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DNA Replication

Importance of DNA Replication

The replicatio n o f DNA is semi-co nservative and depends o n co mplementary base pairing

Semi-co nservative means that o ne strand o f  the 'parent' DNA is kept  in the 'daughter' mo lecule

This is called the template strand

The o ther half is determined by the co de o n the template strand and is built up fro m f ree

nucleo tides  in the nuclear space aro und the chro mo so mes

This takes place in the nucleus

If an adenine  is the next expo sed base o n the o riginal strand, a thymine  nucleo tide is added

and vice versa

If a cyto sine  is the next expo sed base o n the o riginal strand, a guanine  nucleo tide is added

and vice versa

Nucleo tides are added o ne by o ne  to  the new strand acco rding to  the rules o f

co mplementary base-pairing

Hydro gen bo nds  can o nly fo rm between the template strand and the new strand if the co rrect

bases  are paired up

Therefo re, the new DNA mo lecule has kept half  o f the parent DNA and then used this to  create a

new, daughter strand

DNA replicatio n is impo rtant in multicellular o rganisms fo r many reaso ns, such as:

Gro wth

Replacement  o f o ld/damaged cells and tissues

Repro ductio n

Exam T ip

Make sure yo u do n’t co nfuse ‘parent cell’ with ‘parent o rganism’. A parent cell is any cell in the

bo dy that divides into  two  cells and the termino lo gy is used to  refer to  the ‘o riginal’ cell that the

DNA came fro m befo re it was split and replicated semi-co nservatively.

Semi-Conservation Replication

DNA po lymerase links nucleo tides to gether to  fo rm a new strand, using the pre-existing strand as

a template

Bef o re  a (parent) cell divides, it needs to  co py the DNA co ntained within it

This is so  that the two  new (daughter) cells pro duced will bo th receive the f ull co pies o f  the

parental DNA

The DNA is co pied via a pro cess kno wn as semi-co nservative replicatio n (half the DNA is kept)

The pro cess is called so  because in each new DNA mo lecule  pro duced, o ne o f the

po lynucleo tide DNA strands (half  o f the new DNA mo lecule) is f ro m the o riginal DNA

mo lecule  being co pied

The o ther po lynucleo tide DNA strand (the o ther half o f the new DNA mo lecule) has to  be

newly created  by the cell

Semi-conservat ive DNA replicat ion diagram
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Semi-conservative replication of DNA
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T he importance of keeping one original DNA strand

It ensures there is genetic co ntinuity with a high degree o f  accuracy between generatio ns o f

cells

In o ther wo rds, it ensures that the new cells pro duced during cell divisio n inherit  all their

genes with the co rrect sequence o f  DNA bases  fro m their parent cells

Crick and Watson proposed semi-conservative replication

As part o f their disco very o f the do uble-helix structure o f DNA, Crick and Watso n made a

hypo thesis abo ut ho w DNA co pies  during cell gro wth

They pro po sed a semi-co nservative  mo del, but had no t pro vided the evidence

This was pro vided by two  later scientists, Meselso n and Stahl, in ano ther award-winning piece o f

research

Analysis o f Meselso n and Stahl’s results gave the necessary suppo rt f o r Crick & Watso ns'

hypo thesis o f semi-co nservative replicatio n o f DNA
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Helicase & DNA Polymerase

DNA replicatio n o ccurs in preparatio n fo r mito sis, when DNA must be do ubled  befo re the parent

cell can divide to  pro duce two  genetically identical daughter cells

The enz yme helicase  �rst unwinds the DNA, by �attening o ut its helical structure

Analo gy - think abo ut untwisting a ro pe ladder

Helicase  then causes the hydro gen bo nds to  break between pairs o f bases, expo sing bases o n

either strand

Analo gy - unz ipping a z ipper

Each o f these single po lynucleo tide DNA strands acts as a template  fo r the fo rmatio n o f a new

strand  made fro m free nucleo tides that are attracted to  the expo sed DNA bases by base pairing

Funct ion of  helicase and DNA polymerase diagram

Helicase and DNA polymerase work together to replicate each strand of DNA

DNA po lymerase links nucleo tides to gether to  fo rm a new strand, using the pre-existing strand as

a template

Fo llo wing the actio n o f helicase, the template strand is expo sed and new nucleo tides are

jo ined to gether by DNA po lymerase, which catalyses co ndensatio n reactio ns, to  fo rm a

new strand

These reactio ns o ccur between the deo xyribo se sugar and pho sphate gro ups o f adjacent

nucleo tides within the new strands, creating the sugar-pho sphate backbo ne o f the new

DNA strands

DNA po lymerase always wo rks in the same directio n alo ng a strand o f DNA, the 5' to  3'

directio n
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This means that it adds the 5' terminal o f the new nucleo tide to  the 3' terminal o f the

strand being built

Hydro gen bo nds  then form between the co mplementary base pairs  of the

template and new DNA strands
This metho d o f replicating DNA is kno wn as semi-co nservative replicatio n because half  o f  the

o riginal DNA mo lecule is kept (co nserved) in each o f the two  new DNA mo lecules

Overview of  DNA replicat ion diagram
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The combined actions of helicase and DNA polymerase create new complementary DNA strands
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Electrophoresis & PCR

Electrophoresis & PCR

Gel electrophoresis

Gel electro pho resis  is a technique used widely in the analysis o f DNA, RNA, and pro teins

During electro pho resis, the mo lecules  are separated with an electric current  acco rding to  their

siz e o r mass  and their net (o verall) charge

This separatio n o ccurs because o f:

The electrical charge  mo lecules carry:

Po sitively charged mo lecules will mo ve to wards the catho de (negative po le), whereas

negatively charged mo lecules will mo ve to wards the ano de (po sitive po le), e.g. DNA is

negatively charged  due to  the pho sphate  gro ups and thus, when placed in an electric

current, the mo lecules mo ve to wards the ano de

The di�erent siz es  o f the mo lecules:

Di�erent siz ed mo lecules mo ve thro ugh the gel (agaro se fo r DNA and po lyacrylamide fo r

pro teins) at di�erent rates. The tiny po res in the gel result in smaller mo lecules  mo ving

quickly, whereas larger mo lecules  mo ve slo wly

The type o f  gel:

Di�erent gels have di�erent siz ed po res that a�ect the speed at which the mo lecules

can mo ve thro ugh the gel

DNA separation

DNA can be co llected fro m almo st anywhere o n the bo dy, e.g. the ro o t o f a hair o r saliva fro m a

cup. After co llectio n, DNA must be prepared fo r gel electro pho resis so  that the DNA can be

sequenced  o r analysed fo r genetic pro �ling (�ngerprinting)

To  prepare the fragments, scientists must �rst increase (amplify) the number o f DNA mo lecules by

the Po lymerase Chain Reactio n (PCR)

Then restrictio n (DNA-cutting) enz ymes are used to  cho p the DNA into  fragments

Method

To  separate the DNA f ragments  in gel electro pho resis:

�. Create an agaro se gel plate in a tank. Wells  (a series o f small rectangular ho les) are cut into

the gel at o ne end

�. Submerge the gel in an electro lyte  so lutio n (a salt so lutio n that co nducts electricity) in the

tank

�. Lo ad (insert) the DNA fragments into  the wells using a micro pipette

�. Apply an electrical current  to  the tank. The negative electro de must be co nnected to  the

end o f the plate with the wells as the DNA fragments will then mo ve to wards the ano de
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(po sitive po le) due to  the attractio n between the negatively charged pho sphates o f DNA and

the ano de

�. DNA fragments with a smaller mass (i.e. sho rter DNA fragments) will mo ve faster and further

fro m the wells than the larger fragments

�. T he f ragments are no t visible  so  must be transferred o nto  abso rbent paper o r nitro cellulo se

which is then heated to  separate the two  DNA strands

�. Pro bes  are then added to  develo p a visual o utput, either:

A radio active label (eg. a pho spho rus iso to pe), which causes the pro bes to  emit

radiatio n that makes the X-ray �lm go  dark, creating a pattern o f dark bands

A �uo rescent stain o r dye  (eg. ethidium bro mide), which �uo resces (shines) when

expo sed to  ultravio let (UV) light, creating a pattern o f co lo ured bands

Gel elect rophoresis diagram
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The process of electrophoresis

Exam T ip

Remember gel electro pho resis is the separatio n o f mo lecules acco rding to  their siz e and

charge (negatively charged DNA mo lecules mo ve to  the po sitive po le). Examiners like to  ask

questio ns abo ut gel electro pho resis, so  make sure yo u understand each o f the di�erent steps

in the pro cess.

Polymerase Chain Reaction (PCR) 

Po lymerase Chain Reactio n (PCR) is a co mmo n mo lecular bio lo gy technique used in mo st

applicatio ns o f gene techno lo gy

Fo r example, it is used in DNA pro �ling (e.g. identi�catio n o f criminals and determining

paternity) o r genetic engineering

In the COVID-19 pandemic, PCR has been used in ro utine diagno stic testing to  amplify small

amo unts o f viral RNA

It can be described as the in vitro metho d o f  DNA ampli�catio n

It is used to  pro duce large quantities  o f speci�c fragments o f DNA o r RNA fro m very small

quantities (even just o ne mo lecule o f DNA o r RNA)

Using PCR, scientists can pro duce billio ns o f  identical co pies  o f the DNA o r RNA samples

within a few ho urs, these can then be used fo r analysis

T he requirements of PCR

Each PCR reactio n requires:

The target DNA o r RNA that is being ampli�ed
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It's impo rtant that the who le geno me is no t required  to  be co pied - o nly speci�c sectio ns

that vary fro m o ne individual to  ano ther

These sectio ns are identi�ed by adding a primer sequence that binds to  them

DNA po lymerase  - the enz yme used to  build the new DNA o r RNA strand. The mo st co mmo nly

used po lymerase is Taq po lymerase  as it co mes fro m a thermo philic bacterium Thermus

aquaticus

This means it do es no t denature  at the high temperature  invo lved during the �rst stage

o f the PCR reactio n

Free nucleo tides  - used in the co nstructio n o f the DNA o r RNA strands

Bu�er so lutio n - to  pro vide the o ptimum pH fo r the reactio ns to  o ccur in

T he key stages of PCR

The PCR pro cess invo lves three key stages  per cycle

In each cycle the DNA is do ubled (so  in a standard run o f 20 cycles a millio n DNA mo lecules are

pro duced)

The PCR pro cess o ccurs in a piece o f specialist equipment called a thermal cycler, which

auto matically pro vides the o ptimal temperature  fo r each stage and co ntro ls the length o f  time

spent at each stage

The three stages are:

�. Denaturatio n – the do uble-stranded DNA is heated to  95°C which breaks the hydro gen

bo nds that bo nd the two  DNA strands to gether

�. Annealing – the temperature is decreased to  between 50 - 60°C so  that primers can anneal

to  the ends o f the single strands o f DNA

�. Elo ngatio n / Extensio n – the temperature is increased to  72°C fo r at least a minute, as this is

the o ptimum temperature fo r Taq po lymerase to  build the co mplementary strands o f DNA to

pro duce the new identical do uble-stranded DNA mo lecules

Each who le cycle takes a f ew minutes, so  30 cycles can take just a few ho urs and can generate

2  (o ver 1 billio n) co pies o f a gene fro m a single DNA mo lecule, by expo nential ampli�catio n

DNA ampli�cat ion during PCR diagram

31

Target DNA sequences can be copied exponentially by PCR to generate billions of copies in a short time
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Electrophoresis & PCR: Applications

Electrophoresis & PCR: Applications

DNA pro�ling

DNA pro �ling (genetic �ngerprinting) enables scientists to  identif y suspects o f  a crime  and

identif y co rpses

Every perso n (apart fro m identical twins) has repeating, sho rt, no n-co ding regio ns o f DNA (20 to

50 bases lo ng) that are unique to  them

These regio ns o f DNA are called VNT Rs  (Variable Number Tandem Repeats)

DNA pro �ling invo lves using gel electro pho resis  to  separate VNTR fragments acco rding to

length to  create a pattern o f bands that is unique to  every individual, so metimes called the

genetic �ngerprint

To  create a DNA pro �le  fro m the DNA being tested scientists co mplete the fo llo wing in

sequence:

�. Obtain the DNA, which can be extracted fro m the ro o t o f a hair, a spo t o f blo o d, semen o r

saliva

�. Increase the quantity o f DNA by using PCR to  pro duce large quantities  o f the required

fragment o f DNA fro m very small samples (even just o ne mo lecule o f DNA o r RNA).

�. Use restrictio n endo nucleases to  cut the ampli�ed DNA mo lecules into  fragments

�. Separate the fragments using gel electro pho resis

�. Add radio active o r �uo rescent pro bes  that are co mplementary and therefo re bind to

speci�c DNA sequences

�. X-ray images are pro duced o r UV light is used to  pro duce images o f the �uo rescent labels

glo wing

�. These images co ntain patterns o f  bars  (the DNA pro �le) which are then analysed and

co mpared

Use of DNA pro�ling in Paternity Investigations

Every perso n inherits their DNA VNTRs fro m bo th their mo ther and their father

A man may so metimes deny being the f ather o f a child to  evade parenting respo nsibilities

A wo man may no t kno w fo r sure which o f her recent sexual partners is the father o f a child

A child may wish to  kno w de�nitively who  his/her father is to  be aware o f  po ssible inherited

illnesses  that might a�ect him/her in future

DNA pro �les o f the mo ther and child are co mpared, alo ng with the pro �le o f the alleged father (all

three  are needed)

Patterns o f  bands are co mpared  o n all three genetic pro �les

Any band that appears in the child's pro �le must sho w in either the mo ther's o r f ather's

pro �les; if no t, the alleged true father is a di�erent man
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Worked example

Who ’s the Father? – Use the DNA pro �les o f all 6 peo ple sho wn to  wo rk o ut who  the child’s father

is

DNA pro�les of a child, a mother and 4 possible fathers

Remember, any band sho wing in the child's pro �le must be present in the mo ther OR father's

pro �le, OR bo th. If no t, that man is no t the child's father.

Answer:

Step 1: Lo o k at the child's �rst DNA band (labelled 1)

The mo ther po ssesses this same band, so  the child co uld have inherited that DNA fro m its

mo ther. It is therefo re needless to  lo o k at whether any o f the men po ssess that band

Step 2: Lo o k at the child's seco nd DNA band (labelled 2)

The mo ther do es no t po ssess this band, so  the child must have inherited it fro m its father. Only

men B and D po ssess this band, so  men A and C are eliminated

Step 3: Lo o k at the child's third DNA band (labelled 3)
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As with band 1, the mo ther po ssesses this same band, so  the child co uld have inherited that DNA

fro m its mo ther. It is therefo re needless to  lo o k at whether any o f the men po ssess that band

Step 4 : Lo o k at the child's f o urth DNA band (labelled 4 )

The mo ther do es no t po ssess this band, so  the child must have inherited it fro m its father. Only

men A, B and C po ssess this band, but A and C have already been eliminated

Step 5: Co nclude that B is the f ather

Step 6: Lo o k f o r suppo rting evidence f ro m band 6

The mo ther do es no t po ssess this band, and the o nly man who  po ssesses it is B. T his reinf o rces

the co nclusio n that Man B is the child's f ather

Use of DNA pro�ling in Forensic Investigations

DNA pro �ling has been used by fo rensic scientists to  identif y suspects  o f crimes

Samples o f bo dy cells o r �uids (e.g. blo o d, saliva, hair, semen) are taken fro m the crime scene

o r victims bo dy (e.g. rape victims)

DNA is remo ved  and pro �led

The pro �le is co mpared to  samples f ro m the suspect  (o r criminal DNA database), victim and

peo ple with no  co nnectio n to  the crime (co ntro l samples)

Care must be taken to  avo id co ntaminatio n o f the samples

DNA pro �ling can also  be used in fo rensics to  identif y bo dies  o r bo dy parts that are

unidenti�able (e.g. to o  badly deco mpo sed o r parts remaining after a severe �re)

DNA pro �ling fro m a crime scene can also  eliminate inno cent peo ple who se DNA may happen to

appear there
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Using DNA pro�ling in criminal investigations. Suspect 3 has the most fragments in common with the

crime scene DNA so it is likely that Suspect 3 is the culprit.

Exam T ip

In the exam, yo u will be expected to  interpret the results o f gel electro pho resis experiments

used to  separate DNA fragments. Fo r example, yo u will be given a few di�erent genetic

�ngerprints and will have to  match the victim to  the crime o r determine the parents o f children. In

these questio ns, yo u need to  lo o k fo r the mo st bands in co mmo n o r a co mbinatio n o f parents'

�ngerprints that co vers all the child's bands.

NOS: Reliability is enhanced by increasing the number of measurements in an
experiment or test

Increasing the reliability  o f scienti�c co nclusio ns is a very impo rtant aspect o f all

experimentatio n, but this is particularly impo rtant when evidence is being co llected fo r use in a

co urt o f law

It is almo st impo ssible  to  be 100%  certain that any evidence pro vided is abso lutely co rrect 

In DNA pro �ling, reliability can be increased by increasing the number o f  VNT R markers  being

o bserved and co mpared

The mo re VNTRs used, the lo wer the chance o f  a f alse match
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Mechanism of DNA Replication (HL)

Directionality of DNA Polymerase

Similar to  transcriptio n and translatio n, DNA replicatio n must o ccur in the 5’ to  3’ directio n

DNA po lymerase o nly wo rks in a 5’ to  3’ directio n, adding nucleo tides to  the 3’ end o f a strand o f

nucleo tides

DNA nucleo tides have a pho sphate bo nded to  the 5’ carbo n o f the deo xyribo se sugar

When DNA po lymerase adds a new nucleo tide to  extend the DNA strand, the 5’ pho sphate gro up

o f the inco ming DNA nucleo tide bo nds to  the free 3’ -OH gro up o n the gro wing strand

DNA nucleot ide st ruct ure diagram

DNA nucleotides have a phosphate bonded to the 5’ carbon of the pentose sugar

5' and 3' ends of  a DNA st rand diagram
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When DNA polymerase adds a new nucleotide, the 5’ phosphate group of the incoming nucleotide bonds

to the free 3’ -OH group on the growing strand
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The Leading & Lagging Strand

Do uble-stranded DNA co nsists o f two  antiparallel strands

This means that o ne strand runs fro m 5' to  3', while the o ther strand runs fro m 3' to  5'

During DNA replicatio n, the two  strands are ‘unz ipped’ and DNA po lymerase mo ves alo ng each

template strand linking nucleo tides to gether to  fo rm a new strand

Crucially, DNA po lymerase can o nly add new nucleo tides in a 5’ to  3’ directio n

As the template strands are antiparallel, replicatio n needs to  pro ceed in o ppo site directio ns

As the replicatio n fo rk o pens up in o ne directio n o nly, each new strand is synthesised di�erently

The leading strand  is made co ntinuo usly, fo llo wing the fo rk as it o pens

The lagging strand  is made disco ntinuo usly, in sho rt fragments, away fro m the fo rk

These fragments are called Okaz aki f ragments

As mo re template strand is expo sed, new fragments are created

Okaz aki fragments are later jo ined to gether by DNA ligase to  fo rm a co ntinuo us

co mplementary DNA strand

Befo re new DNA nucleo tides can be added to  the new DNA strand, �rst an RNA primer must be

added to  create a binding po int fo r DNA po lymerase III

The RNA primer o nly has to  be added o nce o n the leading strand  but several are needed o n

the lagging strand  to  initiate each fragment

Di�erence bet ween replicat ion on t he lagging and leading st rands of  DNA diagram
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During DNA replication, synthesis of the leading strand is continuous but synthesis of the the lagging

strand is discontinuous in small fragments (not all the enzymes involved are shown)
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Enzymes in DNA Replication

DNA replicatio n is carried o ut by a co mplex system o f  enz ymes  wo rking as a team

Helicase unwinds the DNA do uble helix at the replicatio n fo rk 

Helicase then causes the hydro gen bo nds between the two  strands to  break so  that they can

separate

Single-stranded binding pro teins  keep the separated strands apart whilst the template strand is

co pied

DNA primase  generates a sho rt RNA primer o n the template strands

Pro viding an initiatio n po int fo r DNA po lymerase III to  add new nucleo tides

A number o f  po lymerases  are invo lved in DNA replicatio n, each with di�erent functio ns

Two  o f these po lymerases are

DNA po lymerase III, which starts replicatio n next to  the RNA primer linking nucleo tides in

a 5’ to  3’ directio n to  fo rm a new strand

DNA po lymerase I, which remo ves the RNA primers o n the leading and lagging strands

and replaces it with DNA

DNA ligase  jo ins up the Okaz aki fragments by catalysing the fo rmatio n o f sugar-pho sphate

bo nds

Proofreading Replicated DNA

Each time a human cell replicates it requires 3 billio n new base pairs to  be synthesised in o rder to

fully replicate the geno me

The co pying pro cess is no t 100%  perfect and mistakes do  o ccur, these are called mutatio ns

Mutatio ns can be harmful to  the functio ning o f the new cell and lead to  diseases such as

cancer

In pro karyo tes, in o rder to  reduce mistakes during replicatio n the enz yme DNA po lymerase III

acts as a pro o f -reader o f the new daughter strand o f DNA

It can reco gnise inco rrect DNA nucleo tides  in the daughter strand

It reverses directio n in o rder to  remo ve  the inco rrect nucleo tide fro m the 3' end o f  this

strand

The co rrect nucleo tide is then inserted and the po lymerase III enz yme co ntinues replicatio n
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