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2.6.1 Transcription

Transcription

This pro cess o f pro tein synthesis o ccurs in two  stages:

Transcriptio n – DNA is transcribed and an mRNA mo lecule is pro duced

mRNA is a single stranded RNA mo lecule that transfers the info rmatio n in DNA fro m the

nucleus into  the cyto plasm

mRNA pro ductio n requires the enz yme RNA po lymerase

Translatio n – mRNA (messenger RNA) is translated and an amino  acid sequence  is pro duced

T he process of  t ranscript ion

This stage o f pro tein synthesis o ccurs in the nucleus o f the cell

Part o f a DNA mo lecule unwinds  (the hydro gen bo nds  between the co mplementary base pairs

break)

This expo ses the gene  to  be transcribed (the gene fro m which a particular po lypeptide will be

pro duced)

A co mplementary co py o f the co de fro m the gene is made by building a single-stranded nucleic

acid mo lecule kno wn as mRNA (messenger RNA)

Free RNA nucleo tides  pair up (via hydro gen bo nds) with their co mplementary (no w expo sed)

bases o n o ne strand (the template strand) o f the ‘unz ipped’ DNA mo lecule

The sugar-pho sphate gro ups o f these RNA nucleo tides are then bo nded  to gether by the enz yme

RNA po lymerase  to  fo rm the sugar-pho sphate backbo ne o f the mRNA mo lecule

When the gene has been transcribed (when the mRNA mo lecule is co mplete), the hydro gen

bo nds between the mRNA and DNA strands break and the do uble-stranded DNA mo lecule re-

f o rms

The mRNA mo lecule then leaves the nucleus  via a po re in the nuclear envelo pe

This is where the term messenger co mes fro m - the mRNA is despatched, carrying a message,

to  ano ther part o f the cell

DNA can't make this jo urney; it's to o  big to  �t  thro ugh the po res in the nuclear envelo pe
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DNA is transcribed and an mRNA molecule is produced

Sense and ant i-sense st rands

In the transcriptio n stage o f pro tein synthesis, free RNA nucleo tides pair up with the expo sed

bases o n the DNA mo lecule but o nly with tho se bases o n o ne strand o f  the DNA mo lecule

The RNA will have a co mplementary base sequence to  the DNA strand (with the substitutio n o f

Thymine with Uracil)

The strand o f the DNA mo lecule that carries the genetic co de is called the sense strand

The o ppo site DNA strand is called the antisense  strand

To  get an RNA transcript o f  the sense strand, the antisense strand is the o ne that is transcribed

to  fo rm the mRNA mo lecule

This mRNA mo lecule will later be translated into  an amino  acid chain
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The antisense strand of the DNA molecule is the one that is transcribed

Analogy: T hink of  t ranscript ion and t ranslat ion as being like convert ing bet ween
languages

Each language has its alphabet , just as nucleic acids and pro teins have their mo no mers

Transcriptio n is like co nverting text fro m English to  French

The same characters are used, but there are slight di�erences

French uses the same alphabet as English but emplo ys o ccasio nal accented characters like

â, é, o r ç

DNA and RNA emplo y largely the same mo no mers, but with the slight di�erences o f the two

pento se sugars and o f U replacing T.

Translatio n is like co nverting text fro m a western language to  a language that uses a di�erent

alphabet, like Japanese

A co mpletely di�erent set o f  characters  is used

The sequence o f characters is unreco gnisable  fro m the o riginal

If we co uld see them, a chain o f amino  acids wo uld lo o k no thing like a chain o f nucleo tides

Transcriptio n and Translatio n Can be Likened to  Co nversio n Between Languages Table
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Exam T ip

Be careful – DNA po lymerase is the enz yme invo lved in DNA replicatio n; RNA po lymerase is the

enz yme invo lved in transcriptio n – do n’t get these co nfused.

2.6.2 Translation

Translation

Translatio n is the synthesis o f po lypeptides o n ribo so mes

This stage o f pro tein synthesis o ccurs in the cyto plasm o f the cell

After leaving the nucleus, the mRNA mo lecule attaches to  a ribo so me

A ribo so me is a co mplex structure that is made o f a large and small subunit

Ribo so mes are themselves made o f pro teins  and RNA (called ribo so mal RNA o r rRNA)

There are binding sites o n the subunits  fo r the vario us o ther mo lecules invo lved in translatio n

A ribosome is built of large and small subunits, ribosomal RNA and an area on the surface that catalyses

the formation of peptide bonds in a newly-synthesised protein
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Exam T ip

Make sure yo u learn bo th stages o f pro tein synthesis fully. Do n’t fo rget WHERE these reactio ns

take place – transcriptio n o ccurs in the nucleus but translatio n o ccurs in the cyto plasm!

Genetic Code & mRNA

The amino  acid sequence o f po lypeptides is determined by mRNA acco rding to  the genetic

co de

mRNA varies in length, depending o n the length o f the gene, but is aro und 2,000 nucleo tides

lo ng, o n average (in mammals)

Only certain genes are transcribed in a particular cell, depending o n the functio n o f that cell

The gene fo r rho do psin (a light-sensitive pro tein in the eye) is transcribed to  mRNA in retina

cells, but no t transcribed in o ther bo dy cells where rho do psin is no t required; that wo uld be a

waste o f  cellular energy

Exam T ip

Mo st RNA exists as mRNA but do n't fo rget the o ther types; transfer RNA (tRNA) and ribo so mal

RNA (rRNA).

Codons

Co do ns o f three bases  o n mRNA co rrespo nd to  o ne amino  acid  in a po lypeptide

The fo ur nucleo tide bases in mRNA are no t eno ugh to  co de fo r 20 separate amino  acids

Pairs o f nucleo tides wo uld o nly give 16 co mbinatio ns (4 = 16), which is still no t eno ugh

Triplets o f nucleo tides wo uld yield 64  co mbinatio ns  (4 = 64), which is mo re than eno ugh

Di�erent triplets co de fo r the same amino  acid, giving so me pro tectio n against mutatio n

A triplet  is a sequence o f three DNA bases that co des fo r a speci�c amino  acid

A co do n is a sequence o f three mRNA bases that co des fo r a speci�c amino  acid

A co do n is transcribed fro m the triplet and is co mplementary to  it

An antico do n is a sequence o f three transf er RNA (tRNA) bases that are co mplementary to  a

co do n

The transfer RNA carries the appro priate amino  acid  to  the ribo so me

The amino  acid can then be co ndensed o nto  the gro wing po lypeptide chain

Certain co do ns carry the co mmand to  sto p translatio n when the po lypeptide chain is co mplete

('Sto p co do ns')

mRNA Codons and Amino Acids Table

2 

3 
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Worked example

Use the rules o f  base-pairing and the mRNA Co do ns and Amino  Acids Table  (abo ve) to  deduce

the amino  acid sequence co ded fo r by the fo llo wing DNA sense strand  sequenceTTC GAG CAT

TAC GCC

Step 1: Wo rk o ut the antisense sequence using A-T  and C-G base pairing rules

AAG CTC GTA ATG CGG

Step 2: Wo rk o ut the mRNA co do ns, co mplementary to  the antisense strand

UUC GAG CAU UAC GCC

Step 3: Use the mRNA Co do ns and Amino  Acids Table (abo ve) to  wo rk o ut the �rst amino

acid

First base in co do n = U, seco nd base = U, third base = C
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So  we're lo o king in the to p-left bo x o f the table; this amino  acid is Phe

Step 4 : Repeat f o r the remaining 4  co do ns

GAG = Glu

CAU = His

UAC = Tyr

GCC = Ala

Answer: T he �nal sequence o f  amino  acids is Phe-Glu-His-T yr-Ala

Codons & Anticodons

Translatio n depends o n co mplementary base pairing between co do ns o n mRNA and antico do ns

o n tRNA

In the cyto plasm, there are f ree mo lecules o f  tRNA (transfer RNA)

The tRNA mo lecules bind with their speci�c amino  acids  (also  in the cyto plasm) and bring them

to  the mRNA mo lecule o n the ribo so me

The triplet o f bases (antico do n) o n each tRNA mo lecule pairs with a co mplementary triplet

(co do n) o n the mRNA mo lecule

T wo  tRNA mo lecules �t o nto  the ribo so me at any o ne time, bringing the amino  acid they are

each carrying side by side

A peptide bo nd  is then fo rmed (by co ndensatio n) between the two  amino  acids

The fo rmatio n o f a peptide bo nd between amino  acids is an anabo lic  reactio n

It requires energy, in the fo rm o f AT P

The ATP needed fo r translatio n is pro vided by the mito cho ndria within the cell

This pro cess co ntinues until a ‘sto p’ co do n o n the mRNA mo lecule is reached – this acts as a

signal fo r translatio n to  sto p and at this po int the amino  acid chain co ded fo r by the mRNA

mo lecule is co mplete

This amino  acid chain then di�uses away  fro m the ribo so me and fo rms the �nal po lypeptide
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The translation stage of protein synthesis – tRNA molecules bind with their speci�c amino acids
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The translation stage of protein synthesis – an amino acid chain is formed
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An polypeptide forms as peptide bonds are added in sequence
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2.6.3 Biotechnology

Polymerase Chain Reaction

Use of  Taq DNA polymerase t o produce mult iple copies of  DNA rapidly by t he
polymerase chain react ion (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, DNA pro �ling (eg. identi�catio n o f criminals and

determining paternity) o r genetic engineering

PCR is also  used in ro utine COVID-19 testing to  detect and 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)

By using PCR scientists can have billio ns o f  identical co pies  o f the DNA o r RNA sample within a

few ho urs

The PCR pro cess invo lves three key stages  per cycle

In each cycle, DNA is do ubled so , in a standard run o f 20 cycles, 1 millio n DNA mo lecules are

pro duced. The three stages are undertaken in a PCR instrument (o r 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

T he process of  PCR

Each PCR reactio n requires:

Target DNA o r RNA that is being ampli�ed

Primers  (fo rward and reverse) – these are sho rt sequences o f single-stranded DNA that

de�ne the regio n that is to  be ampli�ed by sho wing the DNA po lymerase where to  begin

building the new strands

DNA po lymerase  – is 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 bacterium lives in ho t springs  in geo thermal areas

Taq po lymerase do es no t denature  at the high temperature invo lved during the �rst

stage o f the PCR reactio n

The enz yme's o ptimum temperature is high eno ugh to  prevent annealing o f the DNA

strands that have no t been co pied yet

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
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The three stages are:

Denaturatio n – the do uble-stranded DNA is heated to  95°C fo r 15 seco nds, which breaks

the hydro gen bo nds that ho ld the two  DNA strands to gether

Annealing – the temperature is decreased to  between 50 - 60°C so  that primers (fo rward

and reverse o nes) can attach to  the ends o f the single strands o f DNA by hydro gen bo nding

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

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

The three stages o f a cycle take 2−3 minutes, so  many cycles can be co mpleted in a sho rt

space o f time
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The substances required for the Polymerase Chain Reaction to occur and the three key stages of the

reaction

Exam T ip

It is impo rtant to  kno w the three stages and the temperatures the reactio ns o ccur at during the

di�erent stages. Yo u must also  kno w why the Taq po lymerase is used in PCR.
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Production of Human Insulin

Product ion of  human insulin in bact eria as an example of  t he universalit y of  t he
genet ic code allowing gene t ransf er bet ween species

Prior to the mid-1980s, some insulin-dependent diabetics would need to

inject pig or cattle insulin as a substitute for human insulin to control their

blood sugars

Some diabetics developed an allergy so could not use it

Human insulin can be produced by other organisms by transf erring the

human insulin gene to them  for large-scale expression of that gene

DNA can be transferred from a human to a prokaryote (eg. E. coli), a

eukaryote single-celled organism (eg. yeast) or a plant (eg. sa�ower species)

All these organisms express the human insulin gene

T he insulin produced can be harvested f or medical use

The fact that DNA can be transferred fro m o ne o rganism to  ano ther acro ss kingdo ms  (and can

still do  the same jo b) demo nstrates the universality o f  the genetic co de

The presence o f nucleo tides is a marker between living and no n-living entities

This was an early successful example o f genetic mo di�catio n

Human and Bact erial DNA working t oget her

In 1982, insulin was the �rst genetically engineered human pro tein to  be appro ved fo r use in

diabetes  treatment

Bacterial plasmids  are mo di�ed to  inco rpo rate the human insulin gene

These genetically mo di�ed plasmids are then inserted into  Escherichia coli

The newly-adjusted bacteria are iso lated, puri�ed and placed into  large scale f ermenters  that

pro vide o ptimal co nditio ns

The genetically engineered bacteria multiply by binary �ssio n, and express the human pro tein -

insulin, which is eventually extracted and puri�ed

The advantages fo r scientists to  use genetically engineered insulin are:

It is identical to  human insulin, unless mo di�ed to  have di�erent pro perties (eg. act faster,

which is useful fo r taking immediately after eating o r to  act mo re slo wly)

There is a reliable supply available  to  meet demand (no  need to  depend o n the availability o f

meat sto ck)

Fewer ethical, mo ral o r religio us  co ncerns (pro teins are no t extracted fro m co ws o r pigs)

Fewer rejectio n pro blems  o r side e�ects  o r allergic reactio ns

Cheaper to  pro duce in large vo lumes
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That it is useful fo r peo ple who  have animal insulin into lerance

The production of human insulin; the combination of  DNA from two widely di�erent organisms

demonstrates the universality of the genetic code

Exam T ip

The details o f the steps o f pro ductio n o f human insulin are no t required here. The main learning is

that DNA and RNA are a universal co de that applies to  all lif e f o rms, as demo nstrated by o ur ability

to  transfer genes successfully acro ss species and kingdo ms.
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2.6.4 Skills: DNA, RNA & Protein Synthesis

Drawing DNA & RNA Nucleotides & DNA Double Helix

Drawing simple diagrams of  t he st ruct ure of  single nucleot ides of  DNA and RNA

Simple shapes  can be used to  draw the main building blo cks o f  nucleo tides  and the DNA

do uble helix

Advanced drawing skills are no t required!

Pentago ns  can represent pento se sugars

Circles  can represent pho sphates

Often sho wn as a circle with the letter P inside: ℗

Rectangles  can represent bases

Co valent bo nds  can be sho wn with so lid lines

Hydro gen bo nds  can be sho wn with dashed lines

Or with co mplementary shapes that �t to gether (see diagrams)

Simple shapes can be used to represent parts of nucleotide molecules
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Two nucleotides shown bonded together covalently within a strand

When drawing the base pairing, the opposite strand should be antiparallel to the �rst. The presence of

hydrogen bonding is shown, but the numbers/lengths of bonds is not required
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An alternative way to draw a DNA strand is to use complementary shapes for the bases

Exam T ip

Simple, hand-drawn shapes will su�ce in an exam. Expert tip - a large  drawing is always easier fo r

an examiner to  read (and award marks fo r) than a small o ne!Read the questio n carefully;

examiners o ften want a who le nucleo tide  to  be identi�ed in yo ur diagram and to  ensure yo ur

diagram includes all 4  co mplementary bases.Yo u do n't have to  remember the number o f

hydro gen bo nds between the bases.Also , remember to  draw DNA strands as antiparallel (o ne

upside-do wn versus the o ther) but yo u do n't have to  be able to  draw a helix shape!
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2.6.5 Skills: Interpreting Sequences

Determination of mRNA Base Sequence

The rules o f  base pairing and the table o f  mRNA co do ns  are needed to  be able to  co nvert

between DNA sequences, mRNA base sequences and amino  acid sequences

A triplet  is a sequence o f three DNA bases that co des fo r a speci�c amino  acid

A co do n is a sequence o f three mRNA bases that co des fo r a speci�c amino  acid

A co do n is transcribed fro m the triplet and is co mplementary to  it

When co mparing the genetic co de to  amino  acid sequences, mRNA co do ns are o f ten used

The fo ur bases fo und in RNA mo lecules (adenine, uracil, cyto sine and guanine) have the ability to

fo rm 64  di�erent co do ns

Multiple mRNA co do ns can enco de the same amino  acid

This means that a change in the genetic co de do esn’t necessarily result in a change in the

amino  acid sequence

Fo r example, UGU and UGC bo th co de fo r the amino  acid, cysteine

So me send impo rtant signals to  the transcriptio n machinery

The START  co do n initiates the pro cess o f transcriptio n and ensures it starts in the right

lo catio n (this is always the amino  acid methio nine  in eukaryo tic cells, co ded fo r by the

co do n AUG)

ST OP co do ns  cause transcriptio n to  terminate and do  no t co de fo r an amino  acid e.g. UAA

The genetic co de is no n-o verlapping

Each base is o nly read o nce in the co do n it is part o f

T he rules of  base pairing

In DNA,

Adenine  (A) always pairs with T hymine  (T)

Cyto sine  (C) always pairs with Guanine  (G)

In RNA, Thymine (T) is replaced by Uracil (U)

This means that the base Adenine (A) in DNA is transcribed to  Uracil (U) in the mRNA strand

T he mRNA Codons and Amino Acids t able

The �rst three bases o f an mRNA strand fo rm the �rst co do n

The �rst base  o f the co do n is read fro m the �rst co lumn o f the table

The seco nd base  o f the co do n is read fro m the to p ro w o f the table

The third base  o f the co do n is read fro m the �nal co lumn o f the table
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Intrepreting the Genetic Code

Use a table o f the genetic co de to  deduce which co do n(s) co rrespo nds to  which amino  acid

The 20 amino  acids  are all co ded fo r in the Table o f mRNA Co do ns

So me amino  acids are o nly co ded f o r by o ne co do n eg. methio nine (Met), co ded by AUG

Other amino  acids have several co do ns that co de f o r them eg. arginine (Arg), co ded by CGU,

CGC, CGA, CGG, AGA and AGG

Worked example

Use the table o f mRNA Co do ns and Amino  Acids to  identify the mRNA co do ns that co de fo r the

fo llo wing amino  acids:

�. Histidine (His)

�. Trypto phan (Trp)

�. Glycine (Gly)

�. Leucine (Leu)

Step 1: Lo o k up His in the table

Co do n CAU (no  o thers)

Step 2: Lo o k up Trp in the table

Co do n UGG (no  o thers)

Step 3: Lo o k up Gly in the table

Co do ns GGU, GGC, GGA and GGG

Step 4 : Lo o k up Leu in the table

Co do ns CUU, CUC, CUA, CUG, UUA, UUG
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Deducing the Sequences

Use a table o f mRNA co do ns and their co rrespo nding amino  acids to  deduce the sequence o f

amino  acids co ded by a sho rt mRNA strand o f a kno wn base sequence

Worked example

Deduce the amino  acid sequence co ded fo r by the mRNA

sequenceAUGACUGGGCCUCCCCAAUAUUAG

Step 1: split  the mRNA sequence into  triplets

AUG ACU GGG CCU CCC CAA UAU UAG

Step 2: lo o k up the �rst triplet in the mRNA Co do ns and Amino  Acids Table:

AUG = Met

Step 3: repeat f o r the remaining triplets

ACU = Thr

GGG = Gly

CCU = Pro

CCC = Pro

CAA = Gln

UAU = Tyr

UAG = Sto p

Step 4  : link the amino  acids to gether

Met-T hr-Gly-Pro -Pro -Gln-T yr

Exam T ip

In an exam, yo u may be asked to  predict the e�ect o f speci�c mutatio ns in the genetic co de.

Remember that the genetic co de allo ws mo re than o ne amino  acid to  be co ded fo r by triplets

and is no n-o verlapping!Yo u will no t be required to  memo rise speci�c co do ns and the amino

acids that they co de fo r.
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