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2.6.1Transcription

Transcription

= Thisprocess of proteinsynthesis occursintwo stages:
= Transcription-DNAis transcribed and an mRNA moleculeis produced
= mRNAis asingle stranded RNAmolecule that transfers the informationin DNAfrom the
nucleusinto the cytoplasm
= mRNAproductionrequires the enzyme RNA polymerase
= Translation- mRNA (messengerRNA)is translated and an amino acid sequenceis produced

The processof transcription

= This stage of proteinsynthesis occursinthe nucleus of the cell
= PartofaDNAmolecule unwinds (the hydrogenbonds betweenthe complementary base pairs
break)
= This exposes the gene to be transcribed (the gene fromwhich a particular polypeptide will be
produced)
= Acomplementarycopyofthe code fromthe geneis made bybuilding asingle-stranded nucleic
acid molecule knownas mRNA (messengerRNA)
= Free RNA nucleotides pairup (viahydrogenbonds) with theircomplementary (now exposed)
bases onone strand (the template strand) of the ‘unzipped’ DNAmolecule
= The sugar-phosphate groups of these RNAnucleotides are thenbonded togetherbythe enzyme
RNA polymerase to form the sugar-phosphate backbone of the mMRNAmolecule
= Whenthe gene has beentranscribed (whenthe mRNA molecule is complete), the hydrogen
bonds betweenthe mRNA and DNA strands break and the double-stranded DNA molecule re-
forms
= The mRNAmolecule thenleaves the nucleus viaaporeinthe nuclearenvelope
= Thisis where the term messengercomes from - the mRNAis despatched, carryingamessage,
to anotherpartofthe cell
= DNAcan't make this journey;it's too bigto fit through the poresinthe nuclearenvelope
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DNA is transcribed and an mRNA molecule is produced

Sense and anti-sense strands

= |nthe transcriptionstage of proteinsynthesis,free RNAnucleotides pairup with the exposed
bases onthe DNAmolecule but only withthose bases onone strand of the DNA molecule

= The RNAwillhave acomplementarybase sequence to the DNA strand (with the substitution of
Thymine with Uracil)

= Thestrand of the DNAmolecule that carries the genetic codeis called the sense strand

= The opposite DNAstrand is called the antisense strand

= To getanRNAtranscript of the sense strand, the antisense strand is the one that is transcribed
to formthe mRNAmolecule

= This mRNAmolecule willlaterbe translated into anamino acid chain
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The antisense strand of the DNA molecule is the one that is transcribed

Analogy: Think of transcriptionand translation asbeing like converting between
languages

= Eachlanguage has its alphabet,just as nucleic acids and proteins have theirmonomers
= Transcriptionis like convertingtext fromEnglishto French
= The same characters are used, but there are slight differences
= Frenchuses the same alphabet as Englishbut employs occasionalaccented characters like
a,é,org
= DNAand RNAemploylargelythe same monomers, but withthe slight differences of the two
pentose sugars and of UreplacingT.

= Translationis like converting text fromawesternlanguage to alanguage thatuses adifferent
alphabet, like Japanese
= Acompletelydifferent set of charactersis used
= The sequence of charactersis unrecognisable fromthe original
= |fwe could see them,achainofamino acids would look nothinglike achainof nucleotides

Transcriptionand TranslationCanbe Likened to ConversionBetweenLanguages Table
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O ExamTip

Be careful - DNA polymerase is the enzyme involved in DNAreplication;RNA polymerase is the
enzyme involved intranscription-don’t get these confused.

2.6.2Translation

Translation

= Translationis the synthesis of polypeptides onribosomes
= This stage of proteinsynthesis occursinthe cytoplasmof the cell
= Afterleavingthe nucleus,the mRNA molecule attaches to aribosome
= Aribosomeis acomplexstructure thatis made of alarge and small subunit
= Ribosomes are themselves made of proteins and RNA (called ribosomal RNA orrRNA)

= There are binding sites onthe subunits forthe various othermolecules involved in translation

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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O ExamTip

Make sure youlearnboth stages of proteinsynthesis fully. Don’t forget WHERE these reactions
take place - transcriptionoccurs inthe nucleus but translationoccurs inthe cytoplasm!

Genetic Code & mRNA

= The amino acid sequence of polypeptidesis determined bymRNA according to the genetic
code
= mRNAvariesinlength,dependingonthe lengthof the gene,butis around 2,000 nucleotides
long,onaverage (inmammals)
= Onlycertaingenes are transcribed ina particularcell,depending on the functionof that cell
= The geneforrhodopsin(alight-sensitive proteininthe eye)is transcribed to mRNAinretina
cells,butnottranscribed inotherbodycells where rhodopsinis notrequired;thatwould be a
waste of cellular energy

O Exam Tip

Most RNAexists as mMRNAbut don'tforget the othertypes;transfer RNA (tRNA) and ribosomal
RNA (rRNA).

Codons

= Codonsofthreebases onmRNAcorrespond to one amino acid inapolypeptide
= Thefournucleotide basesinmRNAare notenoughto code for20 separate amino acids
= Pairs of nucleotides would onlygive 16 combinations (42 =16), whichis stillnot enough
= Triplets of nucleotides would yield 64 combinations (43 =64), whichis more thanenough
= Different triplets code forthe same amino acid, givingsome protectionagainst mutation
= Atripletisasequence of three DNAbases thatcodes foraspecific amino acid
= Acodonisasequence of three mRNA bases thatcodes foraspecific amino acid
= Acodonistranscribed fromthe triplet and is complementary to it

= Ananticodonis asequence of three transfer RNA (tRNA) bases that are complementaryto a
codon
= ThetransferRNA carries the appropriate amino acid to the ribosome
= The amino acid canthenbe condensed onto the growingpolypeptide chain

= Certaincodons carrythe command to stop translationwhenthe polypeptide chainis complete
('Stop codons’)

mMRNA Codonsand Amino AcidsTable
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@ Worked example
Use therules of base-pairing and the mRNA Codons and Amino Acids Table (above)to deduce
the amino acid sequence coded forbythe following DNAsense strand sequenceTTC GAG CAT
TAC GCC
Step 1: Work out the antisense sequence using A-T and C-G base pairingrules
AAG CTC GTAATGCGG
Step 2:Workout the mRNA codons,complementary to the antisense strand

UUC GAGCAUUAC GCC

Step 3:Use the mRNA Codons and Amino Acids Table (above)to workout the first amino
acid

Firstbaseincodon=U,second base =U, third base =C
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Sowe'relookinginthe top-leftboxof the table;this amino acid is Phe
Step 4:Repeat for the remaining4 codons
GAG =Glu
CAU=His
UAC =Tyr
GCC=Ala

Answer:The finalsequence of amino acids is Phe-Glu-His-Tyr-Ala

Codons & Anticodons

= Translationdepends oncomplementarybase pairingbetweencodons onmRNA and anticodons
ontRNA
= Inthe cytoplasm,there are free molecules of tRNA (transfer RNA)
= The tRNA molecules bind with their specific amino acids (also inthe cytoplasm) and bring them
to the mRNAmolecule ontheribosome
= The triplet of bases (anticodon)oneachtRNA molecule pairs withacomplementary triplet
(codon)onthe mRNAmolecule
= Two tRNA molecules fit onto theribosome at any one time, bringing the amino acid theyare
eachcarryingside byside
1 Apeptidebondisthenformed (bycondensation) betweenthe two amino acids
= The formationofapeptide bond betweenamino acids is ananabolic reaction
= |trequires energy,inthe formof ATP
= The ATPneeded fortranslationis provided by the mitochondria within the cell

= Thisprocess continues untila‘stop’codononthe mRNAmoleculeisreached -thisactsasa
signalfortranslationto stop and at this point the amino acid chaincoded forbythe mRNA
molecule is complete

= This amino acid chainthendiffuses away from the ribosome and forms the final polypeptide
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The translation stage of protein synthesis - tRNA molecules bind with their specific amino acids
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The translation stage of protein synthesis — an amino acid chain is formed
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Anpolypeptide forms as peptide bonds are added in sequence
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2.6.3Biotechnology

Polymerase Chain Reaction

Use of Taq DNA polymerase to produce multiple copiesof DNArapidlybythe
polymerase chainreaction (PCR)

Polymerase chainreaction(PCR)is acommonmolecularbiologytechnique used inmost
applications of gene technology, forexample, DNA profiling (eg.identification of criminals and
determining paternity) orgenetic engineering
= PCRisalsousedinroutine COVID-19 testing to detectand amplifysmallamounts of viral
RNA

It canbe described as the invitromethod of DNA amplification

Itisused to produce large quantities of specific fragments of DNAorRNAfromvery small
quantities (evenjustone molecule of DNA orRNA)

ByusingPCR scientists can have billions of identical copies of the DNA orRNA sample withina
fewhours

The PCRprocessinvolves three key stages percycle

Ineachcycle, DNAis doubled so,inastandard runof 20 cycles, 1million DNAmolecules are
produced.The three stages are undertakenina PCRinstrument (orthermal cycler) which
automaticallyprovides the optimaltemperature foreachstage and controls the lengthof time
spentateachstage

The processof PCR

EachPCRreactionrequires:
= Target DNA orRNA thatis being amplified
= Primers (forward and reverse) - these are short sequences of single-stranded DNA that
define theregionthatis to be amplified by showing the DNA polymerase where to begin
building the new strands
= DNApolymerase -is the enzyme used to build the new DNAorRNAstrand.
= The mostcommonlyused polymerase is Tagpolymerase as itcomes froma
thermophilic bacterium Thermus aquaticus
= This bacteriumlivesinhot springsingeothermal areas
= Tag polymerase does not denature at the high temperature involved during the first
stage of the PCRreaction
= The enzyme's optimumtemperature is highenoughto prevent annealing of the DNA
strands that have notbeencopied yet

= Freenucleotides -usedinthe constructionofthe DNAorRNAstrands
= Buffersolution-to provide the optimumpHforthereactionsto occurin
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= Thethree stages are:

Denaturation-the double-stranded DNAis heated to 95°C for15 seconds, which breaks
the hydrogenbonds that hold the two DNA strands together
Annealing - the temperature is decreased to between50 - 60°C so that primers (forward
andreverse ones) canattachto the ends of the single strands of DNA byhydrogenbonding
Elongation/Extension - the temperatureisincreased to 72°C foratleast aminute

= Thisis the optimumtemperature for Tagpolymerase to build the complementary strands

of DNA
= To produce the newidenticaldouble-stranded DNAmolecules

The three stages of acycle take 2-3 minutes, so manycycles canbe completedinashort
space of time
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The substances required for the Polymerase Chain Reaction to occurand the three key stages of the
reaction

Q Exam Tip

Itisimportant to know the three stages and the temperatures the reactions occuratduring the
different stages. Youmust also know whythe Tagpolymeraseis used in PCR.
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Production of HumanInsulin

Production of humaninsulinin bacteria asan example of the universality of the
geneticcode allowing gene transfer between species

Priorto 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 transferring the
humaninsulin gene to them forlarge-scale expression of that gene
DNA can be transferred froma human to a prokaryote (eg. E. coli), a
eukaryote single-celled organism(eg. yeast) ora plant (eg. safflower species)
= Allthese organisms express the human insulin gene
« Theinsulin produced can be harvested for medical use
The fact that DNA canbe transferred fromone organismto anotheracross kingdoms (and can

stilldo the same job) demonstrates the universality of the genetic code
= Thepresence of nucleotidesis amarkerbetweenlivingand non-living entities

This was anearlysuccessful example of genetic modification

Human and Bacterial DNA working together

In1982,insulinwas the first geneticallyengineered human protein to be approved forusein
diabetes treatment
Bacterial plasmids are modified to incorporate the humaninsulingene
These geneticallymodified plasmids are theninserted into Escherichia coli
The newly-adjusted bacteriaare isolated, purified and placed into large scale fermenters that
provide optimal conditions
The geneticallyengineered bacteria multiply by binary fission, and express the human protein -
insulin, whichis eventually extracted and purified
The advantages forscientists to use geneticallyengineered insulin are:
= |tisidenticalto humaninsulin,unless modified to have different properties (eg.act faster,
whichis usefulfortakingimmediately aftereatingorto actmore slowly)
= Thereis areliable supply available to meet demand (no need to depend onthe availability of
meat stock)
= Fewerethical, moralorreligious concerns (proteins are notextracted fromcows orpigs)
= Fewerrejectionproblems orside effects orallergic reactions
= Cheaperto produceinlarge volumes
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= Thatitisuseful forpeople who have animalinsulinintolerance

The production of human insulin; the combination of DNA from two widely different organisms
demonstrates the universality of the genetic code

O Exam Tip

The details of the steps of productionof humaninsulin are notrequired here. The mainlearningis
that DNA and RNA are auniversal code that applies to alllife forms, as demonstrated by ourability
to transfergenes successfullyacross species and kingdoms.
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2.6.4 Skills: DNA, RNA & Protein Synthesis

Drawing DNA & RNA Nucleotides & DNA Double Helix

Drawing simple diagrams of the structure of single nucleotides of DNAand RNA

= Simple shapes canbe used to draw the mainbuildingblocks of nucleotides and the DNA
double helix
= Advanced drawingskills are notrequired!

= Pentagons canrepresentpentose sugars
= Circlescanrepresent phosphates
= Oftenshownas acircle withthe letterPinside:®

= Rectangles canrepresentbases
= Covalentbonds canbe shownwithsolid lines
= Hydrogenbonds canbe shownwith dashed lines
= Orwithcomplementaryshapes that fittogether(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 first. The presence of
hydrogen bonding is shown, but the numbers/lengths of bonds is not required
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Analternative way to draw a DNA strand is to use complementary shapes for the bases

Q Exam Tip

Simple, hand-drawn shapes will suffice inan exam. Expert tip - alarge drawingis always easierfor
anexaminerto read (and award marks for) than asmall one!Read the question carefully;
examiners oftenwant awhole nucleotide to be identified inyourdiagram and to ensure your
diagramincludes all4 complementary bases.Youdon't have to rememberthe numberof
hydrogenbonds betweenthe bases Also,rememberto draw DNA strands as antiparallel (one
upside-downversus the other) but youdon't have to be able to draw a helix shape!
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2.6.5Skills: Interpreting Sequences

Determination of mRNA Base Sequence

= Therules of base pairing and the table of mMRNA codons are needed to be able to convert
between DNA sequences, mRNAbase sequences and amino acid sequences
= Atripletis asequence of three DNAbases thatcodes foraspecific amino acid
= Acodonisasequence ofthree mRNAbases thatcodes foraspecific amino acid
= Acodonistranscribed fromthe triplet and is complementaryto it
= Whencomparingthe genetic code to amino acid sequences, mRNA codons are oftenused
= ThefourbasesfoundinRNAmolecules (adenine,uracil,cytosine and guanine) have the ability to
form 64 differentcodons
= Multiple mMRNAcodons canencode the same amino acid
= This means that achange inthe genetic code doesn’t necessarily result inachangeinthe
amino acid sequence
= Forexample, UGUand UGC bothcode forthe amino acid, cysteine

= Some send important signals to the transcriptionmachinery
= The START codoninitiates the process of transcriptionand ensures it starts in the right
location (this is always the amino acid methionine in eukaryotic cells,coded forbythe
codonAUG)
= STOPcodons cause transcriptionto terminate and do notcode foranamino acid e.g. UAA

= The genetic codeis non-overlapping
= Eachbaseisonlyread onceinthe codonitis partof

Therulesof base pairing

= InDNA,
= Adenine (A) always pairs with Thymine (T)
= Cytosine (C) always pairs with Guanine (G)

= InRNA, Thymine (T) is replaced by Uracil (U)
= This means that the base Adenine (A) in DNAis transcribed to Uracil (U)inthe mRNA strand

The mRNA Codonsand Amino Acidstable

= Thefirstthree bases of anmRNAstrand formthe firstcodon

= The firstbase of the codonisread fromthe first columnof the table
= Thesecondbaseofthecodonisread fromthetoprowofthe table
= Thethird base of the codonisread from the finalcolumnof the table
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Intrepreting the Genetic Code

= Useatable of the genetic code to deduce whichcodon(s)corresponds to whichamino acid

= The 20 amino acids are allcoded forinthe Table of MRNACodons

= Some amino acids are only coded forby one codoneg. methionine (Met),coded by AUG

= Otheramino acids have severalcodons that code forthemeg.arginine (Arg),coded by CGU,
CGC,CGA,CGG,AGAand AGG

@ Worked example

Use the table of MRNA Codons and Amino Acids to identifythe mRNAcodons thatcode forthe
following amino acids:

1.Histidine (His)
2. Tryptophan (Trp)
3.Glycine (Gly)
4.Leucine (Leu)
Step 1:Lookup Hisinthe table
CodonCAU(no others)
Step 2:Lookup Trpinthe table
CodonUGG (no others)
Step 3:Lookup Gly inthe table
Codons GGU,GGC,GGAand GGG
Step4:Lookup Leuinthe table

Codons CUU,CUC,CUA, CUG, UUA, UUG
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Deducing the Sequences
= Useatable of mMRNAcodons and theircorrespondingamino acids to deduce the sequence of
amino acids coded byashort mMRNAstrand of aknownbase sequence
@ Worked example
Deduce the amino acid sequence coded forbythe mRNA
sequenceAUGACUGGGCCUCCCCAAUAUUAG
Step 1:split the mRNA sequence into triplets
AUGACUGGGCCUCCC CAAUAUUAG
Step 2:lookup the first triplet inthe mMRNA Codons and Amino Acids Table:
AUG =Met
Step 3:repeat forthe remaining triplets
ACU=Thr
GGG =Gly
CCU=Pro
CCC=Pro
CAA=GIn
UAU=Tyr
UAG =Stop
Step 4 :link the amino acids together

Met-Thr-Gly-Pro-Pro-GIn-Tyr

Q Exam Tip

Inanexam,youmaybe asked to predict the effect of specific mutations inthe genetic code.
Rememberthat the genetic code allows more thanone amino acid to be coded forbytriplets
and is non-overlapping!Youwillnotbe required to memorise specific codons and the amino
acids thattheycodefor.
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