wast~. 
protects against dryfng1 out 

cytop'las mw 

' 
• 

We describe bacterial cells as prokaryotes and bacteria. as prokaryotic 
r. anisms. The word prokaryote 1neans <before the nucleus). Another 

feature of bacteria is that some of the DNA they contain, th genetic 
material, is found_ in tiny loops called plasmids. 

A bacterium is surrounded by a cell-surface membrane. (This membrane 
is also caUed the plasrn.a me1nbrane.) Outside this membrane is a cell 
wall~ but , unHke plant cell walls~ it is not made fro1n cellulose. lt contains 
a type of glycoprotein called murein. Outside the c,ell wall ther,e 1nay be 
anod1er layer. This is d1e protective capsule. This is only present in some 
b,acteria. It helps to stop the bacte1-ium drying out, or frotn being attacked 
by wh~t,e blood cells . It can also store toxins produced by the b acterium. 
Some bacteria have at least one long "'rhip-Hke flagellum , which helps the 
cell to move. Flagella are found only in some species of bacteria. Bacteria do 
nol have any membrane-bound organelles, such as end,oplasmic reticulum 
or mhochondria. Ho"Y'rever, they do have ribosomes that carry out pr,ote.in 
syn:thesis. These ribosomes are smaller than ribosomes in eukaryotes. 

Look now at Figure 3.17 . This shows a diagram of a bacterium with irs 
main features . 

----- cell~s,urface membrane* - contrdls entry and exrt of 
substances into and out of ceH 

- -..---- Circul'ar DNA"' - t his carries genes forthe proteins ·the ce.111 
needs. The DNA is not co,mpl'exed with protein 

..... 
I .. 

I .. 
• : ----1t,i,ii,ij--,----- ribosornes* for protein syntnesis (tnese are sma,ll'err t han 

• ' 
e u ka ryotic ri bosomes) 

• 

--.-...--- p:lasrn.ids - t his is a smaH drcu:lar piece of 'DNA which carri'-es 
genes additi,onal to those in t he main genetic materiat, 
e.g. antibiotic ·resistance 

*found in all bacterial ce 1lls 

Figure 3.17 The ·main. features of a baicte r i'U m. 8acte ria are tiny, generally ra ngiing in s:ize from 0.1 to 5 µ m in length. 

Figure 3~ 18 Th is photograph shows a 
cholera ba,cter1i um [x 10 OOO]. 

How to caLculate size from an image 
l.ook at Figure 3.18. It shows a single cholera b acterium magnified 
10000 times. We will use this infonnation to work out its actual size. 

The magnification of an object in a pl1otograph is its length in th e pl1.otogiaph 
divided by its real l,ength. We can ,vrite this as a snnplc fom1ula: 

M 
.fi . siz.e of in1age 

agn1 1 cation = -----:..--
size of real object 

l f v.i·e rearrange this formula, we can calculate the real length of tile cholera 
bacterium in the photograph: 

size of image 
Size of r,eal object = · 

magnification 



See Chapter 14 to find. out how to 
caLcutate magnification. 

See Chapter 15 to find out how to 
·use mea.sudng: instrument5 such 
as a1 gra ti cule and a micrometer. 

We h av,e been given the n1agnificalion, but ~re need to know the length of 
the bacterium in the photograph. That is straightfor\vard. AU ,ve have to do 
is use a ruler to measur.e the length of the bacterium in the photograph. We 
won't include the flageUum. We will just measure the cell betw,een points X 
and Y iln 'the photograph. 

It is 30mm in length) so we substitute these figu1·es in the rean--a.11.ged 
formula : 

30 
Real length~ lOOOO ::: 0 .003mm 

The calculation is -r,eaUy ·very simple, but the unit s we have us.ed are not 
very practicable. It is like n-i,easu1ing the cost of a postage stamp in pounds 
rather than pence. It would be better in this case to, give tl1e ansvter in 
micrometres (µm). There are a thousand 1n.icron1etres in a miHimetre, so the 
length of the bacterium is 0.003 x 1000, or 3µm. 

~ ................................. .......................................................... . 
: TEST YOURSELF .. i 
• • i 17 Lis t the si m, i Lad t f es and diif fe re nces between a proka ryot:i c c eH and a f 
: e u ka ryotrc cell. : • • ! 18 A bacterial ce ll f s 2 µm Long. Its Length ~n a dia gram 1s 40 mm. Wha t i 
~ . 
: is the ma9ni f ication of the diagr am? : 
• • 
: .............................. ............................................................................... llllllli 



Practic qu stions 
I The figure shows a bacte.rtal cell . 

• .. • - -- • • ... • B ,. • -.. • • • -- -• ,.. - ... - - .. -
• • • • • - -· 

A C 

a) Name stn\ctures A~ Band C. 

b) The foHowin.g descriptions apply to stntctures found in a 
human cell. 1Give the name of e-.ach structure. 

Name of structure Description 

(3) 

(3) 

Synthes~se,s proteins and transpor ts the,m, aro,un d the ceU. 

Contalns enzymes that digest substances. such as 
worn-out organelles or ing:ested bacterial cells. 
Increa ses the surfa,ce area of the cell. 

l a) ,C,opy and com pl te th tab 1 e with a tick if the sta.temen't 
applies ,or a cross if the state1nent d-oes not apply. (2) 

Uses membrane proteins Requi·res energy from ATP 

Act1ive transport 

Fa ci Utated d.iffus,io n 

A student ct1t a potato tuber in half. She placed th e cut part of the potato 
do"Witwards in a beaker of distilled ,va.ter. She then scooped out a hoUo"v in 
the top of the potato and placed 10% sucrose solution into this hollo\\?: She 
left the potato for 3 hours. The figure shows the results of h er investigation. 

- ----1 Oo/o sucrose solution 

---disti:Ued water ---

----beaker----

- --+---- potato------
----------- -----------

at start after 3 hours 

b) The level of the so1ution in the hollow at d1e top of the p otato 
1·ose. Use your knowledge of "rater pot-entiaJ to ex.plain why. (3) 
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II A s'tudent cut 30 discs of potato tissue. Each disc ,vas identical in size 
and shape. She weighed group·s o,f five discs, then put the discs into a 
dish ,containing distilled w.ater. This was repe-ated five mor,e times, wi'th 
each group of discs being placed in a different conc.entra.tion of soditun 
chloride. solution. All the dishes were left in a refrigerator for 24 hours. 
After this, the student carefully dried the potato discs and re-v;,reighed 
thein. She calcuhned the ratio of the starting n1ass : final tnass for eacl1 
group of discs. For ease of plotting> a ratio of starting mass to final mass 
of 0.95 : 1 is plotted as 0.95. The results are sho,vn on the graph. 
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Concenitration of N!aCVmol dm-3 

a) Explain the results ,obtained with a 0. 75mol dm-3 sodium 
ch]oride solution. 

b) TI1e student calculated the ratio of the start mass: finc,1l mass for 
,each group of discs, rather than th-e change in mass. Explain why. 

c) Use the graph to suggest the concentration o f sodium chloride 

(3) 

(2) 

that has the same water potential as the potato cells. (1) 

d) Explain. why: 

i) the discs were used in groups of five (2) 

ii) It was important that the potato d.iscs were identical in size 
and shape. (2) 



II 4- a) The plasma membrane is described as fluid mosaic. Explain '"·by. 

The graph sho~~ the rate of diffusion of t,vo different molecules 
into, a eel l. 

b) i) Molecule A enters the cell by shnple diffusi.on, but molecule. B 
enters l he ceH by facilitated diffusion. Explain £ lie evidence 
from the graph to show that 1nolecule B enters the cell by 
facilitated ,diffusion. 

The table gives some information about molecules A and B. 

Molecule IDescri ption 

Sma Llf Li,p id-sotublQ 
Water-sol,uble ion 

ii) Identify m,olecule A andl then copy andl complete the table abo.·ve. 

(2) 

(2) 

(2) 

Explain your answer. (2) 

Beetroot i.s a vegetable. Its root cells contain a red pigment. ln an 
investigation, discs of tissue were cut from beetroot tissue. All dte 
discs were similar in size and shape. They were rinsed tl1oroughly; 
then each disc was p]aced separately into a test tube containing 
10cm3 of distilled water at various 1e1npe1--atures. AfteT l rninuie 
the disc v;,ras removed from the water and a coloiimeter was used to 
n1easure the percentage transmission of light through the solution. 
The lower the transn~issionl the more red pigment had leaked out 
of the beetroot disc into the vlater. The inv, stigation was repeated 
twice~ s,o, that three readings ,vere obtained for each temperature. 
The results of the investigation a.re recorded in the table. 

t 
Rates of 

transport 
into cell' 

Colour of t.u be Colorimeter reading/o/o transmission of Light 
Temperature after disc Tube 1 Tube 2 Tube 3 Mean 

/OC remove d 
0 Ctear 1'00 98 99 

22 Very pate pink 94 95 96 

42 Very pa~e prnk 80 77 79 

63 P1ink 27 29 31 

87 Dark pink 1 1 1 
93, Red 0 0 0 

c) i) Describe ·these results. (2) 

ii) Use your knov\dedge of the structure ,of cell membranes to 
exp lain these resu Its. (2) 

Stretch and challenge 
II 5 Describe the detailed structu1~ of chloroplasts and mitochondria. 

Evaluate the hypothesis that chloroplasts and mitochondria have 
developed from prokaryotic cells that vvei-e engulfed by primitive cells 
many millions of years ago. 

II Describe the structure of cells ,of the archaebacteria. C,ompare and 
c,ontrast them with the ~standard, prokaryotic cells of the eubact .1in. 

99 

95 

78 
29 

1 

0 

Concentration, 
of transported 

molecule outside ceU 



DNA and protein 
synthesis 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
~ PRf OR KNOWLEDGE 
• 

• • • • .. .. 
i Befort~ you start. make sure that you are confident in your knowtedge and 
~ 

• • • .. 
: understanding of the following points. 
• 
~ 

.. 
'I 

• • • • f • • • • • 
• Mos t hu ma,n and ani·mal cells have a nucteus, which controls the : 

ac tiviti,es of the ce ll. i : • 
! • Chromosomes are ma,de up of larg1e 1molecules of DNA (deoxyribon u,cleic i 
i acid!, which has a double heli.x struc ture, tog ether with protein. i 
• t 
: • A gene is a. smaH sec tion of DNA. : 
• • 
: • Each gene codes fo r a particular co,mbinatron of a1m1no acf ds that : . .. 
: makes a speci1fic protein . : 
• • 
: • ATP fs used by cells whenever a process requ 1res energy. ! 
• • : ........................................................................................................... ~· 

. .. 

! 1 Put the following i,n order of sizet sta rt1ng with the simaUest: gene, i 
• • i nucleus. chroimosome. i 
i 2 Sketch th e shape of a DNA molecule. i 
j 3 Mat~re human red blood cells have no nucleus. Expla:i n th e advaritage i 
: of this. z • • . .. 

: 4 Im mature red blood ceHs aire ca tted ret1cu locytes, a,nd these ceHs do : 
• • 
: have a nucleus. Explain why. : . .. • .............................................................................................................................. 

Introduction 
The t,vo men in Figure 4 . l are 
James Watson and Francis Crick. 
They worked out the structure of 
DNA (d xyrib nucl ic acid). 
The photo shows them standing 
by lhe model of D1NA that they 
produced in 1953. 

In 1952; James V-latson had 
co1.npleted his PhD in d1e USA 

and was canying out research at 

the University of Cambridge in the 
UK. Here he n1et Francis C1ick 1 

who had yet to finish the research 
for his PhD in physics and ,vas 
beconung quite bored '"·ith it. TI1e 
two men "'~ere fascinated by DNA 
and spent many hours discussing 
its possible structur~. 

Figure 4~ 1 ja mes Watson and Fra rte is Crick 
fi rst proposed the structure O·f DNA that 
you w1 ll learn about in th is chapter. Here. 
the two researchers a re pos1ing i1n front of 
the DNA model they built 1irt 1953. Crick !is 
po·1inting at the model. 



{J 

Figure 4.2 Rosalind Franklin prod,uced 
this photograph from X-rays diffracte d 
through a DNA 1mohs~cule on ta~ 
p ho tog rap hie plate~ and it toild her that 
DNA is a do u bte he Ux. Unfortunately for 
her. Watson and Crick saw her ev1dence 
and used it before sh·e djd. 

What other scientists had fo,und out 
They knew fro1n experiments performed in the previous 20 years that DNA is 
the her,editary material of organisms: a substance that carries information for 
characteristics from one generation to t'he next. They kne\v that DNA was on,e 
type of the substances found in cells called nucleic acids. They .also knew 
that it oontained che1nical groups of atoms called deoxyribose and phosphate; 
and four types of a group called organic bases. These bases are adenine. 1 

thytnine, cyi:osine and guanine. vVatson and Crick also knew Chargaffs rule: 
that the number of adenine bases in a tnolecule of DNA is al,vays the same as 
the nurnber of thyinine bases) and similarly for the pair of bases cytosine and 
guanine. Maurice Wilkins and Rosalind Franklin working at Kings CoBege in 
London hadl evi.dence that DNA ,vas a helical structure (Figure 4.2). 

What Watson and Crick did 
·u·sing solely this information; molecular models and some ve1y inspired 
guesswork, Watson and Crick came up with the structure of DNA. They 
published a 900-wo-rd repon of their proposed structure in tl1e journal Nature 
in April 1953 and \Von a Nobel Prize in Physiology or Medicine in 1962 for 
their discovery. Reflecting tl1eir reliance on the work of or.hers, their Nobel 
Prize was shared with vVilkins. U nfortu11ately; by that time) Rosalind Franklin 
had di,ed of cancer; otherwise sh.e would also hav,e sh3red the Nobel Prize. 

C)~D-N_A_s-tr_u_ct-u-re~~~~~~~~~-

.,,,, .,,. .... •'"I,~ ................... ,.1,-• -· ........ ~,. .... • .... ""'"'"~ ............ ,. ........ ,. ................... ,. ...... '"'11'"'"! ... ~ ,. 

N I r The subunits fro·m whtch DNA 
~s made. They are formed fro1m a pentose 
sugar, a phosphate group and a nitrogen 9 

contain11n,g organic base. 

pnosphaite• 
g.rnup 

nitrogen~ 
contairring 

5-car,bon sugar orgarnc 
(deoxyribose.) base 

Figure ,.3 A single DNA nucleo tide is 
ma de from a m ote.cule of a five - ea rbo n 
sugar [a pentose} called de·oxy ribose. a 
phosphate group and an organic base. 
IN ucle otides are the 1m on ome rs fro:m 
wh 1ch n ucteic acids a re maide . 

Nucleotides 
The structure of DNA and the way that it canies information is the sa1ne 
in .all organisms, which is indirect evidence for evoluti,on. Nucleic acids are 
polymers made up of repeated subunits. In this case1 the subunit is caUed a 
nuclt:otidc . Figure 4 .3 shows thestrncture of a single nucleotide from DNA. 
It has three components1 as follows. 

• First there is a pentosc (five-carbon sugar): DNA gets part o f its name 
fTom the sugar in each of its nucleotides. The sugar is called deoxyribose 
(which is the sugar ribose v,,id1 one oxygen aton1 nlissing) . 

• Second is a phosphate group . This has a negative charge, vrhic·h n1akes 
DNA a highly charged molecule. This negative charge enables us to 
separate fragtnents o·f DNA by a technique caUed electrophoresis. 

• Third is a. nitr gen ... containing or anic base. Each nucleo tide c,ontains 
1one of four bases. Two are adenine (A) and guanine (G) (bases knovrn as 
punn.es). The other two are thymine (T) and cytosine (C) (bases knov,,n 
as pyrimidines). Each base contains some nitrogen a.tom..~ in its s tructure. 

You will tearn about the techni,que of electrophoresis during your second 
year course ~see AQA A- level Biology Year 2 Studenfs Book] . 

Polynucle 1otide strands 
Figu1-e 4·.4 sho,vs how two nucleotides join togeth r by a condensation 
reaction (see Chapter 1 page 2). You can see that two, deo,xyribose groups 
(also called residues) beco,me linked together through one of the phosphate 
gFuups. This is called a phosphodicste.r bond. The carbon atoms in a 
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pentose are nu1nbered in a clock"'rise direction fro1n the one that cani,es the 
base. \Vhen many nucleotides be.corn, linked t,og th r like this, th y fotm a 
polynucleotide. You can see the diagram of .a single p lynucl tid strand in 
Figure 4 . .5a. Nodc.e how the pentoses and phosphates form a suga.r~phosphate 
backbone. As w,e will be more interested in the organic bases, we can simplify 
the polyn:u.cleotide strand to the stntcture shov.rn in Figure 4 .5.b. 

(a} (b) 

sug,ar­
phosphate 
backbone 

Figure 4~4 TW·O nucleotides rea.ct to form a di nucleotide. Numbers 
show the posrtion s of the ca rbon atoms in the pentoses. 

Figure 4~5 [al Pa rt of a s~ng,le 
poilyn1ucle oti1de strand. ~ bi A 
simpler way to repre sent the same 
polyn1ucleotide strand. 

.......... .-.............. ., .................... ......... ......... .. ., ................................................ ................ .. 
H 1 r n A chemdcal bond important 
in ~he three ..,dime nsi.ona I structure of 
b11ologica& molecules. Hydrogen bonds 
require relatively Utde eneirgy to break. 

co mpl ementa,ry 
base pair 

Figure 4.6 Hydrogen bonds form 
between the complgmentary bases 
of two nucleotiid es, prod'uci n.g a 
complementary base pair. 

If you are asked to dra\A/ a box around the phos phodieste r bor,d in a d~ag,ra,m . 

rnctude the phosphate atom and atl four oxyg:en atoms of the phosphate group. 

Base pairing 
We sa\\r in Figure 4. 4 how tv.ro nucleotides condense to fonn a dinucleotide 
joined by a pl1osphodiester bond. Figure 4.6 sho\VS a different VY"'ay that tv.ro 
nucleotides can join together. The t\vo nucleotides "rith complen1enta1y 
bas-es (see Table 4. l) are joined by different chemical bonds called Ji • I ro , _· 11 

bond~ between the bases. In this way the bases become a complementary 
base pair. Individually; hydrogen b,onds are weaker than the ph osphodiester 
bonds holding the sugar- phosphate backbone togelher, but collectively they 
are very strong, which gives siability. 

Base pairing occurs only between complen1.entary bases. In DNA, adenine 
al\vays pairs ,vith thymine, and cytosine always p airs ,vi.th guanine. 

Yo,u n,e·ed to remember th at A pa irs w ith Tj and C pai,rs with G. A good way 
to remember thi s 1is to think of initials of people you know, oir celebrtties 
you admiire, such as footba llers. Think of people wh ose in itials are AT or 
TA~ and CG or GC. 



Table 4.1 Com1plementary base pairs. 
A and Tare co m,plem,entary bases lA= T 
pair); C and G are complem,entary bases 
[C- G pak]. 

Base pa.irs 

su~air 
molecu,le 
phosphate 
group 

Figure 4.7 Part of a m.olecule of DNA 
showingi that it has two a nti-paraLLet 
strands. 

DNA has two pollynucleotide strands 
Sotne types of nucleic acid molecule ar,e made of a single polynucleotide 
strand 1 like the one shown in Figure 4. 5. DNA is not single-stranded; it is 
made from two polynucleotide strands . The two strands are held together by 
hydrogen bonds bet,veen the complementflf)' base pairs sho\vn in Table 4 .1. 

Purine base Pyrimidi ne base 

Adenine [A] pa,irs wlth ... Thymine !T] 

Guanine [G] pairs with ... Cytosrne i[C]1 

look at Figure 4 .7, which sho,vs patt of a n1olecule of DNA. You should be 
able to identify individual nucleotides, the phosphodiester ·bonds holding 
together the nucleotides in one polynucleotide strand and hydrogen 
bonds between complementary base pairs that a.re holding together the 
t,vo polynucleotide strands. look closely at the base sequence of each 
polynucleotide strand. Notice that ,o,ne strand has a b,ase. sequeuce that 
is complementary to the: base sequence on the other strand , and that the 
two strands run in opposite directions. For this reason) we ca.H tl1.em 
anti-parallel strands. 

Figure 4 .8a sho,vs a sitnpler ve1'Sion of part of a DNA molecule. Here) the 
sugar-phosphate backbones are shown as single lines. Figure 4.8b shows the 
final coni.plication of a DNA tnolecule. TI1e t\vo polynucleotide strands are 
twisted into a coil called a helix. This diagram shows why a DNA m ole,cule is 
often referred to as a doubl helix. 

(a) T 

T 

suga,r­
phosphate 
backbone 

(b) 

Figure 4.8 iai A si,mpler verston of F igure 4.7. {bl A molecu lQ of DNA, showjn.g 
the double heli:x of polynu cleot,ide s trands . 

D1 NA is a stable molecule 
Since DNA carries ll1e genetic information that cells use to p roduce their 
polypeptides, it is important that a D'NA molecule does not change. Two 
types of chemical bond hold DNA n1olecule.s together. The first is 'the 
phosphodieste.r bond that joins the pl1osphate group of one nucleotide to 
the sugar ,of the next. Look again at Figure 4.+ to see this. This is a fairly 
strong (covalent) bond and is not easily brok n . The second is the hydrog n 
bond between bases in a base pair, as sho,wn in Figure 4.8a. Although 
hydrogen bonds are relatively ,,;,reak1 a single molecule of DNA ·might be 
several thousand nucleotides long. Thousands of hydrogen bonds ,ensure 
that the t\vo polynucleoti.de strand.5 are held firmly together. 
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~ ···························································································= : TEST YOURSELF i 
• • ! 1 How many nu c leot~des a re shown i1n Fi·g u re 4. 7? i 
I ~ 

: 2 What ma,kes one DiNA riucteotide different from another? : . ; 

~ 3 A hydroge n bond is a re la ti·vety weak bond. Ex pla in w hy the hydrogen ~ 
• t 

: bonds in DNA hold the two st ra nds t ogethe r r elativety strongty. : 
• • 
: I+ What 1s a conde ns ation rea ction a nd w ha t type of condensation bond : 
• • 
: is form ed betwee n nucleoti·des? : • • • • 
: 5 Because DNA for ms a heli x shape. thi s means the 1mo tecu le is co iled : 
• • 
~ Ujp . Ex plai·n the advantage of this. ~ 
. 6 . : · In part of a DNA molec ule. 28o/o of th e bases were cytosine. What were : 
• • : th e percentages of th e other bases? : 
• • . ...... ............ .. ....................................................................................... 

Scientists were not ·easily convinc,ed that DNA carries the genetic code. It 
might be a surp1ise to, hear that, for the first half of the twentieth c.entury; most 
scientists believed that proteins earned the genetic infonnation. They thought 
lhe components of DNA seemed much too simple> as they involved only four 
bases! In the box below you can see sonie e..xperiments that changed their 1ninds . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
• : Extension : • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

• • • • • • • • • 
• • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

Experiments showing that DNA is the genetic material 
ln the first e>...l)erim,ent, a bacterium caUed 5 trep tococcus 
pn,eumoniae was used. lt causes pneumonia in humans 
and other mammals. The bacte1ium is rod-shaped and 
has two strains. On agar plates, colonies of the S strain 
bacte1.i.a] cells produce an outer polysaccharide coat and 
appear smooth. Coloni,~ of the mutant R strain bacterial 
cells lack the polysaccharide coat and appear rough . 

A tean1 of scientists injected mice ,vith different 
combinations of these t\vo strains of the b.acteriutn. 

I ive ceUs of Si st ra in l,ive ce lls of R strain 

mouse c:ontram pneumonia, mouse rem al n s healthy 

Figure '+.9 shows that mice died from pneumonia 
when injected with cells of the S strain. 

Heat-killed S strain on its o""'n did not cause mice to 
die 1 yet mixed with R stL-ain it did. The first team of 
scientists concluded that the genetic information of 
the heat-kiHed S strain was able to get into the live 
cells of the R strain and transfonn then1 into 5-type 
cells. They did not know the chemical nature of this 
tr-ansfonning agent. 

heat-kil:led cell's of S strain 

nno use rema ins healthy 

nea1QkUled cells of S strain 
and 1ive cells of R strain 

mouse c:ontra.cts pn:euimon1ia 

colonies ·of S strain isolated co loni.es of R strain 1isol1ated n,o colonies isolated from colonies of R strain and S stra 1in 
from ·tissue of dea.d mouse fro rn tissue of he ailt~y mouse tissue of hea t~hy mouse from tiss,u e of dead mouse 

Figure&. 9 The effect of in,je-cting mFce with different combinations of th-e S strain and R straun of Streptococcus pneu.moniae . 



• : Some time late.r, another team of scientists set up an 
: ~"'Perim nt to try 'to find the nature of the 
: transforming agent . They treated heat-killed samples 
: of the S strain of 5. pn eumoniae \\Tith different 
: .enzyn-1.es. Each enzyme. broke dow7t specific 
• • ino lecu les within the bacteria. The scientists then 
• • mixed each of the extracts from these S strain cells • 
: ,vith a different culture of the R strain, and looked 
: at the type of colony that grew on an agar plate. 
: Tahle 4 .2 shows their Tesults. 
• 
• Table .4.2 Th@ effect of incubation. with different enzy m·es • • on, the a'bi,Li ty of the S stra:iin of S. pn eumoniae to tra nsf,orm • • the R stra in. 
• • • • • • • • • • • • • • • • • • • • • 

1 Protease Smooth 

2 Ri t::wnuc lease Sm ooth 

3 Deoxyri bo nuclease Rough 

This research team suspected that three types of 
: molecule found in cells might be the transforming 
• • agent: DNA RNA or protein. Table 4.2 shmvs tl-iat 
• : only hydrolysis of the DNA in the S str-ain extract 
: prevented the R strain being smooth so only DN'A 
: could pass on the information needed for the R strain 
: to produce a polysaccharide coat. 
• 
: Most scientists reniained unconvinced, and these results 
• ,vere largely ignored for man.y years. The resul.ts \Vere • • • • • • • • • • • • • • 

criticised for several reasons. These included: 

• son1e contaminating protein could have been left 
in the p1~otease prepa1-ation 

• DNA might be only pa.rt of a pathway that proteins 
used for ti-ansfo,nnation. 

: It took a Nobel Priz.e-winning e};..i,ertment to 
: convince scientists around the wor]d thal DNA 
• : did carry the genetic co,de. This e.xperimen.t used 
: a bacteriophage. This is a virus that ilnfects and 
: kills bacteria. The virus was the T2 bacteriophage. 
: This bacteriophage infects E_scherichia coli, a 
: bacteriurn ihat commonly gro\vs in the. gut 
• • of humans. Figure 4 .10 shows a single T2 
• • bacteriopl1age .. Notice its siinple structure: it has 
• : an outer ptotein capsule surrounding a molecule 

} 

head 
(p,rotein 
capsule 
co nta·i n i i:,g, 
DNA) 

ta:il 
(protein 
only) 

Figure , .. 10 T2 bacteriophages are 
viruses thia,t infect the bacteri,um 
Escllerichia cou . 

The proteins contain sulfur but DNA does not. DNA 
contains phosphorus) but proteins do not. Each of these 
elements has a radioactiv,e isotope, 32P and 3'5. The team 

of scientists grew so1ne T2 bacteriophage in the presence 
of 32P, \vhich labels their D1NA) and some in. the 
presence of 35 S, whid1. labels their proteins. After infecting 
a culture of E. coli Vlith these labelled bacteriophages ) 
the team put samples of the cuLture in a blender. This 
ren1oved the bacteriophages from the surface of the 
bacteria. They then looked to see ,.vhere the radioactive 
elements ,vere found Figure 4 .11 sl10,vs their results. 

l\1ost of the protein was found outside the infected 
cells and most of the DNA was inside, so it was the 
DNA that \\ras being used by the infected bacteria to 
build new bacteriophages. The team. we.nt on to show 
that new bacteriophages released by bursting E.coli 
cells were labelled only ,virh J 2P. This finally convinced 
scientists that DNA did carry the genetic code . 

1'00 

80 

Percentag:e 60 
o.f total 

40 

20 

extra ce,11 u lar 3 2 P 

: of D1NA. When a T2 bacteriophage infects an E. coli 0-+-----.---- - ---------. 
: bacteriun1, it multiplies to produce large nun1bers O 1 2 3 4 5 6 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • .. 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • : of bacteriophages that burst the bacterial ceU and Ruinni,ng time in bl'ender/min • 

: are released. Figure 4.11 The Locati·on of radioa ctiv~ty after rem,oving the : 
• T2 bacteriopha,ge from the surface of infected £ coU ceHs. • • • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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0--------DNA. chroma omes and genes 

Figure 1..12 An electron micrograph of 
a chromosome. If you took closely. you 
can see some bJts of the polynucleotide 
strand that is hg htly coi,led in the 
chromoso me. 

1••r,,.,. ...... ,,.,,.,., ... , ,., ... ,.,.,,.~, I'll"-""'"'~'' "'"'"~!'11 • .,.~,._.,., .... ~ ... ,po,,o''""•'""'''l'" .. l""'""•!f'•,. 

A base s,equence o·f DNA that 
co des for th,e amino ac,d sequence ,o,f· a 
po~pept~de or a functional RNA 1mo,fecule. 

c h romoso rr, e 

__ ....,.l!od of 
different 
gem-es 

Figure 4.13 A chromosome contains 
many genes. Each ,gene occurs on one 
chromosome only and occupies a fi xed 
posi t ion ea Hed its locus. 

The DNA in prokaryotic ceUs is different fro·m the D'N A in eukaryoitic 
ceUs (see Chapter 3, pag 50). Prokaryotes contain a single~ circular 
DNA molecule.. In addition, the.y usually contain. one or 1nore 
much smaller circular DNA molecules caUed plasmids (see Chapter 3, 
page 51). 

1n contrast~ a single eukaryotic cell al~1ays has niany; different molecules 
of DNA. In eukaryotic cells each DNA molecule is linear and v,rrapped 
around proteins called ltlstoncs > and £onus a rod-like structure (with t,vo 
ends) called a chromosotne. Figur,e 4.12 sho\.vs a chron1oson1e from a 
eukarryotic cell. 1n it, the DNA he Hx is tightly coiled so that the chron1osome 
looks much thicker than a D1NA molecule. Look closely at Figure 4.12 . Can. 
you see som·e of the polynucleotidle strands \vithin the thick chromosome? 

Each chro,mosome canie:s the genetic info,nnation for a large number of 
polypeptides, as we.11 as the information for building ihe functional RNA 
molecules needed for protein synthesis (see page 64). The base sequence of 
DNA coding for a single polypeptide or a functional RNA is caUed a g~·ne . 
Look at Figure 4 .13. ]t sl1ows a chrom.osome as a long string of genes. 
Each gene l1as a specific position on a chromosotnE\ called its locus. For 
exa11.1ple, the human gene that codes for panc:reatic a1nylase (see Chapter 
8, page 141) is located at hs locus on the short ann. of chromosome l. The 
sequence of buses in many genes encodes the an1ino acid sequence of a 
single polypeptide n1olecule. 

lt n1ight surprise you to learn that much of the D,NA in eukal)"·Otic cells 
does n,o,t code for polypeptides . 1n fact .. less than 2 % of huma.n DNA is 
thought to code for them. Figure. 4.14 shows ho""~ some a.pparendy non­
coding D1NA is found within a gene, and some is found betv.ree.n genes. 
The non-coding regions of DNA within a gene are called introns~ the 
coding regions are called exons. In between genes, non-coding DNA often 
contains the satnc bases sequences repeated many times called non-coding 
multiple repeats. 

Key 
D Coding DNA 

D Non-coding DNA 

part of 
gene 1 

""' 
r. r, r IJ 

II I 

gene 2 

,.. 

I 
part of 
gene 3 

chromosome 

Figure 4 .. 14 Non-cod,ing DNIA is found w ithin a gene and betwee n adjacent genes. 

Differences between the DNA found in prokaryotic and eukzuyotic cells 
have been desc1ibed abov,e. The.s· differ noes are sutnmarised in Table 4.3. 
Because of these differences) ,ve. should not refer to the genetic ma.teria] of 



a prokai-yotic ,cell as a chromos·on1,e. However, as a shorthand description, 
some people refer to 'bacterial chrom osomes'. 

Table 4~3 A comparison of the DNA molecules found in prokaryotic and eukaryoti c ceHs. 

Relattve length of moLecuLe 

Shape of molecule 

Number of d1iffere nt 1mo lecu Les per ce LL 

Assodation with prote,ins 

Non-coding DNA 

Short, r .e. fe.w genes 

Cfrcu Lar. for mjng a closed loop 

One 

Not associated with proteins 

Long. i.e . many genes 

Linear. form.ing part of a chromosom.e 

More than one 

Assodated wHh proteins. caUed histones 

Present wi1thin genes Hntr,ons] and ais non­
coding 1m u lti p Le re peats between ,genes 

•••••••••••••••••,••••••••t•ttt••••••••••••ii•••••••;•••••••••••••••••t•••••••1••••••••••••1 
• TEST YOURSELF 

t • I • • • • .. 
'I' .. • • • • .. 

7 Gi1ve tlnree ways i,n whi1ch the DNA of proka ryotic cells is different f 
l!t 

fro:m DNA in eukaryotic ceUs. f 
• • • • • • • • 

8 The DNA in a T2 bacter iophage is not associ,ated with his tone protei1ns. ~ 
Exp lain why this is 1:mportant rn the investigati,on shown in Figure 4.11 . ~ 

£ 9 Exp la1n the dHference between: 

! a) ~ntrons and exons 
• 
: b) a g, en e a n d a lac us. 
• i 1D Oescrrbe the two types of non-coding DNA found in eukaryotic cells. 
• • 

• • • • • • • • • • • • • • • • • • ....... , ..... ........ ............................................ ........ ......................................... .. 
o~~~~~~~-

D NA and protein synthesis 
"I"!~ - ..... -- "!• ...... -- ....... "!"I•""' -- ,.. ..... ,. ... -. ...... , . .. ......... -- ........ -- ,.. ... -- --~ ... -- .... ·- ... "!"I" "!'I 

~ r1 m _ The complet~ set of g,enes in 
a ,ceU. 

rot eo m The fuU range of pr,o,teins that a 
ceU is able to produce. 

organic 

~c. 
5
/o'-·.·. b., ase ~ I . · ·" I 4\ /1 
31 f 2 

OH OH 
r i bonucleotide 

organic 

®----®---®-J / 0"' rse 
C C 

\ I 
C C 
I I 
OH H 

deo::< yri bon uc leotide 

Figure 4.15 The ,molecuta r structures of 
an RNA nucleotide and a ONA nucleotide . 
RNA contains the sugar ribose: DNA 
contains th,e suga,,r deoxyri1bose !which 
has one less oxygen than ribose]. 

An o·rganism's genes are made of DNA. Genes contain the information 
to, syn'thesisc proteins. All of an organism~ genes) known as its g num · , 
are. contained in ev,ery one of its cells. The cell uses some, but not aU~ of 
these genes to make a set of proteins. Which proteins it actuaUy makes 
depends on the type of cell it is. The particular range of proteins tl1at a cell 
p roduces using i ts DNA is known as its p r •tcotnc . How,ever> before you 
can understand h ow genes work~ you need lo lea1n about another type of 
nucleic acid, called ribonucleic acid (or RNA) . 

Like ON.A, a n1olecule of RNA is a polynucleotide c·hain. Figure 4.15 
shows a DNA n ucleotide, which you are already fa1niliar \Vith, and an 
RNA nucleotide. Can you spot the difference? Look at carbon atoni_ 2 o.f 
th five-carbon sugar. ln the D1NA nucleotide, it lacks an oxygen atom that 
is presenl in 'the RNA nucleotide. Thel"e is another difference tl1at is nol 
shown in Figure 4 .15. An RNA nucleotide never has thymine as its base; 
instead it has uracil 

Figure 4 .16 ( overleaf) shows the structure of D'NA and of t,vo different 
types of RNA: messenger RNA (mRNA) and transfer RNA (tRNA). How 
many differences in the s tructures and compositions o f DNA, mRNA and 
tRNA ca11 you spo t in Figures 4 .15 and 4 .16? Table 4 .4 surmna.rises t hese 

differences for you. 
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a) Double-stranded 
DNA molecule 

co mrp lerrienta ry 
base p ak he~d 
togetnerby 
fiiydrogen 
bonds-

__ sugar-phosphate 
backbone 

b) Single-51:randed 
m RNA rnolecule 

c) Sing le--str anded 
tRNA molecule reg ion where 

amino acid 
l }attaches 

,unpaired bases 

G~-B~cB-~c~B-9-~ 
I 
sug a r-p hosp h a,te 
badcbone 

suga r-p hosp hate 
bac:kbone~--

I l l 
I I 

I 
anticodon 

Figure 4~16 [a] Part of a molecule of DNA. [b) part of a molecute of m,RNA and [cJ a molecule of tR NA. The polym.Jc'leotide· 
chains a·re r,epresented as single lines. The parts are not to the sa me scale. 

There is a third type of RNA called tibosomal RNA (rRNA) that forms part 
of the structure. ,of ribosome.s. 

Table 4.4 A co mparison of DNA, mRNA and tRNA. 

Feature· DNA mRNA tR,NA 

Nucleotide structure· 

Pentose sugar De oxyribose Rtbose Ribose 

Purine base Adenine and Aden 1ine and Aden-ine or uiracit 
thymine uracil 

Pyrimidine ba se Cytosine or Cytosrine or Cytos1in e or g,ua nine 
guanine guanine 

- -

Poly_nuc:La_otide cha 1n 

Nu mber of 2 1 1 
po,Ly n uclQottde 
stra nds 

Number of Many millions Several hundre d About 75 
n u:cleotides in cha in or thousands 

Hydrogen Present: holds Abs,ent Present i,n parts of 
bonding between two a nti-paratlel molecu le. giving the 
co1mp lem entary .strands together molecu Le a clover-Lea,f 
base pa1irs (A- T, C-G)1 s hape [A-U~ C- G] 

denosine tripho phate 
You will have seen ATP (adenosine triphosphate) mentioned several 
times already. For example , mitochondria make ATP during aerobic 
respiration in eukaryotic cells (see CJ1apter 3> page 4 1). ATP is used by 
cells whenever a process req_uire.s energy: Protein synthesis is an example 
of an energy-requiring process. 

ATP molecules have a structure closely related to the RNA nucleotide 
containing ad·enine. Figure 4 .17a shows how an ATP n1olecule has the 
five-carbon sugar ribose and the base adenine, but has three phosphate 
groups rather than just one. For this reason, it is called a phosphorylated 
nucleotide. 



adenine 

ribose 

Figure 4a17 [a] Like an RNA nucteotide, an 
ATP molecule is made from a motecute 
of ribose and a molecule of adenine but, 
un Uke an RNA nucleotide, 1it has three 
phosphate groups. (bl Hydrolysis of ATP 
to A DP a:nd an inorg.anic p!hosp!hate ,gro·U,P 
[Piland resynthesis by condensation of 
ADP and P1• 

o- o- o-

-a-1-o-i-o-t-O-(H2 
ATP 

synthase 

I 
o-

-0- P--o-

ll 
0 

lnorgan~c 
phosphate (P1} 

ATP 

o- o-
1 I 

- o-P-O-P-O-CH2 

II II 
0 0 

ADP 

adeniin e + H2o 

adenine 

ATP 
hydro lase 
or ATPase 

Processes such as protein synthe-Sis require energy from the hydrolysis 
of ATP. Just like any hydrolysis reaction (see Chapter 1, page 2); water is 
used in a reaction catalysed by the ,enzyme i\.TP h ydrolase (ATPase) to 
break the bond between the second and third phosphate groups, releasing 
energy: The phosphate group is often transferred lo other molecules to 
make th em tnore reactive so that they have the activation energy (see 
Chapter 2) page 20) to take pa.1~ in another reaction. This transfer is 
called phosphorylation. 

Just as quickly as ATP is us,ed up iI1 cells, it is resynthesised by condensing 
together molecules of ADP and inorganic phosphate groups (P.) using 
another ,enzyme called ATP ynthas ", This requires en rgy. ln all cells 
carbohydrate or lipid molecules are hydrolys cl dtuing respiration to 
release the energy re,qui.red t,o resynthesise ATP. In some ceUs, ATP can 

a.lso be made using light energy during photosynthesis. H.owever it is 
made, it is important that the cell is able to supply sufficient Al-P to meet 
the. detnands of all of its energy-requiring processes) including protein 
synthesis. 

o~~~~~~~-
H ow genes are used 
The sequence of bases in an organism's DNA carries die genetic 
information that determines the amino acid sequence of each polypeptide 
(Chapter 11 page 12) that a eel] can produce . One or more very ]ong 
polypeptides assemble to form proteins. Proteins include h aemoglobin 
fo,und in red blood cells, and enzymes that regulate all the ,chemical 
reactions of substances in ceUs. Because the DNA determines ihe seciuence 
of amino aci.ds i.n polypeptides; and h ence the nature of proteins formed 
fro1n thetn) it thereby indirecdy co11trols l1ow an organis1n develops and 
·behaves. The fact that the genetic code that deten11ines how infom1ation 
is carried on DNA is common to all living organisn1.s .and to viruses is 
strong e'\ridence for evolution from a comn1on ancestor. 

The base sequence on mRNA is used by ribosomes to make polypeptide 
c·hains. Before lo,oking at the process in moi-e detail, it is helpful to gain 
an overvie~· of how~ genes are used. The sequence of events leading to the 
production of a polypeptide from the genetic information contained in 
one gene occurs in h~l,O stages: transcription and translation. Table 4.5 
summarises the steps in the-Se tv,.ro stages. Figure 4.18 (overleaf) is a pictorial 
summary of the same events in a eukaryotic cell. 
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Table 4.,5 rne main steps in transcription and translation in a eukaryotic ceU. 

1 Th·e sequence of DNA bases in a sing1le 
genQ is us~d to make a, moLQcu,lQ of 
messen9er RiNA lmRNA) . 

2 At the reg,ion to be, copied, the, DNA ,unwinds. 

3 The hydrogen bonds holdtng the two 
DNA p olynu cleot,ide cha ins break down. 
exposing unpaired DNA bases. 

4 A molecule of mRNA is made which has a 
se,quence of bases that ts complementary 
to the ba se seq uence of ,one et the ONA 
strand s. 

1 m RNA is used by ri,bosomes to make a polyp,ept1ide cha~n with a seq,uence 
of am ino acids encodQd by th~ m,RNA base, sequ~nc,L 

2 A motecu le of m:RNA [eaves th e DNrA and moves to a ribosome in the 
cytoplas ,m. One or more r iboso·m,es migiht attach to each m RNA molecule. 

3 Each ribosome travels along the molecule of mRN'A. 'readfng· its bas,e 
sequence. As it does so. the· rib-oso:me assem1bles a sequence of a,mino 
ac idsi according to the seque nee of bases on the mH NA. 

4 Peptlde bonds form between the am,ino aci ds brought by tRNA. ma.kin g a 
polypeptide chain . 

5 Once finished. the polypepti,de chain detaches from the ribosome. The 
ribosome now detaches from the mRNA molecule. 

Figure 4.18 Transcrription, and translation 
1in a eukaryotric cell. 

nucleus u (ytoplasm 

---------.......,.._- pore irr 

RNA polymerase 

D,NA re~nds • 

hydmgen 
bond 

. m RMA produced by pa iri ns, of RNA 
m.1deotic:I sand expo5ed DNA bases 

gene (DNA) 

transcription J 
mRN,A 

~nbosome 

n uc:'lea.r 
envelope 

translation 

energy 

ammo 
acids 

~ ---ceH-surface 
me rnlb rain e 

~hd·. m1toc on ,no·n 

J DNA do ub'le 
he1irx 

Transcription: the pro1duction of 
mRNA fro1m D1NA 
Figure 4 .19 shows in more detail what happens 
during transcription . At the point at which a. gene 
is 'to be used, the DN ... ~ 1nolecule un'Wi.nds and the 
hyd1ogen bonds holding the t,vo polynucleoti.de 
strands together in a DNA n-io 1ecule break dovtn. 

~ ....... -~~~ 
RNA ,nucleotides 

This exposes unpaired bases on the nucleotides of 
the t,vo DNA strands. RNA nucleotides are already 
present in the cell B,ases 0 11 these RNA nucleotides 
form new hydrogen b onds bet\V"een the e1i.."Posed 
DNA nucleotides on one o.f the strands of DNA by 

si ng,le-stra nded m RNA molecule with 

BI ijij 01§ B B lij B§ijlBBV ~::~~~~~.:~: ::lementary 

a process of complementarJ base pairing. This is 
similar to the complementary· base pairing in DNA 
re.plication) except iha.t RNA nucleotides have the 

base uracil in place of the base thy1nine. You wil} 1~ead 
n1ore about this nn page 75. 

Figure 4«19 D1uring transcr iption, the base seqiuence of DNA i.s 
co pi1ed into the c,omplementary base seq,uence of 1mess·enger 
RNIA (mRNA). A ·gene is thus copied1 for use by r i,bosomes. 

Thus~ the respective base pair s betv;,.~een DNA and 
niRNA transcribed from i't are: 

• denine-uracil (A-U) 
• guanine-cytosine (G-C) 
• cytosine- guanine. ( C-G) 
• thymine-adenin e (T-A). 



I RN R NIA that js not translated 
into proteins. 

It might hetp you to reimem ber 
th e difference between exons and 
~ntrons if yo u th jnk of exons as 
expressed sect,i ons of D N'A and 
intro ns as interveri in g sections 
of DNA. 

Figure 4.20 Ouringi transcription 
in a euka ryotk ce LL. the entire, bas e 
sequence of a gene is copied into a base 
se quence of mRNA. This produces a 
motecule of pre-mRNA that contains a 
copy· of tihe non-coding regions of the, 
DNA !introns] as we LIL as the coding 
regions (exonsl. The non-codi ng regions 
are edited out before the mRNA leaves 
the nucleus. 

ln this Vv"a.Y, a chain of RNA nucleotides is made Vlhich has a con1plen1entary 
bas sequence to d1e DNA making up one gene. An enzytne caUed RNA 
polym ra joins the ribose-phosphat-e. backbone of these RNA nucleotid s to 
fonn a molecule of mRNA. 

Both tRNA and rRNA ar,e made in the same way as mRNA) by ush1g the 
sequence of bases in a gene. The difference. is that these genes make. RNAs 
that are used in the process of protein synthesis~ whereas InRNA is translated 

to produce a protein. tRNA and rRNA are known as functional R NA.: 
because they have a role in translation. tRNA carries an1ino acids~ whereas 
rRNA fom-is part of the structure of ribosomes. 

P,ost-transcriptional processing of mRNA 
in eukaryotic ce'Lls 
Earlier in this chapter you sa,w that not all of the DNA in eukaryotic cells 
codes for polypeptides o,r functional RNA and that the non-coding sections 
of DNA might be: 

• between genes: these sections include DNA sequences that are repeated over 
and over again· they are often referred to as non-coding multiple repeats 

• within genes: these non-coding sections of DNA are called introns and 
they separate th e coding sequences called exons. 

During transcription, euka1-yotic cells cannot transcribe only the coding 
sections. Instead th,e whole gene> including introns EU1d exons, is transcri.bed 
into a molecule called pr -rnRNA. Before it leaves the nucleus, this pre­
mRNA is edhed. Figure 4.20 shows how this is done by remo\ing the 
non-coding secti,ons of the pre.-mRNA. The coding sections are then 'edited> 
together to produce 1nRl'JA that carries only the coding regions of the gene, 
in .a process called splicing. 

intron 

I I I rl . r-, I I 

excm 1 exon 2 exon 3 I exon 4 

~---. . ........ I ____ I ........ 1------.-l __,.l-___.___----.-l__,~ DNA 

' transcri?J:ton 

liiiiiiiLC===CI====~:c=====r:iiiiiiiiiiiil pre-mRNA 

' editing 

I 

= . '9 transl1at1on ..... 
mRNA 

········································~············································· • 
: Extension 
ii 

• • • • • • : Ex.ons n1ay ·be spliced in n1any alternative ,vays this ,exon and, instead, splice in to their 1nRN.A an : 
: to form different 1na1ure mRN.A n1olecules. For exou that enables th e protein to ·be released froin : 
: example~ early in their developn1"e11.t hun1an B cells the cell. Different splicing of the same pre-RNA : 
: splice into, one of their mRNA moL,ecules an .exon at different tin1,es m eans that a single eukaryotic : 
: that enables a particular protein to be retained in gene can actuany code for ·more than one : 
: the cen~s surface membrane. later~ th y stop splicing polyp ptide chain. • 
• • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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Types of nucleic acid 
1 Copy 2H1d comp~ete the tabte to show the differences between the three 

types of nuclei1c ac1 d. 

: Hydrogen bonds present Number of polynucleoti de 
ty.p_e of n ucieic acid or not pres~nt_? ' strands jn molecule· 

DNA 
mRNA 

tRNA 

Anticodon present or 
not present? 

I I 

I I 
DNA is a doubile-stra1nded ,molecule :so there a·re hydro9en bonds 
between complementary bases on the two strands. mRNA is 
single strand-ed so there is no complementa,ry base pairing. a,nd' 
therefore no hydrogen bonds. tRNA fotds back oin itself so ,parts of 

r G Ajc T r GA CIT 
I I I I I I I I I I I 

\..._ ,_11
1 
l___ 1 h .. 

GATG,G 
I I I I 

t he motec,u'le a.re double stranded w ith comp leme1ntary base pa,i,rii1ng 
and hydrogen bonds. Anti codons are onily found on tRNA molecules. 

Frgure 4.21 shows the bases on one s tra nd of part of a DNA m,olecule. 

2 Grve the sequence of bases on the mRNA transcdbedl from this DNA. 

Th e intron wou ld be rem,oved fr om th e pre-m RNA and the sections 
co rn plementary to the two exons spliced together to form the mRNA . 

----y- y--- I ---y J 

mcon intron -exon 

Figure 4 .. 21 Bas-e sequence. 
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od A s,equence of thre,e mRNA bases 
that codes for a s.pecrrfic amino acid. 
r l A sequence ofr three ONA baises that 

,codes for a spedfic amhto aoid. 
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nt1 o I A sequence o,f three tRNA bases 
that is comp~ementary to a codon. 

Translati ,on 
A new molecule of mRNA moves from the DNA to ribosomes in the 
cytoplasm. In a eukaryotic cell, this involves leaving the nucleus through one 
of the nuclear pores in the envelope surrounding the nucleus. One or more 
ribos-omes attaches to a. n1tolecule of mRNA. Each ribosome moves along 
the nlolecule of mRNA, (reads' the base sequence of the n1RNA and uses it 
to assemble a sequence. of amino acids. Peptide. bonds form between the 
amino acids, creating a polypeptide. Once ihis polypeptide is complete, the 
1iboson1e releases the polypeptide a.nd detaches fron1 the molecule of mRNA. 

A ribosome ·reads' the n1RNA base sequence thre-e bases at a time. Each sel 
of three bases codes foT a specific amino acid (see Table 4 .6 on page 70). 
For this reason , each set of three nlRNA bases is caHed a ·od,,11 . Each oodon 
is complementary to thre bases, called a In p I ·L~ 011 the DNA fro-m ,vhich it 
"vas transcribed . 

Akhough amino acids ca11 be free in the cytop]asm of a cell, they cannot be 
used by ribosomes unless they are attached to a molecule of tRNA. At the 
end of one of its arms, each tRNA molecule has three free bases that can 
base pair with a complementary codon on inRNA (Figure 4 .22). At the end 
of another of its anns> ,eaclll tRNA inolecule has a site that attaches to an 
amino acid. The sequence of bases on the tRNA n1olecu]e that base pairs 
"rilth a codon is called an ·tnlicodo t. A 11101.-ecule of tRNA with a particular 
anticodon always attaches to the saine specific atnino acid. 

Figure 4 .22 shows a single n1olecule of mRNA at an early stage o.f 
translation. It is attached to a ribosome and three of its bases! a codon 1 

are shown Vvithin lhe ribosome. Ribos,omes contain ribosomal RNA 
(rRNA). A 1nolecule of tRNA is also shown. Notice that the tRNA has 
an anti.codon that is complementary to the codo11. The a111ino acid that 



is carried by the tRNA 1nolecule is the one encoded by the co·don on 
the mRNA, which in turn was dete1·min d by a trip]et on the DNA. 

amino acid - -....i 
tRNA 

amic:od'.on 

Figure ,.22 A r ibosome has attached to one end of a motecule of mRNA. The 
ribosom~ is ready to ·n~ad· the fi rst thre·e ba·sss: the mRNA codoin. Yo u cain also see 
a mnlecu:le of tRNA the1t has e1 lb~se i;equence the1t 1is complemientary to the codon1 ; 

thi s ,is the anticodon of the tRNA molecute. ThQ tRNA is attached to an amino acid. 

Figure 4 .23 -shows a molecule of m RNA at a later stage of translation. In 
this diagra1n, you can see that th e riboso1ne has moved along th e mRNA 
n1olecule one codon at a time and has joined moi--e amino acids together, so 
that a polypeptide chain is being formed by the rib oso1ne. 

r------cha in of amino acids 
forming, a po I~ e ptide 

Figure 4.23 The ri bo,some has moved h..Jrthera lon9 the mRNA molecule and has fo rmed 
a cha~n of amino acrds tha,t corresponds to the codons along the mRNA motecul,e. 

10 nce a ribosome ha.s ·read, the entire base sequence of a molecule of 1nRNA, 
it releases the polypeptide it has forined. Th ribosome then detaches 
from the mRNA. It might re-attach at the start of the mRNA molecule and 
produce an othe1~ m olecule of the polypeptide. Several ribosomes can attach 
to1 and move. along1 a single mRNA molecule at the same time. . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• •••••••• ••••• 

: TEST YOURSELF 
• J 11 Explain the di,fference between a ONA td plet and an m,RNA codon . 

! 12 Why does t ra nsc rr ip tion in prokaryotk ce lls pro duce m1RNA rather 

• • • • • • • • • • • • • • • • 
; than pre- mR NA? : . ' f 13 In which dfrec tron does a d bosome ·read' an mRNA m.olec ule durln1g i 
i translation? : 
• • i 14 Expla 1in how ciiiff·erent potypepti de s m ight be made from the sam,e i 
i eukaryotic gene. i 
! 15 Expla1in the difference between t he g,enome of a cell and the i 
• • i proteo me of a cell. i 
• • 
··················································~···~······························ 
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Th1e genetic code is common, degen,erate 
and non-overlapping 
As we have seen, organisms have coded genetic information carried on 
D1NA. The information is carried using the genetic code, in the form of 
triplets. A triplet is a sequence of bases in a DNA 1nolecule. During the 
production of a polypeptide) each triple t of a single gene is transcribed from 
D1NA into a molecule of m.RNA. The sequence of bases (codon) in 1nRNA is 
translat,ed into a sequence of amino acids in a polypeptide. For this 1·eason) 

the genetic code is often given as mRNA codons rather than DNA triplets. 

Table 4 .6 summarises the genetic code. We can use the table to sh ow two 
further in1portant features of tlte genetic code. 

Lo,ok at the codons UAA, UAG and UGA in Table 4 .6. These are ~reading 
instntctions> for ribos.omes. \i\lhen a 1ibos-ome gets to these 'stop' codons it 
detaches from mRNA and releases its polypeptide chain. 

No·w look at the co,dom UCA UCG, U1CC and UCU. They all code for the 
same an1ino acid; serine (Ser) . This means t.hat it does not matter about the 
third base: UCX ah.vays codes for the amino acid serine. ·rv,le describe this 
by saying that the genetic code. is degenerate: several tnRNA codons may 
encode the same an1in o acid. 

Table 4~6 The genetic cod e. Three ba ses [a codo n) on a molec·ule of mRNA encode a speciific am1no add. The fo ur bases, 
ad·en,i1,ne [A). cytosjne [CL guanine [G] and uracil IU] can form1 the 64 different codons that are shown in the table . Abbrevi,ation,s 
for the names of the am,ino acids tihat th ey e-ncode a,re shown alongs,ide the· codon,s. You do not need to remember the 
contents of this table! 

AAA Lys CAA 

AAG Lys CAG 

AAC Asn CAC 

AAU Asn CAU 

ACA Thr CGA 

ACG Thir CCG 

ACC Thr CCC 

ACU Thr ccu 

AGA Arg CGA 

AGG Arg CGG 
AGC Ser CGC 

ASU Ser CG U 

AlJA lle CUA 

AUG Met CUG 

AUG lle CUC 

AUU I Le cuu 

Gln GAA Glu UAA STOP 

Gtn GAG Glu. UAG STOP 

His GAC Asp UAC Tyr 

His GAU Asp UAU Tyr 

Pro GCA Ata UCA Ser 

Pro GCG Ala UCG Ser 

Pro GCC Alai ucc Ser 

'Pro GCU Alai ucu Ser 

Arg GGA Gly UGA STOP 

Arg GGG Gty USG Trp 

Arg GGC G'Ly UGC Cys 

Argi G6U Gly UGU Cys 

Leu GUA Vail UUA Leu 

Leu GUG Va l UUG Leu 

Leu GUC Val uuc Phe 

Leu euu Val uuu Phe 

How many other amino acids can you ftnd in Table 4 .6 that ar,e encoded by 
more than one codon? Can you find any that are encoded by only one, codon? 



Having learned that some codons stop translation by a ribosom,e, you 
might wonder ho\¥-. a ribosome ckno,vs~ wher·e to start u·anslating the mRNA 
code. This is sl · ghdy 1nore comphicat cl than the ST01P codons in Table 4 .6. 
In most ·organisms, the ribo,some must ~recognise, an AU1G codon that is 
follo,ved by a G and has an A preceding it by three nucleotides, for example 
the sequence AXXAUGG. 

The points you need to understand are that : 

• some mRNIA base seq·uences are start and .s top messag1es fo.r 

trans la t.i on 

• r ibosomes on1ly tra:nstate the m1RNA molecule by taking. a whole codon 
a·t a, trme. 

You might realise that the sequence of mRNA bases could be 'read' in a 
variety of ways, but it is nnponant that the ribosome 'rea.ds> the sequence 
in only one way; so that a polypeptide with the encoded sequence of amino 
acids is the only on e that is produced. 

To explain "'hy; lets take the following ni.RNA base .sequence: 

UCCCAUGA1CUCAUUCCCAGGG 

If translation starts at the first codon (UCC)> the order of encoded an1.in o 
acids 1.vill be 

serine - histidine - aspartic acid- serin -phenylalanine -praline -
glycine 

This results in the corre.ct polypeptide being produced. 

If the ribosome missed tl1e first mRNA base] it would n o"'r produce a 

polypeptide with the amino acid sequence 

proline - 111ethionine - threoniue - histidine - serine - glutamine 

In other words, .a conllpletely differen t ainino acid sequence ,,,tould be 
produced) resulting in a polypeptide that v.,ould not lu1ve the appropriate 
fu11ction. Having a specific STARf re,co gnition sequence ensures that the 
mRNA is a1,~rays translated froin the co,n"ect point in the mRNA 1nolecule. 

No\¥ suppose that the ribosom·e ~r. re to 'read; the first mRNA base sequence 
above by jumping one base along each time il had \read' a codon. The 
original base. sequence would now be 'read1 incorrectly as UCC; then CCC) 
CCA; CAU, AUG) and so on .. Tl1is is an overlapping sequence and; agah1) 

would result in a polypeptide with an inappropriate sequence of amino 
acids. Translating d1e first three bases as a single. unit followed by the 
fourtl1 , fifth and sixth in a second unit, and so 011, ensures that the mRNA 
code is no11-overlapping. Each base is ·read' only once in the codon of 
~lhich it is a part. As a result of this non-overlapping nature of 'lranslatio11, 
an appropriate amino acid sequence is always produced fron1 a molecule 
ofmRNA. 
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Practic que tion 

II 

1 The diagram shows part of a DNA molecule. 

a) i) Name stn1cture.s X, Y and Z. 

ii) Draw a circle round one nucleotide. 

b) Name the bonds that forrn bet,,veen structure X and 
the molecule labelled C. 

(3) 

(1) 

(1) 

c) Name the bonds between the nucleotides in each strand. (1) 

d) Desctibe and explain two fea'tures of DNA that make it useful as 
an infonnation-storing molecule. (i) 

2 Below is the bas sequence of mRN'A that codes for pa1·t 
of a polypeptide in a eukaryotic ceU. 

ACCGUGUCCAUGUAACGU 

a) What is the 1naAimum 11umber of amino acids this sequence 
could code for? (1) 

b) Give the anticodon for the second tRNA molecule that would 
bind to this sequence during translation. (1) 

c) Write the base sequence for the DNA from v.rhich this mRNA 
was transcribed. (2) 

d) The length of the section of DNA that codes f,or the complete 
polypeptide is longer than the mRNA used to transcribe it. 
Give two reasons ,vhy. (2) 

e) The t.able sho,~ls the percentage of bases in t"\vo different mRNA 
1nolecu.les transcribed from different parts of a chrotnoso1ne. 

Part of Percentage of base 
chromosome A G C u 
Mlddle 38 2,4 113 

End 31 22 21 

i) C,opy and co·mplet the table with the missing values. (2) 
ii) Explain why the percentages ar,e different for the two regions 

of the chromosome. (2) 

Stretch and challenge 
3 This chapter began with the story of how the structure of DNA ,vas 

worked out by Francis Crick :mdjames Watson in 1953. ln 1958; 
Francis Crick published a paper in which. he described ,vhat 11e called 
the Central Dogn1a of lvtolecular Biology; that is., once (se·quential) 

infonnation has passed into protein it cannot get out again. Th.is has 
since been simplified perhaps oversimplified~ to ~DNA makes RNA 
makes protein,. Since then~ further discov,eries about DNA and RNA 

hav,e challeng d the Central Dogma. Describe som of these disco-veri·es 
and evaluat,e the ,extent to which you think they undennine either 
version of Cricks idea. 



he cell cycle 

··········································~··························-·········································· • • • • 
: PR IOR KNOWLEDGE i 
• • • • : Before you start. make sure that you are confident in your knowledge and : 
~ . 
: understanding of the foUowin g points. : 
~ . 
i : : • In body C·etts th e chromosomes are normally found in pairs. : 
~ . 
: • Body cells divide by mrtosis. : - --
• • 
: • The chromiosomes contai1n th e genetiic information. : 
' . i • When a body cell divides by mitosis copi es of the genetic materta:l are i 
i • 

: made. Then the cell d,ivides once to for·m1 two genet~cally identica1l : 
• • 
: body ce lls. : : . 
: • M:itosis occurs during growth or to produce replacement cells. : 
• • 
: • Body cells have two se ts of chromosomes; sex cells [gametes! have : 
• • 
: only one set. : 
• • 
: • Chromosomes are made up of large molecu les ofi DNA : 
• • 
: (deoxyriibonuc lei,c addL which has a double h·eUx structure. : 
• • 
: • Each gene has a specific posit~on on a chro·mosome. called its Locus. : • i 
: • Each gene cod·es far the amino acid seq'uence of a polypeptide or a : 
• • 
: funct io nal RNA molecule. : 
! • DNA 1is made up of nu,cleo tides. Eac h strand of DNA is made of ,ma n,y ~ 
! nuc leot ides joined together. I 
• • 
: • The two stra1nds of DNA join together by hydrog en bonds formed : 
i between com1plementary bases fro 1m adjacent nucleotides. } 
: ............................................................................................................ 1111111116 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

TEST YOURSELF ON PRIOR KNOWLEDGE 

egg 7 sperm 

+ 

: zygote .. 
f Figure 5.1 A simplified Ufe cycle ,of one organtsm . The numbers ~n the boxes 

• • • • • • • • • • • • • • • • • • • • 
~ 

: 
: • I • Ii : 
! 
' • • II • Ii • • • • • • • • • • • • • • • • 
Ii • • • • • • • • • Ii • • • 

: represent the number of chromosomes in one cell o·f the organism1 at each stage. : 
• • 
~ t : 1 • : In Fi:gure 5.1, what a,re the m11i ss in9 nu,mbers of chromoso·m·es for : 
: i] eg19, and ii j zygote? ! 
: : i 2 What are th e components of a DNA nucleot,ide? : 
• • : 3 Name the fou.r bases fo,u nd in DNA. and ,identify th e bases that form : 
.. . 
: comp lementa.ry ba,se pa irs. : 
• • • • ................................................................................................................. 
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Introduction 
If you have visited the Royal Botanic ,Gardens at Ke\v, in London 1 you 
probably enjoyed the valiety of plants on. display in the gardens and 
glasshouses. In addition to the staff ,vho tend the garde.ns and glasshouses 
there are teatns of plant scientists working at tl1e Royal Botanic 1Gardens. 

10 ne team works in the micropropagation unit. Jvlen1bers of tl1is team 
are ,experts at cloning or propagating plants from very small pieces of 
plant tissue) h ence ~m icro~. The. containers in Figure 5.2 show plants 
that are being grovm. in a special medium containing all the substances 
they require. They are kept in a sterile environm·ent to make sure that 
the seedlings do not become in fected by n1oulds 1 which could kill then1. 
So,me plants are grov.-'11 in very large nu1nbers. Often> they are plants of 
sp ecies from .aU over the wo,rld that are rare and possibly in danger of 
becoming e.xtinct. 

Figure 5.2 A micropropa,gatia n un,it Inside each of the con tainers is a t iny plant that 
is grow,ing on a ste rile growth medium. Some of the plants are gr,own from s·eed . 
Othiers are grown from small pieces of growing tissue take n from a mature plant. 

1Cloning plants in this v.ray relies on taking tiny clumps of dividing cells 
from parts of the plant that are gro"ring. New buds arc often used. Ea-eh 
of the cells in the clump has been formed by mi to sis and contains all 
the genetic information needed to fonn rootsj stems and flowers in the. 
developing ne\\r p lant. In this chapter, v.re \Vill examine ho,v ceUs pass 
copies of their genetic infonnation fro1n cell to ocll and about the type. of 
cell division that produces ne~ genetically identical cells. 

o~~~~~~~-
R e p l i cation of DNA 
In Chapter 4 , we saw that DNA contains two polynucleotide strands that 
ar.e held tog ther by hydrogen bonds b t,veen co1nplementary base pairs. 
You Vv1B see that this base pairing is vita] during DNA replicati n; that 
is, when DNA is copied . We can describe DNA replication using the. three 
stages sho~'ll. in Figtlre 5.3. 



(a) (b) (d) 

~~ 
new rtrand 

(c) ~~88 

Figure 5.3 The process of D:NA replkat,ion . [al The two strands of the DNA m,olecule, 'begin to unw1ind 
when the weak hydrogen bonds between bases break. This happens at the p,01,ntwhere the DNA is to be 
copied. c reati n.91 a repUcation fork. [ b] Free DNA n u1cleot1ides pa,ir with comple,merita ry bases that a re 
exposed on each stra nd of thg ,unwoun,d DINA. [cl Hydroge·n bo'nds fo,rm between, the new nucleotides and 
b;~es of ~ach polynucLQotid~ strand. 

h Ucas ~ lhe enzym,e that :separates 
th,e DNA dbu ble he Ux by breaking 1its 
hydrogen bonds. 

Tem c; ran A DNA strandr that is 
being used as a p.atten1 for the a.s.sembly of 
compl,ementary bases into a new strand. 

• .._ r• ••'" r• '"" ••'" r• r•., ,., ... ., •• ,., ,.. • •, • •" ... "" .. • • ,.., ••• r• r, •• • r, ..... "" • •• r" r• ••" r, r •" "" P"" 

otym r The enzyme that joins 
free nudeotides to form a new DNA strand. 

Stage l: the polynucleotide strands of DNA separate 
Replication of a DNA molecule begins ,vhen its double helix part ially 
un,vinds (Figure 5.3a). As it does so~ the hydrogen bonds bet\\reen. 
complementary base pairs break dnVtrn. lf you guessed tha t an enzyme is 
involved in b reaking the hydrogen bonds. you are conect. The enzyn1.e 
i.s called N. he lica"c. The breakdo\vn of hydrogen biends aUows the 
two 1,olynucleotide strands to move. apart. The Iloint a't ,vhich they are 
separating is called the replica ti n fork. Figure 5.3b shows that we no"w· 
·have two separate strands of nucleotid.es with unpaired base.s expos,ed to 
free nucleotides. 

Stage 2: free DNA nucleotides pair with exposed bases oi1 each 

polynucleotide strand 
The bases on the polynucleotide s trands do not remain unpaired for long. 
Individual DNA nucleotides have al1~eady been made in the nu cleus. They 
are attracted to 'th e exposed bas·es on each polynucleotide strand ~ .and 
hydrogen bonds fo·nn between complementary bases (Figure 5 .3c). For 
example~ a free DNA nucl odde that includes the base adenine is attracted 
t,o an ·el\."P,Osed thymine on one of the polynucl olide strands> and forms 
hydrogen bonds \Vith h. This happens all along the unv,,round section of the 
DNA molecule. As a result) each of the polynucleotide strands ,of the DN.A 
soon builds up a complem entary sequence of nucleotides. Because each 
original strand is acting as a pattern for the asse1nbly of a new strand, the 
original. strands are known as tcn1plact:" strands . 

Stage 3: tl1e new nucleotides bond together 
You can see in Figure 5.3c that n e\\r nucleotides have forn1ed 11ydrogen 
bonds "With the bases of each polynucleotide strand . However> these 
new nucleotides ar,e not joined together then1selves. This happens in 
the final stage of DNA replication , sho~ in Figure 5.3d. ln this stage, 
phosphodie.ster bonds are formed between the nucleotides by condensation 
reactions (se,e Chapter 4. page 58). This linking ,of DNA nucleotides is 
controlled by the enzyme N. p nl 1 tn cra~c. 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
: Extension : • • • • • • : Lik all enzyines, DNA polymerase is hig_hly specific call d discontinuous rep lication because on d1is : 
: (see Chapter 2). Because the two original strands are side tbe process creates the ne,v strand in. a series of : 
: anti-parallel, the two ne,v strands are also anti-paraBe] shon sections. These then have to h e joined together : 
: (see Chapter 4). The DNA polyn1erase can for1n by other enzyi.nes. ! 
: phosphodiester bonds 011 one ne,v strand .as fl1e ! 
: replication fork opens up and free nucleotides pair TI1e slrand formed by discontinuous replication takes ! 
• • • up ,vith exposed bases on the t,en1plate strand. This longeT to form because the DNA polyn1erase keeps • • • 
: is called continuous replication . B,ut on t11e other having to 'catch up~ after the replication fork has : 
: strand 1 DNA p ,olyn1erase enzymes n1ust aUow th,e opened further. For this r,eason) this strand is called : 
: r.epUcation fork 'to ,open up a short distance before the lagging · trand , in contrast to the on e being built ! 
: being able to link nev;,r nucl otides together because smoolhly in the opposite direction 1 \\"'hich is called th : 
: then w strandl is pointing the othe way. This is leading tr nd. : 
• • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

We end up with t\vo new DNA molecules , each formed from one 
original po lynucleotide strand and one. new, replicated, polynucleotide 
strand. We call this semi-con ser va tive replication : on e original strand 
re1nains intact (is conserved) and one ne,v co1nplementary strand 
is made using the old strand as a ten1plate for r,eplication. The DNA 
n1olecules rewind as this process is completed . The Watson and. Crick 
n1odel of DNA structure (see page 56) supports 1he idea that a te1nplate 
strand is used fo,r semi-cons,ervative replication . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • : Extension : • • • • : In eukaryotes the DNA molecule in ,each chromosome is very long, so if : 
: r,eplication started at one end and proceeded from one end to the other : 
: in. a linear way it would be a very slow process. If the DNA molecule : 
: unVvinds at a number of points along its length, forrning more than one : 
: replication fork at the s~une time) replication is speeded up. : 
• • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

.:tiiiiiiiiiiii ........................................................................................... . 
'r'TE'smuRSELF ! 

• : 1 One strand of DNA conta.~ns the base sequ ence ATCGACG. What Wfll 
l 
: be th e sequence of bases in the complementa,ry DNA strand? 
• : 2 Name the typ e of react i1on that rs cata lysed by DNA polymerase. 
• : 3 What 1is a template s trand? 
• ! 4 Name th e e nzyme that breaks the hydrogen bonds and unwinds the 
• : s tra nds to separ ate th em. 
i 51 What type of bond is formed between the nucleotrdes in a new strand? 
• 

• • • I 
I • : • • : • • • • • • • • • • • • • 
"' "' • • • • • ................................................................................................................... 
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Experimental evidence for 
semi-conservative replication of DNA 
You rni1g,ht wonder now we know thait DINA repllcati.on 
is a semi-conservative process. After alt we can not 
see DNA actuaUy replicating . The evidence is 
ind1rect. Lefs look at one exper1ment that provrdes 
evidence about DNA repticat1on. 

Look back to Figure 5.3 on pagie 75. The conserved 
potynucleotfd·e strands a. nd the new po tynucleot ide 
strands arre coloured differerntly to help you to 
understand the repUcatron process. We ca n. do 
this in a diagram, hut we cannot co lour rea l DNA 
nucleotides to hetp identify them. 

Scientists in one laboratory ea m e up w ith a neat way 
of la1be ltin g nucleotides. It depends on the use of 
two isotopes of nitrogen. The more co1m ·mon isotope 
ha s. 14 uncharged particles; ca lled neutrons; in the 
nucleus of each 11itrogen atom . The rarer isotope has 
15 neutrons in the nucleus of each nitro9en ato:m. 
This ·m1akes th e rare r isotope (115N.)1 heav ier than the 
m1o re com·mon isoto pe l1.4Nl. lhe difference in mass 
1is tiny. However, th ere a.re so 1ma ny atoms of nitrogen 
in a1 strand of DNA tha,t a difference in mass ·Can be 
detected. 

Under la bora,tory co r,ditjon s, a bacteriu1m ra,pid ly 
rep li cates its ONA and divides into two new ce lls. 
Bacter1a use niitrogen-conta.in1ing molecules in th eir 
growth medium to make DNA nucleotides. In this 
experim ent, the sc1ientists used two types of girowth 
m1ed1um contaiin1rig nitroge n: in one m.ed ium. all th e 
nitrog,en atom s were th e 14 N isotope, and in the other 
they were al[ the 15N isotope. 

At th e sta,rt of the experiment. the sdentfsts grew 
bacteria on a growth mediu,m in wh i·ch all the 
ni1trogein was the ,.,N isotope. A fter ,many generations 
of bacteria, th ey removed DNA from a sample of 
the ba cter ,ia l ceUs, put i1t i'nto a li qu id and spun it 1i n 
a centr 1ifuge. The ONA foirmed a band in th e Uqu.id, 
shown in Fi:g ure 5.4a. 

The scientists then repeated this proced ure exacHy, 
but used a girowth m ed ium in whi1ch a ll th e nitrogen 
was th e 15 N isotope. The DNA extracted from 
bacteria in this ex peri1m ent form ed th e ban d shown 

in Figure 5.4b. 

F~na llyj the sdentists i no cu1la ted a sa mple of bacteria 
from the 1med i1um conta in ing on ly the 15N isotope into 

lea,rn,ing how to eva t,uate ma·ter,iat :liike this 1is an 
important skiU, so make sure you can do t his. 

1----I i"q'LJ id 

__ band' of DNA 

(a) (b) (c) 

Figure 5 . .4 The results of an experiment to 
tgst thQ thQory that ni1 pUcc1 tion of DNA ,is a 
se m i-·ccnse rvative process. Each tube stiows 
the posit lori of DNA ta ken from1 ba cter i1a after 
it w as centrtfuged at th .e sa me speed for the 
same t~:me in a Liqu 1id. [al DNA from bacteria 
grown for many generations jn a medium 
conta1ining only the 14N isotope of nitrogen. [b j 
DNA from bactef'la grown fo r many generations 
in a m,edi1um containing only the HiN isotope 
of nitroge n. (c] DNA from, bacteria grown for 
many generaition s in a med ium co ntaining only 
the 15N isotope of n1itrog1en and then a s ing~e 
ge nerat~on in a1 med rum con ta i ni:ng only the 14N 
isotope of nritroge n. 

a medium co ntaining only the 11.N ~sotope. A fter one 
g:erneratiori, they rem,oved DNA from, a sam ple of 
th ese bacterial ce lls a nd spun it iri a centrf fuge . Thi1 s 
ONA forme d the band showri 1n Figure 5.4c. 

DNA replication 
Cons~der the experi ment and answer the follow1ing 
questions. 

In the flnat pa rt of the exper.i1ment, the sc ientists 
inoculaited ba,cteri,a from a med iu1m co·nta ining 15 N 
i:nto a m1ed ium conta i,ning 1AN. Explain why. 

2 The sc ientists removed the fi·nal samp le of bacteria 
after onlly one generatriori in the medi um conta ining 
,i. N. Explai1n why this timirig was important. 

3 The scientiis t s went on to conclud e t hat their 

experiment provided evidence for the theory of 
se·mi- co.n servabve re plicati on of DNA . Do you 
a g,ree wHh thi s? l1n a nswedn g th 1s quest 1on, 
cons1der w hether there ls another vaUd conclus.ion 
from these res ults . 

C • 
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DNA re,plication 
F:igure 5.5 shows a DNA moiLecute beiingi repUcated. The arrow shows the 
direction in which enzyme A 1s moving. 

Name enzymes A and B. 
EnZ}'me A ,s ONA helica se. This 
is because it is the enzyme that 
is separating the two strands 
of the original DNA rnolecule 
by breaking the hydrogen 
bonds betvveen the bases and 

® 

un"vindt'ng the heltx. F- . 5 5 -1gure w 

Enzyrne B is ONA polymerase. This 1s because it is the enzyme budding 
the nev1 strands by joining on free nucleotides as they are attracted by Che 
e:.:posed bases on the template strands 

2 In eu ka ryotk ONA repUca ti on, a n um.ber of repl i1cat1 or, forks may open 
up a lo ng the DNA motecu le . Wha,t iis the a dva ntag e of th 1s? 
Having replication happening at a number of points at the same time speeds 
up the replication of the very long DlVA n1olecutes ~n eukaryotic chromoson-,es. 

()--M-it-os-· i-s~~~~~~~~~~~-

C ntro mer The :struc:tu r,e in a 
chromosome that holds. together 
,c-hromatids, unUl they a re separated by the 
spindle fibres. 

Figure 5.6 la)' Followi ng the repLkat~on 
of DINA. a eh romoso,m e appears as 
a doub1Le structure ca m.pose d of two 
chromatids. The chromatlds are the 
products of rep lka tion of the DNA in 
the origina'L chromosome. They are 
tern porari ly helld togethe r by a1 re,9i on 
ca,Hed the centromere . (b' Hu man 
X [centre! and V [lower r igh,t! sex 
chromosomes. Each chromosome h.as 
repUcated and so there are· two identica l 
struct1u re s [c hromatid's] Joined a,t the 
centrome re. 

Acco,rding to ceU theo11~ all ceUs arise fro1n pr,eviously existing ceUs by cell 
division. Mitosis is a type of ceU division that occurs in ukaryotic cells. 
Du1ing mitosis, a parent cell divides to produce tw,o daughter cells. Each of 
the two daughter ceUs c,ontains some of the cytop]asm from the parenl celL 
They also contain a complete copy of the parenl cell~ DNA, making them 
genetically identical to 1he parent cell and to each other. 

On. pages 74- 76 in this chapter we looked at the replication of DNA. The 

DNA of eukaryotic cells is cou.tained in linear chrotn osotnes. Figure 5.6 
shows you that the appearance of a ch.romosome changes after its DNA has 
been replicated. Before DNA replication, the chron1oson1e is a singlei rod­
like structure containing one tigluly wound double helix of DNA. DNA 
r,eplication gi.ves rise to t,v,o· rod-like structures~ each containing idlentical 
molecules of DNA. One region ,of the chromosotne> the n trn, 1 · r ~ holds 
the two rod-like structures 'together. \Vhile they are held together they are 
called ch romatids. We describe the chromatids in a pair as sister chromatids. 
During mitosis, sister chromatids are separated fr,om each other. At anaphase 
(see Table 5.1) the chromatid.s become chromosomes when they separate. 

chromosome 
before rep lkati on 

.__ce ntro me re 

- -~sister' 
· eh romat~ds 

chromosome 
after rep Hcati on 



The terms · chromatid" and 
"chromoso.me· ca n be confusin,gi. 
Chroma1tids are rerpUcate 
chromosomes held together 
by a centromere. As soon as 
they separa1te4 they a re ea lled 
chromosomes again . 

,. ok n .. is ID~vi1sion of the cytop!asm to 
girve two new oeU.s. 

Table 5.1 A summa,ry of th,e events occurrin,g duri,ng eac1h stag,e of m,itosis. 

: , ~s·ffi';j - ~afnT"ev'iffi ts)thaf~ctccunjl'n1ea·cff(st'a]Pj, 

lnterphase 

Prophase 

Meta phase 

Anaphase 

Telophase 

CeU ,makes a copy of its clhromosom·es 
involving, replicaition of DNA. Ce Lit grows ;n1d 
und.ergoes its normat phys10Log1icat functi:ons. 

Chroimosomes co it, becoiming- shorte,r 
and fatter. We can now se·.e the,m W!ith an 
optical microscope. Nuclear envelope 
disappears. Protein fibres form a spindle i,n 
the cell. Each chromoso·me cons,lsts of two 
chroima,ti ds. each co nta,in i ng an tdenti cal 
DNA ma lecu Le from DNA replication. 

One or more sp1ind le fibres attaches 
to centromere of each chromoso1me. 
Chromosom,es Line up in the middle of 
the spindle . 

Centromere holding each pair of sister 
eh ro ma,tiids together df\dides. Spi1nd le fiib res 
shortfm and pu Li onQ of e@ eh pair of sistQr 
chromati,ds to opposite p,ole·s of the spindle. 
We can now refer to the, chrom ati ds as 
eh ro m,osom es. 

Tine· two sets of separated chromosomes 
coltect at opposite ends of the cetl. A new 
nuclear envelope fo rms a round each set of 
chr""omosomes. ChrO'mosom.es become Long 
and thin. We can no ilongier see them clearly 
with an optical m1kroscope. Cytoplasm 
dlv1ides to form two new cells lcytokinesisl 

Although mitosis is a. continuous process> it is often described as a series of 
stages. The names of these stages, and the events that occur within them, 
ar·e summarised in Tab le 5. l . 

UsuaH~ foUo,ving telophasei the cell divides into two in .a process caUed 
cytol inc i_. ln animal cells\ the ceU membrane is FuUed inwards across the­
centre of the cell) pinching off the cytoplasm into two equal halves1 each 
containing a new nucleus. In plant cells, vesicles Cuse to extend the cell 
1nen1branes across the cytoplasm and then 11.evv ceU walls develop between them. 

~ -··························································································: 
; TEST YOURSELF : : : ! 6 Mftosf s produces clones. What is a clone? ! 
: 7 ; : Expla in the d~fference between a chromosome and a cnromatkL : . ~ 

: 8 The chromosomes in Fig 1ure 5.6 were taken during prophase. How : 
• • i would they look different if photographed during ana phase? ! 
i 9 What happens to centromeres du ring anaphase of m:itosis? i 
J10 Describe wha,t happens during cytok ines js_ £ 
• • • • ................................................................................................................... 
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D PRACTICAL 2 = 

Preparation of stained squashes 
of cells from plant root tips; A ·-:--= ~;;;;;;;.;..;...__;;. _ _........~---i 

set-up and use of an optical 
microscope to identify the stages e ~ F----:-~ ,-----------:.~ 

of mitosis in these stained 
squashes and calculation of a 
mitotic index . F 
This is just one example of how you 

=-------=,----=-------,- C 5 

might tackle this required pracUcal. E 

A student decJded to prepare a starned 
squash of ceH~ from the root tips of a plant 
for exa,mintng under an optical microscope. 
She cut off the lower part of g row1 ng roots 
and then placed them in ethanoic alcohot 
to ' fix' the tijssue. This preve'nted m1tosis from Figure 5~7 Cells from ttu~ t~p: of a plant root . Many of these ceUs are 
continuing 1in. the ceHS:. She then placed tne d,vi.dlng by mitosis. 

root tips tn dlilute hydrochlof'ic add at 60°C-. 
This separated the cells. After this,, she placed the tissue on a microscope 
sUde with acetic orcei n stain. whk h sta1 ned the chrom.osomes. F1i nalLy, 
she put a cover sUp on top, a,nd pre5sed down hard on the tissue using a 
folded paper towel, to obtain a layer of tiissure just one ceH thick. She then 
viewed the ceUs under a microscope. 

Figure 5.7 shows a photograph of cells rn actively divi,ding trssue. The 
chromosomes ha,ve been sta ined so that we can see the'm. Cells in 
thi1s t:issue were at different stages of m1tosfs before they were kiUed 
and sta in ed. The cells w1th indisti:nct nuclei were not dividing at the 
time the p hotog ra ph wa1s ta ken . 

Look at cell A in Figure 5.7. Its nucleus ~s clear, but all we can see 1s a 
dark-stained nucleolus surrounded by granules that are the tig,htly coi~ed 
regfons of DNA. At which stage nf mitosis was this cell? 

Your teacher w ill demonstrate 
to you the correct procedure for 
focusing the microscope to avoid 
breaking, the sUde. Care should 
be taken when u1si,ng sta ins -
wear eye protection a n.d make 
sure you follow a ll i nistru ctions 
you are given by your teacher. 

1.1.1 2 Look at cell Bin Figure 5.7. It has two groups of thread-Like chrom,osomes. 
d Look closely. Can you see that each ch romosome looks V-5ha1ped? Thrs is 
~ becau5e a spindle fibre, which yo,u cannot 5ee. is pulling 1its cen tro m·ere to 
:::i the t.eft or r~g,ht side of the celL The arms of each chromosome ~ag behind 
~ its centromere~ making the ·v·. At whjch stage of mitosis is this cetl? 
u.a Now look at cell E. a has chromosom,es that are visi1ble b1ut are not such clear :c 
t- threads as in cetl B. There are two clumps of chromosomes and a clear area1 

u, is develop1ing between them. At which 
stage of m1tosrs is cell E? What is happening rn the clear area between 
the clumps of chromos omes? 

, Cell F has a very disti ncttve appearance. The chromosomes are in 
a lii11e .across the centre of the celt. l.n which s tagie of m1tosrs i,s cell F? 

5 Cells A, B. C. D. E and Fare in d·i1fferent s tag;es of mitos f s. Put them 
f nto the correct. sequencei starting with the earlTest stage. Notiice how some questi,ons 

6 Is ceU D in pro phase or telophase? Expta in your answer. were easy to answer. Ana phase 

7 The mitotic index of an actively dividing tissue is found by divi.dJng i1s always very easy to 'ident1fy. In 
the number of ceHs seen ,in mitosis by the tota1l number of ce lls other cases, you ineeded to work 
counted ~Chapter 14, page 245),. l:f 32·0 of these plan,t root cetlswere th rough a log,ical pathway before 
observed a·nd 84 were seen in various stag1es of mitos~s. catcu'late you co·u ld answer the question. 
the mitoti,c index for this divid:ing, root tissue. 

: 

. 
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0--------T he cell cycle 
Not all cells in multicellular organisms retain the ability to divide. ln 
actively dividing tissues., the ne,,v ceUs formed by mitosis gro\v before 
replicating their DNA and dividing by 1nitosis again. Thus a cycle is fornu~d, 
called d1e cell cycle. Figure 5.8 sl1ows this cell cycle. You can see that the 
two events we have described in this chapter, nan1ely replication of DNA 
and nlitosis~ 1-ast only a sho1--t time during this cycle. 

4 
hours 

g 
hours 

G2 

s 

m,itosi"s 
1 hoUJr 

ir:rterp has~ G,1 

10 
hours 

Figure 5~8 The ce Lt cycle in a, e uika ryoti,c celL 
The times shown represent a cell -cycle of 
24hours. which m,ight be fo,und in actively 
dividrng tiss,ues. The a:ctuat length of the cycle 
va r,ies from -one type of cell to a,nother . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • • • • • • • 

Extension 
It 

• • • • Each part of the cycle involves specific ceU activities. These are: • • 
• • • 
• • • : . 
• • • • 

• 
Gl phase: tl1e cell increases in size : 
S p l1ase: the cell replicates its DNA : 

G2 phase: the cell increases further in size and replicates its ceU organelles : 
• M phase: mitosis. • 
• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

0 Cell division in prokaryotes 

Bin- r fi '"ion lihe meth,od of ceU division 
found in prokaryotes. 

When prokaryotes such as bacteria divide, the process is simpler than 
mitosis. Proka.ryotes d o 1101 have chromosomes; just ai single, circular 
DNA molecule. However; their plasmids are also replicated and passed on. 
Plasmids are really just much s1naUer circular D1NA molecules. Bacteria can 
contain more than one copy of a plasmid at any one time and the ma}..1.mu1n 
nu1nber of copies they can have of each is tightly Tegulated . 

1Cell division in p~o karyot es is caUed , i nu , Its -ion. Figure 5. 9 shows 
how the circular DNA n1.o lecule and any plasmids in the cell undergo DNA 
replication . The cell the11 divides into two cells, each containing roughly 
half the cytoplasn~ on e c,opy of the circular DNA molecule and so1ne of the 
p lasmid copies. Prokaryote.s have n o membrane-bound o,rganelles 
(see Chapter 3 page 5,1) 1 there is no nuclear envelope to, break do"1~n 
and there are n o spindle fibr,es. 
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Figure 5.9 ~a l Binary fi ssjon 
ta king: place in bacteria. [b) The 
sing te ci rcu la r DNA mole cute in 
proka ryotes is replicated. to·g ether 
with a,ny pla.smi,ds. and the two 
da ughter CQUs each FQCQ ive a copy 
of the s,ing l:e circular DNA molecul:e 
and a variiable number of plasmids. 

Even though tl1ere are no spindle fibres involved in binary fission > there 
are tnechanisn1S to ensure du1t a copy of the single circular DNA n1olecule 
and some copies of each plasmid are in ea.eh half of the bacterial cell before 
division takes place. Obviously each daughter cell n1ust receive a copy 
of the single circular DNA m,olecule, but even a daughter cell that fails to· 
receive at l ast one copy of a plasn1id may die. 

o~ -----------------------R e p Li cation in viruses 

Figure 5.10 Virus partictes leaving1 

e1 host celt e1Uer rQpt icatio·n. 

Viruses are aceUular and non-living (see Chapter 6, page 99) -1hcy do not 
have a cell structure and consist only of DNA or RNA surroun ded by a 
protein coat . This 1neans that tl1ey do n ot carry out ceU division. Instead> 
they replicate follo,ving injection of their nucleic acid into a host oell. 
Different viruses use either prokaryotic cells or eukaryotic animal or plant 
cells as hosts. Once their nucleic acid is inside a host cell, the hosts DNA­
replicating and protein-synthesising systems make more virus particles. 
Eventually> th, se are released when the whole host ceU bursts, or by 
'budding' one. at a tin1,e through the ho·st cell membrane (Figure 5 .10). 
This is why viruses da1nage host cells and can cause disease. 

~ -··························································································: 
i TEST YOURSELF i 
• • : 11 Name two processes involvi ng active~y d tviding tissue. : 
• • 
J 12 How ,many doubl e heUces of DNA a,re present ~n, each cntomosome i 
: [a] ait the s tart of t he G1 phase and ~bi at the start of the G2 nhase? : : ~ . 
: 13 Apart from the processes m entioned above. name two processes I 
• • : occurr ing in cells duri1n9 interphase. i 
! 14 Li st the d'ifferences between mitosis in eukaryotes and binary flssion i 
~ . 
: in prokaryotes. : 
• • 
: •••••••••• •••••••••••••••• •••••••••••• ••• ••••••••••• •••••••• • ••••••• ••• ••••••••••• • • 4111111111 .................... .... 



0, ~~~~~~~-Cell differentiation 
Not aU eukaryotic ceUs undergo the cell cycle shovm in Figure 3.8. Some 
fungi grow as filam.e.nts that contain cells Vlith more than one nucleus in 
them. As described above; during mitosis the DNA of tl1ese fungi rep]icates 
and then 'the new nuclei are formed. However) the cytopl.as1n does not 'then 
divide. Many cells in mature plants, and most cells in n1ature animaJ.s> lose 
the ability to divide. This is Vilh)~ in plant micropropagation, described at the 
start of this chapter, it is easier to use actively dividing ceUs to obtain explants. 

In n1ost n1ulticellular organisms newly fonned cells change their properties 
"'-hen they become specialised for specific functions. We call this process 
differentiation, and it does not occur at random. Cells in one part of a 
mature O·rganis1n differentiate to fonn a tissue in which all the cells perform 
the same function. Tissues are org.anis,ed into organs and groups of organs 
form systems, such as the digestive system. 

()~T-he~ce--l-l -cy-c-le~ a-nd-· -ca_n_c_e_r~~~~~~ 
During differentiation , most human cells lose the ability to divide by 
1nitosis. Even cells that continue to divide, such as those near the surface 
o[ your skin> nonnaUy divide only about 20 to 50 tin1es before they die. 
Losing the ability to divide and p1ogramn"Ied cell death are two ways in 
-w~hich cells control their ovm division and thus nun1bers. Som,etin1es these 

control ntechanisms break down. The result i.s that, i.f kept supplied with 
the necessary nutrients, such cells undergo repeated uncontrolled division. 
A large mass of these cells is called a tumour. Tumours m_ay bec,ome 
canc,e·rous. Cancer ,occurs if cells from a tumour ar,e able to break ai.vay and 
form secondary tumours elsewhere. 

In about 50% of people with all types of cancer, .a gene that helps to 
control cell growth (called p53) has n1utated. However) there are many 
other reasons why the nonnal control of cell division breaks do"'"TI. 
Conse,quently> there is no single treatn1ent for cancer sufferers . However~ 
n1any cancer treatn1.ents work by controlling t11e rate of mitosis . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
: Extens ion • 

• • • • • • • • • • • • 

• Cancer lreatments that control the rate of mitosis do so· in different 'fw"ays: • • 
• adria.mycin and cytoxan are drugs that stop DNA un,;,,.rinding prior lo : 

~~~ : 
: • methotrexate is a drug that stops cells making D1NA nucleotides 

: • taxol and vincristine are drugs that inhibit formation of the mitotic 
• • spindle. 
• 

• • • • • • • • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

·····························~······························································ 
: TEST YOURSELF 
• 
= 15 How is a tum our formed? 
I 

• 16 
I 11 
' I! 
I 
I 
~ • 

Wh:ich process js pr evented by m ethot rexa te? Expilain yo·ur answer. 

Marny drugs that are used t o treat ca ncer have side effects because 
they ailso a,ffect heailthy ce lts.S 1u1g,gest why. 

• .. • • • • ii • • • • 
i 
' • • • • • • 
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Practice questions 
I a) The following statements describe different stages in mitosis. Put 

them into the right order. (l) 

A Chromatids separate and move to oppos,ite poles of the cell. 

B Chromosomes become shor ter and thi cker, and the nuclear 1m,embrane 
breaks down. 

C A new nuclear mem1brane forms aro1und each group of chromosomes. 

D Chromosomes Line up along the equator of the sp indle. 

b) Look at the figure. Put the letters A, B~ C, D and 
E in order to indicate the correct order of the 
stages of mitosis. The first one has been done 
for you. (1) 

c ____ _ 

c) The table shows dlle nun1ber of cells in different 

stages of mitosis in pan of the growing region of 
an onion root tip. 

Stage of mitosis Number of cells 

lnterp1hase 47 

Prophase 19 

M,etaphase 4 

Ana·phase 2 

Te lo.phase 4 

i) Calculate the mitotic index for this tissue. 

A 

ii) lf the ,vl1ole cell cycle for these cells takes 30 l1ours, calculate 

(1) 

how 1011g tl1e cells take to complete mitosis. (2) 

iii) Calculate ho,v long the cells spend in tnetaphase. (2) 

2 Tl1e graph shows the 1nean distance between the centron1eres and 
the po)es of the cell during mitosis. 

a) i) At ,-~,..hat titne did n--ietaphase begin? Explain your anS\v·er. 

ii) Calculate them, '.8.n rate of chromatid movement during the 
first 100 minutes of anaphase. 

iii) Using a tangent on the graph, fi.nd the rate of chromatid 
movement for the second 1001ninutes of anaphase. 

b) Vincristine is a drug used to treat cancer. It inhibits spindle 
formation. 

i) Which stage of mitosis does vincristine inhibit? EArplain youT 

(2) 

(1) 

(2) 

~~~ w 
ii) Cancer patients who take v'incristine can suffer hair 

loss and anaemia. Suggest why. (2) 

B C 

E 
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Yeast cells are , ukaryotic. They reproduce by a fonn of mit:osis called 
budding. Scientists sampled a yeast cultu1·e very hour for 6 hours. 
They counted how many yeast cells W"'ere in each sample and measured 
the DNA concentration. The res ults are sho'Wll in the graph. 

t 

No. yeast 
cells and 

DNA c:onc. 

0 1 2 3 4 15 
Time/hours 

6 

Key 
--- nurnber of 

yeast c:e I ls 

- concentratf on 
of DNA 

a) What process was l1appening between the l and 2 hour sam.ples? (1) 

b) In \vh1:el1 stage of the ceU cycle were many of the yeast cells 
between 1 and 2hours? (1) 

c) Bet,veen which samples was cell division happening? (1) 

d) Yeast cells are single-celled organisms. Cell division by budding 
results in 'lvlo genetically identical daughter cells in the same 
way that binary fission does in ·prokaryotes. How does 
budding differ frotn bina1y fission? 

e) Yeast ceUs aie ,eukaryotic. Using your knowledge, ,explain hov., 

(1) 

mitosis in yeast differs fr,om binary fission in bacteria. (3) 

+ The bases in DNA nucleotides contain nitrogen. Scientists gre"'r bacteria 
on a medium containing 15N Cheai.,y1 nitrogen) for many generations. 
They then transferred the bacteria to a medium containing i+N 
('ordinary' nitrogen) . They analysed DNA from the ba:cteria at three 
stages: 

I while the bacteria were growing on the 15N 
n1ediun1 

2 after one division of the bacteria on dte 1+N 
medium 

3 after two dhrisions of the bacteria on ihe HN 
medium .. 

Tl1e o ,NA was analysed by extracting it fTom the 
cells and centrifuging it in a tube. The layer of DNA 
in the tu be formed at differ,ent l1eights because of its 
density. The diagram sho,vs their results. 

ba cte da grown 
on 15 N med ii urn 

daughter cell 

bacteria grown ceUs in 14N 

first g1enerati on second generation 
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a) i) Copy and co,mplete the diagram on the right to show hovil the 
tube would appear after one more division of the bacteria on 
the 1+N medium. (2) 

ii) Explain how these results confirm that D1NA replication is 
s emi-c onserva.ti ve. (3) 

b) An alternative theory ,vas that DNA replication is conservative. 
TITis theory suggested that the original DNA molecule 
remained intact and that a new 1nolecule of D1NA was produced 
V{ithout using any of the nucleotides from the parent strands. 
Complete the diagratns belo,v to show the bands of DNA that 
v.rould have appeared in the tubes if DNA replication had 
been cons·en·ative . (2) 

After one di.vision of the bact,eria on the 14N medium. 

After two, divisions ,of the bacteria on the 14N medium. 

In Stretch and challenge 

II 5 Tl1e replico11 model was first proposed as far back as 1964 to explain 
prokaryotic DNA replication.. \Vhat are replicons and how do they differ 
i11 prokaryotic a11td eukaryotic DNA replication? 



The immune system 

································~········ .... ····································································· • • 

~ PRIOR KNOWLEDGE i .. . 
.. . 
: Before you start. make sure that you are con fident in your .knowledge and : . ~ i understanding of the following points. i 
i • Miicro -organ,isms th a·t cause i:nfect~ous d~sea se are ca lled pa·thogens. i·~---
i • Bacteriia and vir uses might r eprod uce rap idly insi,de the body; some : 
! produce po,isons (tox insl that make us feel iU. i 
i • Viruses da·mage the cells fn wh ich they re produce. : 
• • 
: • W hite blood ce lls help to de fein d against pathogens by: : 
• • 
: tngest ing pathog,ens : .. . 
: produclng anbbodies . which des troy particular bacteda e r viruses : 
• • 
: producing antt:toxins , whkh counteract the t ox~n s released by the : 
• • 
: path ogens. : .. . 
: • The immune system of the body produces speci.fic a ntib odie s that : 
• • 
: des troy a parti cular pa thogen. This le ads to i,mm unity from tha t : 
• • i pathogen because~ if exposed to the sa me pat hogen i they rapidly : 
! produce m,ore of the co rrec t a.ntibodie.s. ! 
ill • 

! • People can be immunised aga,inst a disease by initroducingi s mall ; 
• t. 

i quantities of dea1d or inactive forms of the pathogien into the body ; 
i !vacc ination). Vacc ines stimulate th e white blood cells to produce ! 
' f, 

: ainti,bod ies that destroy the ,p ath ogens. : 
• • .. , . .. . .... . ................. ... ...... .. ................ .. ...... ... ..................... ......................... 11111111 

~ ···························································································: 
: TEST YOURSELF ON PRIOR KNOWLEDGE ~ 
.. . 
! 1 Give two ways in w hich pathogens m fgiht affect th e body cells they i 
: infect. : • • 
~ 2 Why ar e ant ibodies desc ribed as specif ic? ~ 
i • 

: 3 Apart from a nti bod1es 1 give one way in w hich wh ite blood ce:lls iprotec t : 
i : 

: the body a:ga,inst pa thogens. : 
' ~ 
i 4 • , If you are vacc inated against meastes, you will not suffer from : . : 
: rm ea,sles. Exp lain why. : 
• • 
: 5 Co lds a re cau sed by a virus. You might suffer from more than one : 
~ ~ 

: co'ld in a sing le w inter. Explain w hy. : 
• • 
=+••····················••+••+••••••••• •+••••••••••+••••····················••+••+••• ....................... lllllllllli 

J ntrod u et ion 
Look at the baby in Figure 6 .1 (overleaf) . He lives in the plastic cage or 
bubble that you can se·e around him. The bubble is completely airtight. The 
air that he b reathes has to b e fi.kered before it is pumped into the bub ble. 
The fo,od and ,vater that he consumes n1ust p ass through an air lock beiore 
he can touch them. Anyone who, ~ishes to· touch him n1ust work through 
the plastic glav s you can see in the photograph. This boy can never leav, 
the plastic bubble. He '\vill not be able t,o go- to school. He will not be able to 
play out ~i th friends . H e ·will not be able. to tou ch his mother, his father or 
his siblings. Can you imagine a life like this? 
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Figure 6.1 Thts boy suffers 1from SCIID. lhe plast~c bubble in which he lives protects 
hiim fro1m infect ion. 

This boy was born ,vith an inherited condition~ called severe combined 
imn1unodeficiency (SCJD). His nnn1.une syste1n is unable to recognise 
foreign cells and does not produce ,enough v.,hite blood cells. \Vhite blood 
cells are pan o.f the immune systetn, the system that help,s to protec't us 
against disease. If he ,1.,.ere to suffer any infection he could not fight it off. 
As a result, even the mildest infection could kill him. 

Thankfully; for most of us the body has a number of defences against 
patha,gens. The firsl is to prevent their entry by various physical and 
chemical barriers; such as the skin., tnembranes, tears andl saliva. lf this 
fails, the second is for the region invaded by the, pathogen to swell and 
·become red> in 1Nhat is called a non-spe.cific inflairn1natory response. If 
this fails, the third defence occurs. Here~ the body is able to recognise 
·£01-eign' cells and target particular pathogens in a specific itnmune 
response. 

Surf ace proteins are important in enabling tl1e body to recognise 
its otvn cells ('self') and the cells of pathogens that are invading the 
body Cnon-self) . Key to this is the way that proteins on the surface 
me1nbranes of ceUs are used to identify them (see the fluid mosaic 
model o,n page 43) . Understanding the role of pro·teins on the surfac·e 
membranes of cells is vital to understanding the specific immune 
response. You will re.1ne1nber that you learned about the proteins in ceU 
men1branes in Chapter 3. Some of the surface proteins of white blood 
cells are receptors that bind to the proteins on the surface of pathogens. 
One type of white blood cell releases copies of its surfaoe receptors as 
antibodies. 
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' P hag o c y t e s and lysosomes 

F=igure 6.2 Th is blood cel!L is a 
neutrophit the most com:mon type of 
phago·cyte in yo,ur blood. Phagocytes 
are cells that can ingest and then 
digest microscop ic pathog1enrs. Notice 
that its cytoplasm is fuU of Lysoso,,m,,ss 
(coloured red]. These conta in enzymes. 
cailled Ly sozy.m es. that a re i mpo rta nt in 
des t roying i1ng ested pa thogens. 

If a pathogen gets into your body, an inflammatory response is your second 
line of de~ nc,e.. This: type of response is non-specific, meaning that it is the 
same for all pathogens. Blood contains two types of blood cell: red ceUs 
a11d white cells. Unlike red ceUs, there are tnany different types of ~lhite 
cell. Some of these are phagoc}rtes. TI1.is means that they can surround and 
digest microscopic pathogens. 

The ,vhite blood cell in Figur,e 6 .2 is the most common type of 
phagocyte in your blond, called a neutroph.il You can see that its 
cytoplasm is full of lysosomes. You learned about lysosornes in 
Chapter 3 (s·ee Table 3.1 on page 4 1). They contain enzymes that 
can digest proteins, lipids and carb,ohydrates and are important in 
destroying pathogens, 

The cell-surface 'membrane of a neutrophil has protein receptors that bind 
to antigens such as those on the surface of pathogens. Their complemenlary 
binding sites enable a neutrophil to bind to a pathogen such as a bacterial 
cell. You can see in Figure 6.3 how a neutrophil the11. ingests the pathogen~ 
fonning a 1nen1bra.ne-bound vacuole around it. 

Lysosom,es tnove to this vacuole and their men1brane.s fuse ,vith the 
membrane around the vacuole~ This fusion r,eleas,es enzym,es, called 
lysozymes, on'to the ingested pathogen. The lyso.zyn1es hydrolyse the 
pathogen and the, neutrophil absorbs the harmless products of digestion. 
In this way. all phagocytes kill bacteria and other pathogens that have 
entered the body. 

Neutrophils are carried in th.e blood 1 hut they can also move and leave 
the blo,od to attack microscopic paihogens in o,ther tissues. They leave the 

blood. by squeezing through tiny gaps between the cells that fonn capillary 
waUs (see page 158). 

• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
: Extension : 
• • : The release of a chenlical called histan1.ine helps n eutrophils le.ave the : 
; blood by making the walls of capill rtes ~1 al"y'. Histamine is released by : 
: another type of white blood cell, called a mast cel11 ,vhen tissu,es outside : 
: the circulatory system a.re damaged. lt causes capiUaty v..,~lls to become : 
: more permeable so that they lose more fluid to their surroundings. This : 
! leads to localised svtelling. : 
• • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

--- ~-1lysosome containing· 
enzymes 

-pathogen, 

Figure 6 .. 3 How a phagocyte destroys a pathogen. 

~ - "Ul',,....__ enzymes 
dig est path og.en 



~ ···························································································= i TEST YOURSELF i 
i 1 Exp lain th e mea ning of the ter m ·pa,thogeni:c·. ! 
+ I 

i 2 The va st num bers of bacteria living k1 your larg.e i,ntestin e help to i 
• + 
: prevent infection by pathogens. Sugg1es t how. : 

i 3 Pathogens are ha.r,mful but , once digested by phago cy tes. t he I 
• • 
: p roduct s of t he ~r digest ion a re not. Exp ta in why. : 
• • : I+ A si te of i,nHam miat1on. s uch as a cu t o n you r f inger. becomes hotter : 
• • 
: than the surrounding skin. Suggest why. : 
• • • •••••••• •••••••••• ••• •••••••••• •••••••••••••••••••••••••••• •••• •••••••••••• •••••••••• 11111111111 .................... lllllllmi 
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T he specific immune response: 

:E 
LU 
I- Figure 6 .. 4 Ly·m phocytes a re a type of 
~ white blood celt They are involved 1:n u, 
I.LI cetlulai r and hum ora L i m mu11ity. 
z 
:, 
~ 
~ -

n i _ n A large 'foreign' molecule that 
5timulat,es an ~mmune response. 

lymphocytes 
The imm1.,ne system recognises and destroys any foreign. cells, pathogens, 
abnormal cells nr toxins. The itnmune system does this by r,ecognising 
molecules on the surf ace of the bodyg ovm cells and identifying them as 

'self. Any cells, toxins or pathogens that have o ther molecules on lheir 
surface are lt;cognised as 'foreign', a11d these are attacked by the cells of the 
immune system. 

Phagocytes, ·\vh ich you h ave just learned about, do not respond in a 
specific way to a micr,oscopic pathogen; they ingest and destroy anr 
ln contrast , lymphocytes are specific. Lymphocytes are another tY1Je 
of white blood c U. Each lymphocyte attacks o,nly on typ of antig n . 
Figu.re 6.4 shows the appearance of a lymphocyte. You can se·e that 'these 
cells do not have the lysosomes in their cytoplasm that we have seen in 
p h~go,cytes. 

Lym.phocytes go throu gh a 1nat11ring process before they are capable of 
fighting infection. The maturing process b egins before binl1, and results in 
t,vo types of lytnphocyte: 

• B ly1.n phocyt:es, known as B cells, mature in bone 1narroi;.v; th ey release 
an tibodies into th e blood 

• T ly1nph ocytes, known as 'I cells, mature in a gland iI1. the chest or 
base of the neck called lhe t hyn1us; they cause a cellular ,respon s to 
infection and they do not release a11tibodies into the blood. 

Before go,ing further~ ,ve need to be clear about thre,e terms used in 
'immunology. 

Antigen 
An antigl.'n is a molecule fl1at stimulates an immune response, including 
an tibody generation. Small molecules, like a1nino acids, sugars and 

triglycerides, do n ot stimulate antibody generation . Antigens a1~e large) 
complex molecules, such as proteins, glycoproteins and lipoproteins. 
Figure 6. 5 sl10,ws that antigens are located on the outer surfac,e of c,ells. 

Each ceU in your body h.as proteins ,on its surface tnen-ibrane (see page ·44) . 

Nomially, yo,u would not 111ake antibodies against theses 1£ antig n . ln 
the body of another person or mammal, hoiw·ever, these antigens would 
stimulate antibody generation. 
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Figure 6.5 Every mammat has self 
anbgens on the surface membranes of 
its cellls. The anti gens on the su rface of 
cells from another orga,ni1sm. non-self 
a nbgens. trfg ger anti b·ody ge neration. 
[Dr.a1wi ngs a re not to sca{e .) 

site that binds 

polypept ide 

polypeptide 

site that binds 

1-+--t--- disu lfi de bridge 
hof.d·in,g 
polyp e,ptid es 
together 

Figure 6.6 This anHbody is a 
Y-shape d molecule mad.e of two 
tong lheavyJ and two sihort [Ug:ht] 
polypeptides. The va ri able reg ion 
show n in the driagram, is the part 
that binds to ain antige·rn to make an 
a nbge n-a nt ibody co rn plex. 
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n I A protein released by a B, ceU in 
response to a non-seff antigen. 

ntl en- ti o .. o I tJI The corn plex 
formed when an a,nUgen binds with a 
c;om plem1en tra1ry antibody. 

Antigens frt into th e rece ptor 
si:te of the spec if k antibody. Be 
ea re f u 'l not t o ca ll th is an act ive 
site, because aintibod ies a re not 
enzymes. 

Non-se If antigens 

bacter~um 

Antibody 

cell f-:rorn 
another 
human 

An L 111 ibo ly is a pr·otein rel ased by a B ,cell in response t ,o, a non-s,elf 
an tigen. Every antibo dy has at least one Y-shaped molecule, made of 
four polypeptide chains (quaternary structure) . Figure 6 .6 shows one 
such m olecule. N otice that two o f the polypeptides are large an d two are 
sm all It also sh o\vs the h,vo key parts of the antibody molecule: the sites 
that bind with a sp ecific antigen. Every mam1nal is able to make miUions 
of different an tib,odies) each with a different pair of bin ding sites specific 
to one type of antigen only. 

Antigen-antibody complex 
An antigen and an antibody have complen1entary molecular shapes, 
meaning that they fit into each other. Vv'hen an antibody randomly collides 
·,~th a cell canying a non-self antigen that has a complementary shape, 
it binds to the antigen. When this happens, the two mole,cules form an 
· nll.T ·n- : nLil ncl cn111pl~ r . This is the first stage in the de~truction of a 
ceU carrying a non-self antigen. 

Antibodies have at least t,vo sites \\1here ihey can 'bind to an antigenj so 
this means they can bind to m ore than one bacterium or vi.rus. When this 
happens, a netwo1~k of antibodies and parti cles forn1.S in a clump. This is 
called aggl utination. So1n,etim es the binding of antibodies t o the antigen 
neutralises rhe path ogen . Som etimes the binding of antibodies to the 
antigen acts like a 'niarke,' ,vhich attracts phagocyti.c cells to engulf and 
destroy the cell bearing it. 

B cells and the humeral immune 
response 
A single B cell has a uniqu e type of receptor 1nolecule on its su rface 
membrane. Every day, h owever~ you randon1.]y 1nake m illions of B cells, 
each ,vith a different receptor on its sur face tnembrane. By chance, one 
of th ese B c,ells ~rill have receptors ,vith a shape con1plementary to th e 
shape or an antigen on a cell that has entered your b lood. ln d1at case, 
the receptors bind to this antigen. Figure 6 . 7 (overleaO summa1ises what 
then happens. 

The B cell divides rapidly to produce a large number of daughter cells. 
Since the divisions are by mttosis (see Chapter S), these daughter cells are 
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Since they form1 a, single clone, 
the plasma cells 1in Figure 6. 7 
release the sa m e, or monoclonal, 
anti body. 

Figure 6 .. 7 The diagra,m shows w hat 
happens wihen. by chance. an anttgen 
coUid:,es wi th a 8 celt If this B ceH has 
a complementary receptor. i1t w rll bind 
to the ~mtigen. Thfs stimutates the· B 
cetl to divide rapidly~ for1ming a large 
ctone· of daughter ceHs. Most of these 
are plasma ce lls [1Labelled' PL which 
release anbbod ies into the blood . A few 
ar,e memory cells llabeUed M). which 
remain dormeinit in the blond. 

Remember to link thi1s to your 
study of ceUs and miembranes 
in Chapter 3. You s hould, for 
exa1mp le, unde rs tand that 
plas ma cells co nta r n a lot of 
ro 1ugh endop lasmi c ret1culum for 
protein synthesis w hen they a re 

secrettng antibod 1ies. 

genetically identical; tl1at is~ they fom1 a clone . TI1e n1ajority ,of cells in the 
clone becom plasma ceUs~ which release antibodi s. A smaUer number 
become m m ry · I and remain in circulation long after the antigen is 
destroyed. They can rapidly divide to produce clones of p lasma cells if 
re-exposed to their complementary antigen. 

B eel Is with different 
antigen receptors 

.-- - -~~ antigen molec:u'les f,it ·the 

mitosi,s gives rise to 
wvo da,ug hter ceUs 

I 

m mory '>--
)- cell ·( ,,._ y plasma y -0·. -(0· ~ 111 0· .,..). p '(" p . p ( 
. \ . '(" y 
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y A y 

!
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8 ' .c.. 
M . A- -< ~-:;::::""' PI asm a ce ~Is (~) 

. ~ secrete a ntrbod1es 
-~ ,.l, -A -< into blood plasma 

A 

0 T cells and the cellular immune response 
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r h A type of p,hagocytic ceU 
(Uke a neutrophU). Once a macrophage has 
ingested and partl)' d•g,estedl a pathog:enl 
it may transfer so1me of th,e path·ogen's 
aintigens to its own surf ac,e m emibraine. It 
then becomes an anUgenepresenting cell. 

Although T cells are involved in different aspects of the imn1une response 
from B ce Us) they respou.d in a sin1ilar way lo exposure to a specific antigen. 
As Figure 6.8 shows) once it binds lo its complementary· antigen, a T cell 
divides rapidly to produce a clone of ceUsA T cells are, l1owever~ different 
fron1 B ceUs in three hnportant tvays . 

The recepto,r of a T cell has only tvlo polypeptide chains and is never 
released as an antibody into the blood. T ceHs respond to an antigen only 
if tl1is antigen is present on the surface of a 111a c 1 Jph,tgi: that bas become 
~n a11tigen .. presenting cell by presenting the antigen fro,1n an inge·sted 
pathogen; foreign cell or toA.in.. 



Figure 6.B T ce Lls wiU bind to an 
antigen on Ly if i:t i1s on the s uirface of 
an antigen-presenting cel l. When the 
surf ace receptor of a T cell b,1n ds to 
a comptgmentary antigen, the T ceU 
becomes s:ein.sitised e1 n,d steirts div iding 
to for m a clone of ce lts. 

surface 
receptor __ 

irr, any mitotic 
d1visions 

Infected eel I 

ainti gt?,n~ 
p resenting 

cell 

1• I 

D 
~ 

Body·s own cell 
r..._-self 

antigen 

lnfecti ng vi r u:s 
(the pathogen) 

rnernory c:elJ h~l'per T cell cytotoxic T cell suppressor T cell 

There are seve1-al different types of T ceU and> follo"Wing ceU division, the 
cells in eacl1 clon e differentiate into more of the same type of T cell. CeUs of 
each type h ave a diffe1·ent function. Memory T ceUs reniain in the blood and 
cause a rapid increase in the number o,f T cells wlien re-exposed to their 
specific antigen. H,elper T cells (TH ceHs) assist other ,vhit,e ·bloodl cells in the 
in1munological response. For example~ by releasing chemical messengers, 
called cytokines, they stimulate: 

• maturation of B cells into plasma cells that secrete antibody 
• formation of memory B ceUs 
• activation of cytoto)..ic T cells (Tc cells), which destroy n1.mou r cell5 and 

cells that are infected \Vith viruses 
• activation. of phagocytes. 

TH cells are extre1nely in1ponant in the im.1.nune response> and B cells 

cannot work without the1n (see pages 99-100 for \vhat happens during 
i11fection \vith HIV) . 

••t~····~····•••tt+••••••········~·~··········~········~···········•tt•••i······· ······~···· + 

i TEST YOURSELF ! 
: 5 Give two ways in whi ch aritiibodies are different from enzymes. ; 
! 6 A plas ma ceH has ma ny mitochondr ia and ex tensi:ve rough ! 
; endop tas mic reti cutum. Expla in how ea.eh of th ese featu res is ar, i 
• • : adaptation for the functi on of thi s ce[l. : 
~ 7 After recove ry from an infect ion. co lU sf on betw een a 18 ceU and its ! 
• • 
: comple mentary antig en is l·ess Ukety than the collU s·ion betw een a : 
• • ! me;mory cell and the s ame antrgen . Ex plain w hy. i 
; 8 Give two diffe rences in the way that a TH celt and a B cetl r eact to their i 
! res pectiive antigens. ! 
• • i 9 In response to ~nfec ti on 1by a single stra i,n of bacterium! a heattny ! 
I human produces ,many. perhaps hund reds of. d.iffe rent ant1 bodies. i 
: Explain how this happen,s. : 
• • : ............................................................................................................... .. 
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W h y don't we suffer the same 

Figure 6.9 The effect of re,peated 
in je cUons of a nt·igen on the 
concentration of antibodies ,in the blood . 

infection twice? 
If you suffered an illness such as chicken pox when you were a child, 
you might have wondered w·hy you neve:r caught the disease again. We 
can explain this using our knowledge of antibodies 1 plasma cells and 
memory cells. 

1 
Concentration 

of antibody 
in blood 

First ire sp on se 
A 

11 st injection 
of ant igen 

2 n d ,inj:ectfo n, 
of antigen 

8 

Secondary ,response 

Look at Figure 6.9. It shows the ooncentration of an antibody in the b lood 
of a person ,vho is injected tMce Vvith the satne antigen. The part of d1e 
curve labeUed A shows what happens after the first injection . After a delay 
of se\·eral days, there is: a small rise in the concentrati-on ·Of antibody in the 
b]o,od. This is the primary response. The antibody concen.tralion quickly 
falls again. We can use the information from Figure 6.9 to explain this. 
The shon del~y represents the time for a complem·entary; specific B cell 
to collide randomly v.,;ih the antigen , bind witl1 tl1e antigen to form an 
antigen-antibody complex and then divide to fon11 a clone of plasma cells 
that release their antibodies. 

As the antibo dies destroy the antigens~ so fe"\ver an d fewer B cells 
are made~ and th e con centration ,of antibody falls again. The part of 
the curve labelled B shows what happens after the second injection. 
This secondary rcspons \vhich may occur weeks> months or ,ev n 
years after the original injection, is more rapid and results in a higl1 r 
concentration of the antibody in the blood. Again, Vi.re can ·explain 
this u sing information from Figure 6. 9. After the first response, many 
memory cells that are specific for the antigen remain in the blood. As a 
result the m emory cells are m ucl1 more likely to collide vtith the antigen 
and bind with it. This m eans that the me][nory ceHs start to divide to 
produce plasma cells. This explains why the .secondary response is more 
rapid than the first response. I.n addition, a larger number of plasma cells 
are produced, so the concentration of antibodies is higher during the 
secondary response. 

The san1te events occur when we suffer infections. The first tin1e ,ve become 
infected by a particular pathogen, although ~~e are able to fight the infection 
and recov-er we p roduce antibodies after a time delay During this primary 
r,esponse; we e.xhibit the symptoms of that infection. We talk about ,catching 



the disease. Ho'\i\1ever, the nex1 ti1ne we become infected by the san1e 
pathogen, our response is very rapid and we produce a large concentration 
of antibodies. V./e are able to destroy the pathogen before it causes disease. 

0 Why do we get colds and flu every winter? 
As v,le have seen 1 the surface receptors on lyn1phocytes have a shape 

complementary to only one antigen. This is ,vhy they are a specific i.nunune 
response. Memo11' cells can only be effective against a pathogen that ah~lays 

has the same antigen. If the antigen on a pathogen ,vere to change, the 
veceptors on our me1uory cells ,vould n o longer bind vvith it. 

Some pathogens sho,;,\.T antigen variability. This m eans that, as a result of 
gene mutations they frequently change the antigens on their surface. The 
cold virus and the influenza virus sho~r antigen variability in this way. This 
means that the ·new, cokll or flu viruses have antigens that are no longer 
complementary to the surface receptors ,of the memory cells remaining 
from the cold or flu we caught last year. Consequently, ,ve. "1-ill not have a 
secon.d.ary response and so catcl1 a cold or flu all over again . 

Scientists propose explanations for the observations they make. We refer to 
these explanations as hypotheses. ln order to test the validity of a hypothesis, 

scientists use it to n1ake predictions and then devise experiments to test these 
predictions. If their results are al,vays consistent with their predictions, they 
become confident in their hypothesis and it becomes a theoitj,~ 

The clonal s lecti n hypoth sis proposes an explanation for the way 
that v..te produce antibodies against non-self antigens. The box below 
summarises this hypothesis. 

Our immune S)lStems produce millions of different types of Band T c,eUs. 
Each tyrpe has a unique protein receptor on its surface 1nembrane. If; and only 
if, one of these cells binds with a complementary antigen 1 it is stirnulated to 
produce large nu1nbers of cells that are identical to itself and 1 consequently> to 
each other. We call a group of identical cells a clone. Thus> in response to the 
presence of a particular antigen~ a B or T cell is selected and it forms a clone.. 

Within the clone, each ceH has the identical ·protein receptor on its surface . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
: Extension • 

Test•ng the clonal s,ell.ection hypothesis • • • • • • ln an experiment to te-St the clonal selection hypothesis, 
: scientists injected two rats > R and S ~ ri'f h antigens from. 
: two different strains of pneumococcal bacteria. They 
• • injected each rat twice, with the second injection 
• • made 2 8 days after the first . 
• • • • • • • • • • • • • • • • • • 

l \Vhy do you think the scientists injected each rat 
twice, \Vith a gap of 28 days bctv.i'"een injections? 

Thi~ is ti iJUi \v tirneJ, t th l rf r 1(.1,·y· l' lo 1 c r, cur 
1.H1d 'l t 't lt •:v t dl~ f. r b' ma,~. Aft r r1~ . .} ' t.. th.11111ccn1 11 

11 d 10 , V 1..-r.: lf wrll J~i; l'' e,; ,e·n, du t pi ·dd c!' V ' )'' I rrgt:· 
l r~·1i. unLS lif' 111rihodv ... . gnin!ir the ;1~ th g ·n. 

Figure 6.10 will help you to answer this question. 
After the first injection1 the rats ,vould produce 
only a smaH quantity of antibodies against the 
pathogen (the primary response). After the second 

• • • • • • • • • • • • • • • • • injection., the rats would produce n-1uch more of the • • antibody (the secondary response). : 

2 vVhich type of hnmune cell do you think the 
scientists were attempting to stin1ulate? 

B cdls. H I c.:julty. ,. t1 sp1 z u1 that r/1 · ~,r n U5t· ,v ·, · 
,\.;LJin~ to lc.1oh .fi J • oHuhtJdie·. Thi~ nu· ns d1 t t11 · 
s 1r,;; nti t 1n1tst 111.Tvt· be~ 1 t1 vin t > sUnnd, t · 13 ci.:·H~. 

I 

• • • • • • • • • • • • • • • 



• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
::E • 
LU • 
I- • 
~ • • 
U') • • I.LI • z • :, • 
:I: • 
~ • • - • w • X • I- • • 
"° • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

3 The sci,entists injected rat R Vlith antigens from 
strain X ,of the bacterium (type X antig ns) and 

injJected rat S \,rith antigens from strain Y ,of the 
pneun1ococcal bacteriu1n (typ Y antigens). 

After 2nd injection: 

Columns of inert 
beads: 

Lymphocytes: 

A nti-X anti boc:fy!: 

Anti. Y anti body: 

1 

Rat R injected 
With ~ X antigen 

j 
sample of lymp hC(ytes 

3 

emerging from emerg 1.ng from 
column 1 coJumn 2 

1 l 
X .It/./ ., X 

Key 

X = no production of anti body 
-.f = liittle pro du cti on of a·nti body 
,/ ,,/'J = great production of antibody 

Rat s Injected 
with type Y anti girm 

j 
sarn'Ple of lymphocytes 

4 

em erg i ngi from emerging ~rom 
coJ,umn 3 column 4 

l 1 
X .I 

~.ltl X 

" • • • • • • • • • • • Iii 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • .. 
• • • • • • • • • • • • • .. 
• • • • • • .. 
• • • • • • • • .. 
• • • • • • • 

Figure 6.10 This di.agram summari1ses the method and res,utts of an1 investigati,on i,into ant~bodies from ra1ts i nJected with antigens. : 

Vvhat do you think 1he scientists were predicting 
would hap,pen as a result of these injections? 

Llsing the donal sdccfion 11 ·'Pot11esisl t11c sdentist:s \Vere 

prcdiL-ttng thar the~ blood tJ boil, -ats ,11/oirld al ·endy con tar 1 

one or mon:' 8 ccJL.;; l·,..itli a protein rrcepror char ,,vas 
cornplcm enta,~v to t\ Ach of the a. 1 tigeris.fron1 tlie h·vt1 strains 
r:fbcrct1t,-i· n,. If dh don.al -dccfion hven1hc..s;~ is corr~ct 
dh c·'H~ ;n n1t R \t·itli ~1 prottu1 r ·ceptor ompli? n1 ·nti1ty 
tt1 t_v1Je ){ antig ' 1..s ~h 1uld he stinnildttd r~ . 0 1 n l ckmc . 
H ·wev ·r. U1is ,IJL tdd not h~ rP n in P l t S. ini.:tc, ,t d1 · d is 
with c1 t r tdn rt ,.iJptor cvJnp1crncntary t,'l tvpc Y antrgi;·r1s 

"ltotild be ~tinniltrtcci to Jou, a lu 1e: i11 f(U S . 

The scientists no"'r needed a ,vay to find out ,vhich • • • 
cells had been .stimulated to p roduce a clone. The : 
method they chose \vaS rather neat. They coated inert : 
beads ,vith the type X antigens and put the beads into : 

• ti.No glass colmnns (labelled land 3 in Figure 6.10). • 
• They then did the same ,vith type Y antigens and • 
• put these beads int:o another two glass colum1.ts : 

(labelled 2 arnd 4 in Figure 6.10) . They reasoned that : 
if they \\rashed san1ples of lymphocytes through ·these : 
columns, thos lynlphocytes d1at had the appropriate : 
complementary protein r ·ceptors would bind to the : 
antigens on the inen beads. & a result, they v.~ou ld stay : 
in the glass column and not emerge. at the bottom : 



• : 4 \Vhy y.ras it impottant that the beads they used 
• were inert? • • • • • 
" • • • • • • • • • • • • • • • • • • • • • • II 

Yem, 1i11}1t riot h1.1\' iJJ11L' 1.ro~s th · te,·m "i,JL· ·t · bi.:(i 11i.: . 
~ ~ 

St1rnt·t /Jing du.it is ine.it wiH n t react dt!i l nyd1ing. 
This was iJnJ1L1rtnnt be-cause tl1e sckntists did nor w1.1ni 
any of cih= Jyn1phoc_v[cs to reacc w[ih r11e beads a.111..i 
st1ch ta U1enL Thev ,ranted d1en1 n bind 011 lv wrch the 
antigens c11 at coated the beads. 

One week after the second injection, the scientists 
rernoved a san1ple of blood from each of the l\.vo rats and 
separated tl1e lyn,phocytes fron1 the test of the blood. 
They put half of each sample into a colun°ln of inert 
beads coated "With type X .antigen and half into a colutnn 
of inert beads coated Vvith type Yantigen. They then 
washed the samples lhrough the columns and collected 
any lymphocytes that passed. through the column. 

• • • • • • • 5 What type of fluid do you think they would use to 
• • wash the lyn1phocytes through the colurn.ns? 
• • • • • • • 

Thev vould use <1 solution t hac has the sarne H.lati: ,-
ol 

potentir.rl n.s die l_vn1phoc_ytes. 

: I-lori:.ful~J _ 't u t~sed. ·'Otff h11 ·1wledgc- of wute, poteruial ~ ,it f 

l n..1tdn ·~ccr)tors U1ai 1~1 re co,npl ·,n ntc,r , io I 'I i.: 1~ 

a 1t.ig ·n, t nd i.. t11 ·r lyn1ph cyti.:s dt/1 pri ld11 , c'c ·pt,,,.:: 
tlil t ivt: r· compl 111,: 11la1 / t, iyp,) LnHigt:'tL 5 1.,, t/11; 
t'Lll had che pou.~nrit1l ta 1 ud? 1..nHrbodi t?s agninsl bod1 
(\'pts oJ LH1trgt?11. Srncc nu Rivas 1n1ecrcd wit11 cvpe 
X an Ugl·n, ve rredi et 1 l1a t rt WOH 1LJ pn.,dt~(L~ (l large 
c!1..mc t.~{ cd ls H'if11 nYt.~ptor protein~ comple: mc-n,.u~v 
to t11at antigen. 1-loHl~\ e,: Ou.~se \i\.'OtdJ. b111d H'It11 the 
type X antigen on thr: beads Hl cohim11 1. Tlli:~l rs 
wl1y nc ne uf thf l_ :~n thocy ti:s t'n1L-rging.fron1 column 
l cor...d.d produce anr:i'bod;cs ,1gain ~t t'YP · X an tigc n 

caHi:d" nti-)f antihodv in Firn..trt: J.] OJ. Tll · ci.:lfs i.·rth 
... i 

a r· c..:ptor l rotef n compl ... ,ni:.'nt,H)' to tvp a11ti11en 

1\'1 t ld n ,t b,nd with th ~ ty1 r:: .1" an tigi.: n in cohJ uu1 1 1u1 ( 

so eme,~ {1 at (~i.; h1..,1ttorn LI the CL lttmn. Thi.; C n£ CL J1 

pto( lht anti-Y autiholt,. lnu . .srncc E11 t:!1e T ·t.: o,;u Jc,,,.. cif 
them. t11c.y on1_y pu:h lL,tC..?<l er sn1a1l qth.lntH)'', 

N ow let,s describe the results from colu1nn 2 . Here, 
th e em erging cells pToduced large quantities of 
anti-X antibody bu t no anti-Y antibody. 

8 Explain \vhy cells en1ergin g fron1 colurnn 2 give large 
quantities of anti-X antibody but no anti-Y antibod)~ 

: ,,~mos:i.s to fitl H/.,. £his ,1u tion. Since; eh sden ·;sts ,V'. ntcd \ 1. r n.:..lii.:.(t'd thal rar R H'·nd1. ph dn-- n ,1.nxr.:: d , · if 
• • 1,J it· h·r ~L:n k cdl~ 1t t11 · l,otr. 11 of tl1 colun1n, th y cdl · wU li 1,; C pl r pror ·ins c topl, tnt11tl n· o ryp,t X 
• : H:ould 1H vc ro u, · 1.- ~ ... )l li ii o 1 wiz1 d1t:'' ~ nu· w, i ~r p Jr. ntiaf l nr. ig H. Sint · c l[lr 1u 2 cr111 r d 1 · 1 tn; .. 1ds Cct rt1.:d \v1th 
: ~, • t/1 'iy mph(IC_}'t ~. ~f t11cy 11, l U Vdt 1; tht l ll1J'i1 1t:)'tt~ f\'pc r 111.tt ~t tl , tht~~ db HIOlfl let buzLJ fti tJ1b ~T'1titt?,ln 
: \ ould 11a,·e ia1len up walt:r l, .. v tlsn1osi.s n I J,ru ~t. a 1 i w ,uld ,i1erg-e al dtt· 1, ,tion, u( d, l· Lt1hrn111. Sinc i! 

C -

: there wen: ll t,~ of ~clfs the)' prudt1L:c~d a /, .. ngt i. u n:tit_, 
• Fi.naH)r, the scientis'ts tested the lymphocytes that 
• oj tn H 1-X antibodies. The {ew cells , 'i'it11 l rotern rcceprars 
• had passed through each column to see whether 
• for typt' Y antigen botttzd wich [he .. 1ntrgeH f11 cohu ln 2 : 
• they could tnake antibodies against either of the 
• noPH: .. ctnr,~~\.1 at lhc bouon1 c,f thc column. 
: tvvo an tigens used in the e:xl)eri.ment. Figure 6 .10 '"" -· 

: sun1marises lh e ·method ·they used and their results. You should be able to use similar argun1ents to 

: No\\r let's look at their results and see if \iV,e can explain the. results from columns 3 and 4 . We can 
: then evaluate the experiment This means we ask 
• interpret then1. Lets start Vlith the results from 
: column 1. First we need to make sure ,ve have whether the experiinent Y..~s a good test of the clona] 

: understood what they shovl by describing them. selection h.y-pothesis. If the results had not been 
: consistent v.rith this prediction they ,vo-uld have cast 
: :, How would you describe the resu]ts from column l? serious doubt on the hypothesis. By using t,vo rats 
: injected vv1ith different an tigens of the. same bacterium~ 

The ly rnp/t1.,1c_v tL"'S woshed through d1t Ct-l rnnn cordd nol 
: and by using coh unns with only type- X antigen or 
• p ·odrtce type X nntrbod;es LH all. but co~dd prod 1c i!' L1 
• only type Y antigen , the scientists had built a control 
• small 1.7uaritit_v t~f anuhodtes l1gar11sl l_ypc Y antigL'> ris. 
• into their experi1ne-nt. Without funl1er details) we • : Renk~mber t.11at Ll description tn, ·15h1tcs i iforrnation must assume that the scientists made sure that the 
: frorn one Jonn t1.1 "1 7ot1ic·,. At dus ~,tage ,ve ,1re 1ot conditions under which the rats were reared. were 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • : , t1cm1 Ung t , "X{'fr..irn rbr result. ln th1~ case. Uw e1r1sw r kept const.ant. You ,could criticise the scientists for • 

: abort.· ;s an ulc ... 1i1 ati.:. df c., i pHL,n. using only t\.\ro rats, si11ee this was a SlnaB sample size. : 
: ln fact, they used large groups of rats. This account : 
• 7 Can you eiqJlain the t\~ro pa1ts of that description? • 
• has been simplified to help us understand what was • • • : TI1c.. don(tl s~fo:cr i ,n 11 vpt..1t 11 ·sis J ropo \~s that. h · done. Therefore1 we can conclude that ihe experiment : 
: L1H11Kc nu R vartl J hi1ve- s o.111L' l,yrnp11ocy rc~ \-Vlth was a valid te.st of the clonal selection hypothesis. : 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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O.· ~· ~~~~~~-----­
Vaccines 
Most of us are lucky not to, have suffered potentially 1 that diseases in order 
to, become immune to them. You ,v,ere probably given vaccinations, and 
as a re-su]t, your bod~, made antibodies and memory cells. A vaccine is a. 
prepara'lion of a11tigen from a pathogen. The vaccine can be injected or~ 
in some cases~ s,vaUoV\lred. The vaccine contains antigens from the pathogen , 
but obviously this 1nust be done in a safe way so that you do not becon1e ill. 

Vaccines are made hamlless in a number of ways. These include: 

• kiHing the pathogen in a way that leaves its antigens unaffected, 
,e.g. vaccines against cholera and v.rhooping cough 

• using bacterial toxins (an antigen) to produce less hannful toxoids, 
e.g. tetanus, or other parts of a pathogen 

• ""~e-akening the pathogen iln a ·way that leaves its antigens unaffected, 
e.g. Sabin oral vaccine against polio, (these weakened pathogens are said 
to be attenuated) 

• using generically engineered eukaryotic cells.~ such as yeasti to produce a 
microbial protein (an antigen)~ e.g. hepa[itis B. 

After the first treatlnent (pri1nary response), you make antibodies against 
the antigens~ you also make 1nemory cells. Afrer the second treatment> you 
sho~~ tl1e secondary response seen in Figure 6.9 (page 94'), making large 
numbers of B, cells .and men1ory ,c,ells. These n-ien1ory cells :are then able to 
react rapidly i[ a pathogen bearing the san1e antigen as the vaccine ,enters 
the hocly, killing it before it does hann. 

It is very impo1tant t,o memb r that vaccination can only Vv~ork before an 
infection takes place. ]t cannot be used to treat a person who already has a 
disease. 

()~H_e_rd_· i-m-m~un- i-ty~~~~~~~~~-
Herd immunity occurs 1.,.vhe.n the vaccination of a significant portion of 
a population provides son1e protection for individuals who hav,e not 
developed immunity. When a high peTcentage. of the population is protected 
throug·h vaccination against a vii-us or bacterium, this n1akes i t difficult for 
a disease to spread becaus,e there are so fe~· susceptible people left to infect 
and fewer peop,le to do th.e infecting. This n1eans that th spi·ead of dis-ease 
in a population can be effectively stopped. It is panicularly imponant for 
protecting people who cannot be vaccinated. These include children v.rho 
are 100 young to br- vaccinated, peop]e with immune system problems and 
those who are too ill to receive vaccines (such as som:e cancer patients). 

The p1·oportion of the population which must be vaccinated in order to 

achieve herd iinmunity varies for each disease. Hovvever; the basic principle 
is that when enough people are protected 1 they help to protect vulnerable 
1ne1nbers in the population by reducing the sp1~ead of the disease. 

However, ,vhen vaccination rates fall the herd immunity can break do~n, 
leading to an il1tcrease in the number of new cases. There ·was a measles 
epidemic in Swansea ov, r the ~nter ,of 2012-2013. Mo,st of the people 
affected were those who had not been vaccinated as babies because of the 
MMR scare (for more details on MMR, see pages 104- 10.5 for the acthrity To 
vaccin~te or n,o,t? A parent~ dilemma). The vaccination rate in the Swansea 
area had fallen to below 70% of the population. As a re.suit of the e.pidemic, 




















































































































































































































































































































































































