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DNA & RNA Structure

Genetic Material of Life

DNA as the genetic material of living organisms

= Deoxyribose nucleic acid (DNA) carries the genetic code inallliving organisms
= Thisis thereasonwhythe genetic codeis said to be universal, it applies to allforms of life
= DNAis mainly foundinthe nucleus where it forms chromosomes
= |tisalso foundinchloroplasts and mitochondriaof eukaryotic cells
= Ribonucleic acid (RNA) is anothertype of nucleic acid whichis the maincomponent of
ribosomes, whichplayanimportantrole inprotein synthesis
= Some RNAis also found inthe nucleus and cytoplasm
= Certainviruses (suchas SARS-CoV-2) contain RNA as theirgenetic materialinstead of DNA
= Theseviruses cause avarietyof differentdiseases,suchas COVID-19,Ebola, mumps and
influenza
= Viruses are not considered to be living organisms, since theyare unable to replicate by
themselves
= Theyare dependent onotherlivingcells forreplicationand survival
= Viruses alsolackacellular structure, whichis anotherreasontheyare notconsidered to be living
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Nucleotide Components

Components of anucleotide

= BothDNAand RNA are polymers that are made up of many repeating units called nucleotides
= Eachnucleotideis formed from:
= Apentosesugar(asugarwith5carbonatoms)
= Anitrogen-containingorganic base (with eitherTor2rings of atoms)
= Aphosphate group (thisis acidic and negativelycharged)
= The base and phosphate group are both covalently bonded to the sugar
= The nitrogenous basesinDNA are:
= Adenine (A)
= Guanine (G)
= Cytosine(C)
= Thymine (T)
= RNAshare the same nitrogenous bases as DNA except thymine, whichis replaced byuracil (U)in
RNA
= The nitrogenous bases canbe grouped as eitherpurine or pyrimidine bases:
= Adenine and guanine are purine bases
= Cytosine, thymine (in DNA) and uracil (in RNA) are pyrimidine bases

Nucleotide structure diagram

The basic structure of a nucleotide

Drawing simple diagrams of the structure of single nucleotides of DNA and RNA

= Simple shapes canbe used to draw the mainbuildingblocks of nucleotides and the DNA
double helix
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= Advanced drawingskills are notrequired!
Pentagons canrepresentpentose sugars
Circles canrepresent phosphates
= Oftenshownasacircle withtheletterPinside: ®
Rectangles canrepresentbases
Covalent bonds canbe shownwithsolid lines
Hydrogenbonds canbe shownwith dashed lines
= Orwithcomplementaryshapes that fittogether(see diagrams)

Componentsof anucleotidediagram

Simple shapes can be used to represent parts of nucleotide molecules
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Linking Nucleotides

Forming the sugar-phosphate backbone

Nucleotides jointogetherinchains to form DNAorRNAstrands
The phosphate group of one nucleotide forms acovalentbond to the pentose sugar of the
next one

= Thiscarriesonto formalarge polymer

= These polymers formnucleic acids, which are also known as polynucleotides
The phosphate group of one nucleotideis linked to the pentose sugarof the next one by
condensationreactions

= This means amolecule of wateris released during the formationof each covalentbond
This forms a'sugar-phosphate backbone'with abase linked to each sugar
The polymerofnucleotidesis knownas astrand
DNAis double-stranded, RNAis usually single-stranded
There are just 4 separate bases that canbejoined inany combination/sequence

= Because the sugarand phosphate are the same in everynucleotide

Linking nucleotidestogetherdiagram

Two nucleotides shown bonded together covalently within a strand
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RNA Structure

RNA structure

Unlike DNA,RNAmolecules are relatively short withlengths of betweenahundred to afew
thousand nucleotides

Itusuallyforms asingle-stranded polynucleotide withribose as the pentose sugarineach
nucleotide

RNAnucleotides containthe following nitrogenous bases:

= Adenine

= Guanine

= Cytosine

= Uracil(instead of thymine in DNA)
The carbonatoms innucleotides are numbered fromthe right inaclockwise direction

= This makes it easierto identify the bonds inthe sugar-phosphate backbone of

polynucleotides
= |talsoindicates the orientationof the polynucleotide

RNAnucleotide diagram

The structure of an RNA nucleotide

Different types of RNA are found inthe cells of living organisms:
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= messenger RNA (mRNA), whichis formed inthe nucleus and transported to theribosomesin
the cytoplasm
= transfer RNA (tRNA), whichisresponsible fortransportingamino acids to ribosomes during
proteinsynthesis
= ribosomal RNA (rRNA), whichforms part of ribosomes
= AdjacentRNAnucleotides are linked togetherbycondensationreactions,duringwhicha
molecule of wateris released
= Thisforms aphosphodiesterbond betweenthe pentose sugarofonenucleotide and the
phosphate group of the next nucleotide
The formation of an RNA polymer diagram

Linking RNA nucleotides together by condensation reactions will result in the formation of
phosphodiester bonds

O Exam Tip

Ensure that you are able to draw and recognise diagrams of asingle RNAnucleotide,as well as
RNA polymers
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DNA Structure

DNA structure

DNAis adouble helixmade of two antiparallel strands of nucleotides linked by hydrogen
bondingbetweencomplementarybase pairs

The nucleic acid DNAis apolynucleotide -itis made up of many nucleotides bonded together
inalong chain

DNAnucleotide diagram

A DNA nucleotide

DNAmolecules are made up of two polynucleotide strands lying side byside, runningin
opposite directions - the strands are said to be antiparallel

EachDNApolynucleotide strand is made up of alternatingdeoxyribose sugars and phosphate
groups bonded together to formthe sugar-phosphate backbone

EachDNApolynucleotide strand is said to have a3’ end and a5’ end (these numbers relate to
which carbonatomonthe pentose sugarcould be bonded withanothernucleotide)

Because the strands runinopposite directions (they are antiparallel), one is known as the 5’ to 3’
strand and the otheris knownas the 3’to 5’ strand

The nitrogenous bases of eachnucleotide project out fromthe backbone towards the interior
ofthe double-stranded DNAmolecule
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Asingle DNA polynucleotide strand diagram

A single DNA polynucleotide strand showing 3 nucleotides in a sequence

Hydrogenbonding

= The two antiparallel DNA polynucleotide strands that make up the DNAmolecule are held
togetherby hydrogenbonds betweenthe nitrogenous bases
= These hydrogenbonds always occurbetweenthe same pairs of bases:
= The purine adenine (A) always pairs with the pyrimidine thymine (T) - two hydrogenbonds are
formed betweenthese bases

Page 8 of 29
For more help visit our website www.exampaperspractice.co.uk



=

Exam Papers Practice

= The purine guanine (G) always pairs with the pyrimidine cytosine (C) - three hydrogenbonds
are formed betweenthese bases

= Thisis knownas complementary base pairing

= These pairs are known as DNA base pairs

DNA molecule withhydrogenbonding diagram

A section of DNA - two antiparallel DNA polynucleotide strands held together by hydrogen bonds

Double helix

= DNAisnottwo-dimensionalas showninthe diagramabove
= DNAis described as adouble helix
= Thisrefers to the three-dimensional shape that DNAmolecules form

DNA double helixformation diagram

Page 9 of 29
For more help visit our website www.exampaperspractice.co.uk



=

Exam Papers Practice

DNA molecules form a three-dimensional structure known as a DNA double helix
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O Exam Tip

Make sure you canname the differentcomponents of a DNAmolecule (sugar-phosphate
backbone,nucleotide,complementarybase pairs, hydrogenbonds) and make sure you are able
tolocate these onadiagram.Rememberthat covalentbondsjointhe nucleotides inthe sugar-
phosphate backbone,and hydrogenbonds jointhe bases of the two complementarystrands
together.Rememberthat the bases are complementary,so the numberof A=Tand C=G.You
could be asked to determine how manybases are presentina DNAmolecule if given the number
ofjustone of the bases.

Drawing base-pairingina DNAmolecule

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

O ExamTip

Simple, hand-drawn shapes will suffice inan exam. Expert tip - alarge drawingis always easierfor
anexaminerto read (and award marks for) thanasmallone!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!

Page 11 of 29
For more help visit our website www.exampaperspractice.co.uk



E=l

Exam Papers Practice

Basis of Genetic Code

The Genetic Code

Genetic code

= DNAmolecules carrythe genetic code as asequence of nitrogenous bases inthe nucleotides
= These bases are adenine, guanine, cytosine and thymine

= Oneofthestrands of aDNAmolecule willcarry the base sequence that willbe read byenzymes
= This strand is known as the coding strand

= Thesequence of bases thatformgenes onthe codingstrand willdetermine the order of amino
acidsinthe proteins that are synthesised

= Thecodeisreadas atriplet of bases,called acodon,witheachsequence of three bases
coding forone amino acid
= Rememberthat there are 20 different amino acids that could be coded for

= Thesequence of amino acids willdetermine the shape and functionof the proteinthatis
synthesised fromthe code

Fromgenetoproteindiagram

The sequence of DNA bases in the genes codes for the production of a specific protein molecule
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Conservationof The Genetic Code

The genetic code s universal

= The genetic codeis universal, meaningthat almosteveryorganismuses the same code (there
are afew rare and minorexceptions)
= The same triplet codes code for the same amino acids inallliving things (meaning that genetic
informationis transferable between species)
= The universal nature of the genetic code is why genetic engineeringis possible
= This provides evidence forauniversalcommonancestor fromwhich alllivingorganisms on Earth
evolved
= Overtime, mutations have led to changesinsome of the base sequences of organisms
= These base sequences formthe genome of anorganism
= Some base sequences formpart of regions that code forproteins, called coding
sequences,while others are locatedinregions thatdo notcode forproteins (non-coding
sequences)
= Manyofthese codingand non-codingsequences have remained unchanged inall organisms and
are known as conserved sequences
= Highlyconserved sequences are usuallyfound inthe genes that code forproteins involved with
transcriptionand translation, as well as histone proteins which help to package DNA tightlyinto
the nucleus
= The similarityinthese sequences indicate that living organisms share auniversalancestry

Nucleic Acid Structure & Function

DNA & RNA: Comparison
Differences between DNA and RNA

= Unlike DNA,RNAnucleotides never containthe nitrogenous base thymine (T) - inplace of this
theycontain the nitrogenous base uracil (U)
= Unlike DNA,RNAnucleotides containthe pentose sugarribose (instead of deoxyribose)

Comparing DNAand RNA nucleotidesdiagram
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An RNA nucleotide compared with a DNA nucleotide

= Unlike DNA,RNAmolecules are onlymade upof one polynucleotide strand (theyare single -
stranded)
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= Unlike DNA,RNA polynucleotide chains are relativelyshort compared to DNA

RNA structure

MRNA as an example of the structure of an RNA molecule

Nucleotide Structure SummaryTable

Properties

Pentose sugar Deoxyribose Ribose
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Bases Adenine (A) Adenine (A)
Cytosine (C) Cytosine (C)
Guanine (G) Guanine (G)
Thymine (T) Uracil (U)

D le-st |
Number of strands ouble-s ranleed(doube Single-stranded
helix)
O ExamTip

Youneed to know the difference between DNA and RNAmolecules (base composition,number
of strands,pentose sugarpresent). Youalso need to be able to sketchthe difference between
ribose and deoxyribose.

Complementary Base Pairing

Therole of complementary base pairing

= Complementarybase pairing means that the DNA bases ondifferent strands will always pairupina
very specific way:
= Adenine (A) will pairup with Thy mine (T)
= Cytosine (C) will pairup with Guanine (G)
= Thisis because the hydrogenbonds that hold the two DNA strands togethercanonly form
betweenthese base pairs:
= Two hydrogenbonds formbetweenAandT
= Three hydrogenbonds formbetweenCand G
= Complementarybase pairingmeans that the base sequence onone DNA strand determines the
sequence of the other strand
= Wesaythatone strand acts as atemplate of the other
= This allows DNAto be copied very precisely during DNA replicationwhichinturnensures that
the genetic codeis accuratelycopied and expressed innewlyformed cells

Complementarybase pairsand hydrogen bonding diagram
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A section of DNA showing nucleotide bonding and complementary base pairbonding
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DNA: Information Storage Molecule

Diversity of DNA base sequences

Despite the genetic code only containing fourbases (A, T,C,G),theycancombine to forma
very diverserange of DNAbase sequences in DNAmolecules of different lengths

This means that DNA has analmost limitless capacity for storing genetic informationinliving
organisms

One wayinwhich this storage capacitycanbe measured is bythe number of genes contained
withinthe DNA of anorganism

Eventhe mostsimplistic forms of life maycontain several thousand genes withintheir DNA

Comparing the Number of Genesbetween Different OrganismsTable

Bacterium

Organism Human Dog Water flea (E. coli) Rice plant

Approximate
number of 20000 19 000 31000 4300 41500
genes

The storage capacityof DNAcanalso be measured inthe number of base pairs contained within
the genome of anorganism
The DNAinthe nucleus of ahumancellcontains about 3.2 gigabases

= Thatis about 10° DNA base pairs
These base pairs are contained in DNAwith alengthof about 2 meters, that fits within the
nucleus of eachhumancell

= Giventhe factthatanucleusis microscopicinsize,isanindicationofhowincredibly well

packaged this amount of genetic informationis

This gives DNAanenormous capacity forstoring genetic 'data’ withgreat economy
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DNA Structure (HL)

Significance of Directionality

Directionality of RNA and DNA

Whennucleotides are linked togetherto formnucleic acids,suchas RNAand DNA, the
phosphate groups formabridge betweencarbon-3 of one sugar molecule and carbon-5of
the next one
This means that each polynucleotide strand has a3' end where the OH groupis located on
carbon-3 of the sugarmolecule and a5' end containing the phosphate grouponcarbon-5
InaDNAmolecule,one strand runs from5'to 3' while the otherstrand runs from3'to 5'

= Thisis whythe two strands are said to be antiparallel
The directionality of polynucleotide strands plays animportantrole inthe processes of:

= DNAreplication

= Transcription

= Translation
During transcription, the genetic code onone of the DNA strands (the coding strand) is
transcribed into astrand of mRNA

= Thecodingstrandis always read inthe 3'to 5' directionbyenzymes which will synthesise the

mRNA strand inthe 5'to 3' direction

The mRNAwillmove into the cytoplasm of the cell, where ribosomes will translate the
transcribed codeinthe 5'to 3'direction

= The base sequence of the genetic code willdetermine the specific order of the amino

acids inthe polypeptide chaincreated during translation

Directionality inRNA and DNA are therefore cruciallyimportant to ensure that the genetic codeis
copied, transcribed and translated correctly

DNA Helix Structure

Purine to pyrimidine bonding in the DNA helix structure

Francis Crickand James Watsonwere two Cambridge scientists who worked togetherto
establishthe double helix structure of DNAiIn1953
Throughtrialand error, they managed to build amodel of the DNA double helix structure where
the different base pairs fittogethercorrectly
The base pairings Ato T and C to G are equalinlength, meaning that the DNA helix will have the
same 3D structureregardless of the base sequence

= Adenine (A) and guanine (G) are purine bases while thymine (T) and cytosine (C) are pyrimidine

bases

= Purines are largerinsize than pyrimidines due to theirtwo carbonringed structure
The stability of the double helixis furtherincreased by the hydrogenbonds that formbetween
these complementary base pairs

Purinesand pyrimidinesdiagram

Page 19 of 29
For more help visit our website www.exampaperspractice.co.uk



=

Exam Papers Practice

Page 20 of 29
For more help visit our website www.exampaperspractice.co.uk



=

Exam Papers Practice

The different sizes of purine and pyrimidine bases mean that they can only pairup in a very specific way.
Note that you do not need to know the structural formulae of purines and pyrimidines
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Nucleosomes & Molecular Visualisation Software: Skills (HL)

Nucleosomes

= Unlike most prokaryotic DNAwhichisreferred to as ‘naked’, eukaryotic nuclear DNA is
associated with proteins called histones (to form chromatin)
= Histones package the DNAinto structures called nucleosomes
= Thenucleosome consists of astrand of DNA coiled around acore of eight histone proteins
(octamer) to formabead-like structure
= DNAtakes two turns around the histone core andis held inplace byanadditional histone
proteinwhichis attached to linker DNA
= The DNAmolecule continues to be wound around aseries of nucleosomes to formwhat
looks like a‘stringof beads’
= Nucleosomes helpto supercoilthe DNA, resultinginacompactstructure which saves space
withinthe nucleus
= Nucleosomes also helpto protect DNA and facilitate movement of chromosomes during
celldivision
= Ananalogyforsupercoilingis twisting anelastic band repeatedlyuntilit forms additional
coils
= Nucleosomes canbe tagged withproteins to promote orsuppress transcription
Nucleosome structure diagram

Structure of a nucleosome
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Histonesdiagram

DNA js wrapped around a series of nucleosomes.
Nucleosomes coil tightly around each other to form the chromosome structure.

Skills: Molecular Visualisation Software

= Molecularvisualisationsoftware canbe used to helpunderstand molecularstructures
= Macromolecules like protein,DNA,RNA and complex carbohydrates canbe visualised as
3-Dstructures
= This allows researchers to analyse macromolecules and/orstudyinteractions between them
= Primary sequence information canbe related to structure and function
= This helps to relate how structure might relate to chemical orbiologicalbehaviour
= Macromolecules canbe represented inmanydifferent ways including balland stickatom
models orsimplified ribbonrepresentations that show the proteinbackbone
= Mostmolecularvisualisationsoftwareis freely available onthe Internet orcanbe accessed
through manybioinformatics repositories such as the Protein Data Bank (PDB)

Analysing the association between protein and DNA within a nucleosome

= Visitthe ProteinDataBank (PDB)site and searchfor:6T79 structure of humannucleosome (do
notputthe searchterminquotes)
= Selectthe “3Dview” to view the protein structure in Mol*
= The 3-Dstructure of the nucleosome canbe viewed
= The DNAdouble helixcanbe clearlyseensurrounding the histone proteins
= Rotate orzoominto theimage to visualise the differentcomponents
= The DNAcanbe seento make two loops around the histone octamercore
= ook carefully-the tails of eachhistone proteincanbe seenprojected fromthe nucleosome
core
= These canbe chemically modified to helpregulate gene expression
= Trychanging different settings inthe viewerorselectadifferentviewersuchas JSmol
Human nucleosome diagram
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Structure of human nucleosome showing the association between DNA (in 2 loops around the edge) and
histones (central region)
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The Hershey & Chase Experiment (HL)

The Hershey & Chase Experiment

Which Biomoleculeis the Heritable Material?

= DNAwasidentifiedin1869 but manyscientists assumed that proteinwas the heritable material
= Owingto the fact that there are 20 amino acids and only 4 nucleotide bases

= Inthe1950s, Alfred Hershey and Martha Chase showed that DNA,not protein,is afactorof
heredity responsible forcarrying genetic information fromone generationto another

= Viruses thatinfectbacteriawere used intheirexperiment as theyonlyconsistof DNA
encapsulated byaproteincoat

= This would allow the biomolecule of heredity (i.e.the one that caused bacterial cells to be used
to produce viral progeny) to be easilydetermined

Analysis of results of the Hershey and Chase experiment

= Hersheyand Chase took advantage of the chemical differences between DNA and proteins
= DNA contains phosphorus but no sulfur
= Amino acids (that make up proteins) contain sulfur but no phosphorus
= Bacteriagrowninseparate media containing eitherradioactive sulfur (3°S)orradioactive
phosphorus (32P)were infected withviruses
= The progenyviruses contained either35S labelled proteins or32P labelled DNA
= Unlabelled bacteriawere theninfected separatelywith eithertype of virus
= Bacteriawould be expected to containthe heritable material followinginfection
= Ablenderwas used toremove attached viruses from the bacterial cells and centrifugationwas
used toisolate the bacteria
= Viruses are small so remained in the supernatantin the centrifuge tube
= Bacteriaarelargerso formed apellet
= Onlythe bacteriainfected by32P labelled viruses (DNA)were shownto be radioactive
= This suggested that DNA (and not protein) was transferred to bacteria and is the hereditary
(genetic) material

Hersheyand Chase experiment diagram
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Hershey and Chase's experiment provided unequivocal proof that DNA is the heritable material
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NOS: Technological developments can open up new possibilities for
experiments - The availability of radioisotopes asresearchtools made the
Hershey-Chase experiment possible

Radioisotopes were made available to scientists asresearchtools at the end of the Second
World War

This enabled scientistsinavariety of researchfields, such as biochemistryand virology,to do
experiments that were not previously possible

Isotopes are particularlyusefulin studying chemical changes that occurduring metabolic
pathways orlife cycles inorganisms

Without the availabilityofradioisotopes, Hersheyand Chase would not have been able to label
the different parts of avirus inorderto determine that DNA is the heritable materialinorganisms
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Chargaff's Data (HL)

Chargaff's Data

NOS: Addressing the problem of induction by the certainty of falsification -
How Chargaff's data falsified the tetranucleotide hypothesis of DNA

= ErwinChargaff analysed the DNA compositionof different organisms duringthe 1930s and
1940s and made the following discoveries:
= The numberof purine bases were equal to the numberof pyrimidine bases
= The numberofadenine bases were equalto the numberofthymine bases while the number
of guanine bases were equal to the numberofcytosine bases
= This means that apurine base canonly pair up withapyrimidine base between the sugar-
phosphate backbone,since theyhave differentsizes
= Thisforms the foundation of complementary base pairingin DNA
The problem of induction

= Theinductive scientific method starts withascientist makingobservations and collectingraw
data

= Afterdataanalysis,ahypothesisis formulated whichis thentested bymeans of a suitably
designed investigation

= This maylead to some general conclusions beingdrawnbased onspecific observations

= Usingdatagatheredinthe pastto create general predictions about what willhappeninthe
future, assumes that the future willbe the same as whenyou gathered yourdata

= |tis thereforeimpossible to prove ahypothesis generated byinductive reasoning as
absolutely true,since we cannot be sure that the general observations we made in the past will
hold true in the future

= Thisis knownas the problemofinductionand is the mainreasonwhymost scientific theories are
considered to be tentative

= Evenif severalinvestigations supports ahypothesis,itcanstillbe provenincorrect (falsified)in
the future as new discoveries are made

= Forthisreason,the philosopherKarlPoppersuggested that new scientific knowledgeis not
gained byinductive steps butratherbythe falsificationof existinghypotheses

Falsification of the tetranucleotide hypothesis

= The biochemistPhoebus Levene discovered the pentose sugars of DNAand RNAinthe early
1900's
= He suggested thatthe structure of nucleic acid was arepeating tetramer unit whichhe called a
nucleotide
= This was called the tetranucleotide hypothesis
Tetranucleotide structurediagram
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The tetranucleotide structure of nucleic acid which was suggested by Levene

= Atthe time of hisresearch, there were limitations to the analytic techniques available which
made it difficult to determine the relative amounts of nucleotides presentinnucleic acids

= Thetetranucleotide hypothesis was falsified by Chargaff's datain the late 1940s,whichshowed
the organism-specificityof nucleic acids

= Whenthe structure of DNAwas determined inthe 1950s, it further proved that the repeating
tetramerunit suggested byLevene would not be suitable forcarrying genetic informationfrom
one generationto the next
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