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7.2.1 Regulation of Gene Expression by Proteins

The Promoter Region

T he f unct ion of  t he promot er

Only so me DNA sequences co de fo r the pro ductio n o f po lypeptides, these are called co ding

sequences

No n-co ding sequences pro duce functio nal RNA mo lecules like transf er RNA (tRNA) o r are

invo lved in the regulatio n o f  gene expressio n such as enhancers, silencers and pro mo ters

The pro mo ter is a no n-co ding sequence lo cated near to  a gene

The pro mo ter is no t itself transcribed

The pro mo ter acts as the binding site f o r RNA Po lymerase  during the initiatio n o f  transcriptio n

Binding o f RNA Po lymerase to  the pro mo ter is under the co ntro l o f vario us regulato ry pro teins
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Gene Expression Regulated by Proteins

Gene expression varies in di�erent  cells

Genes are no t expressed equally  in every cell

Essential genes  needed fo r the survival o f an o rganism are expressed all the time

eg. Genes fo r the main enz ymes in the respirato ry pathways  o r ATP synthase

Other genes are o nly expressed when needed  and at levels that make speci�c amo unts o f

pro tein

eg. The gene fo r rho do psin that is o nly expressed in light-sensitive recepto r cells o f the

eye

Regulato ry mechanisms  exist to  ensure the co rrect genes are expressed at the co rrect time

These mechanisms are di�erent between pro karyo tes and eukaryo tes but bo th emplo y

transcriptio n f acto rs  and o ther pro teins that bind to  speci�c sequences in DNA

Reg ulat ion of  g ene expression in eukaryot es

Eukaryo tes regulate gene expressio n in respo nse to  variatio ns in their enviro nment

Speci�c pro teins bind to  DNA to  regulate transcriptio n and ensure that o nly the genes required

are being expressed in the co rrect cells, at the co rrect time and to  the right level

This is key to  ho w pro cesses o f cellular di�erentiatio n and develo pment in multicellular

o rganisms are co ntro lled

Regulato ry transcriptio n facto r pro teins include activato rs  and represso rs, they are unique to  a

speci�c gene

Activato r pro teins bind to  enhancer sequences and increase  the rate o f transcriptio n

Represso r pro teins bind to  silencer sequences and decrease  o r blo ck transcriptio n

General transcriptio n f acto rs  are a type o f transcriptio n facto rs that bind directly to  the

pro mo ter to  help initiate transcriptio n

This helps RNA po lymerase to  attach to  the pro mo ter and start transcribing the gene

In eukaryo tes, several general transcriptio n facto rs are needed fo r transcriptio n
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A transcription factor binding to the promoter region of a gene which allows RNA polymerase to bind and

for transcription to occur.

Regulat ion of  gene expression in prokaryot es

Unlike in eukaryo tes, o nly o ne general transcriptio n f acto r and RNA po lymerase is needed to

initiate transcriptio n

When pro karyo tes need to  respo nd to  enviro nmental changes, additio nal pro teins interact

directly with target regio ns o f  DNA to  alter the level o f gene expressio n

Fo r example, the genes invo lved in the breakdo wn and metabo lism o f lacto se by Escherichia coli

are repressed in the absence o f  lacto se

When no  lacto se is available, a represso r pro tein binds to  DNA near the pro mo ter o f the

genes fo r the pro teins that degrade lacto se (lacZ, lacY and lacA) 

The represso r physically blo cks RNA po lymerase  fro m accessing that sectio n o f the

bacteria's geno me

If lacto se is present, the represso r pro tein is released f ro m the DNA allo wing RNA

po lymerase to  begin transcriptio n

The genes are expressed and the lacto se-degrading enz ymes are pro duced

Lacto se can be bro ken do wn and used fo r energy generatio n in this way

Once all the available lacto se is metabo lised, the genes are repressed again

This mechanism o f negative f eedback ensures that a cell’s reso urces are no t wasted making

pro teins that are no t needed

In the absence of lactose the repressor protein binds which prevents RNA polymerase from initiating

transcription of genes coding for enzymes used to metabolise lactose.
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When lactose is present it binds to the repressor protein allowing RNA polymerase to bind to the

promoter and begin transcription

Exam T ip

In yo ur exam yo u may be asked to  describe ho w the regulatio n o f gene expressio n a�ects mRNA

pro duced by transcriptio n o r the amo unt o f �nal po lypeptide that is pro duced. To  help answer

this, it is impo rtant to  understand the ro les o f the vario us di�erent sectio ns o f a gene (pro mo ter,

co ding sequence, terminato r) and the pro cesses o f transcriptio n and translatio n.
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7.2.2 Environment & Gene Expression

Environment & Gene Expression

Environment  and Gene Expression

An o rganism’s internal o r external enviro nment can in�uence gene expressio n patterns

The levels o f regulato ry pro teins o r transcriptio n facto rs can be a�ected in respo nse to

enviro nmental stimuli such as light, and chemicals including drugs and ho rmo nes

Fo r example, enz ymes are activated in respo nse to  ultravio let radiatio n and increase the

expressio n and pro ductio n o f  melanin, leading to  skin pigmentatio n

Temperature can also  in�uence gene expressio n as demo nstrated by o rganisms

The Himalayan rabbit (Oryctolagus cuniculus L.) po ssesses a gene fo r the develo pment o f

pigmentatio n in its fur

The gene is inactive abo ve 35°C but active between 15°C and 25°C

In the parts o f the bo dy that are co o ler such as ears, feet and no se the gene beco mes

active making these areas black

Temperature also  a�ects the expressio n o f the sex chro mo so mes in Australia's bearded

drago n liz ards (Pogona barbata)

Liz ards raised in ho t temperatures were female in appearance and were capable o f

bearing o �spring

Despite having the ZZ chro mo so mes usually fo und in male liz ards

There is much debate abo ut whether a particular pheno type o r behavio ur can be attributed to

inheritance o r enviro nment

Enviro nmental facto rs explain the di�erences  o bserved between identical twins  as they age

Identical twins have the same DNA but their individual geno mes can co me under di�erent

o utside in�uences

They can change independently, leading to  pheno typic di�erences  such as height

Twin studies have sho wn that enviro nmental f acto rs have a greater in�uence  o n many

disease states (e.g. cancer and rheumato id arthritis) co mpared to  genetic in�uence
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DNA is wrapped around histone proteins which form a nucleosome. Nucleosomes coil tightly around

each other to form the chromosome structure.
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Epigenetics

NOS: Looking f or pat t erns, t rends and discrepancies; t here is mount ing evidence
t hat  t he environment  can t rigger herit able changes in epigenet ic f act ors

Epigenetics is the genetic co ntro l by f acto rs o ther than an individual’s DNA sequence

Epigenetics is a bro ad term that enco mpasses (m)any alteratio ns

That induce switching-o n and switching-o � o f genes, but

Witho ut changing the actual genetic co de

Epigenetics invo lves heritable changes in gene f unctio n, witho ut changes to  the DNA sequence

In eukaryo tic cells, nuclear DNA is wrapped aro und pro teins called histo nes to  fo rm chro matin

Chro matin can be chemically mo di�ed  in di�erent ways to  alter gene expressio n

Methylatio n o f DNA (chemical additio n o f a -CH  gro up)

Histo ne mo di�catio n via acetylatio n, methylatio n and pho spho rylatio n o f amino  acid tails

Such mo di�catio ns are called epigenetic tags  and co llectively, all the epigenetic tags in an

o rganism is called the epigeno me

The epigeno me can undergo  changes due to  enviro nmental facto rs

Smo king, stress, exercise and diet can cause epigenetic changes

Internal signalling fro m the bo dy's o wn cells can also  cause mo di�catio ns to  o ccur

Epigenetic mo di�catio n is independent, histo ne mo di�catio n in o ne area is no t linked to

mo di�catio n in ano ther

Like the geno me, the epigeno me is heritable

Mo unting evidence demo nstrates that mo di�catio ns to  the epigeno me in o ne generatio n

can be passed o n to  the next generatio n at cellular o r who le o rganism level

Exam T ip

Epigenetics can be distinguished fro m mutatio ns, bo th o f which lead to  changes in the

expressed characteristics o f genes. Whilst mutatio ns a�ect the genetic co de itself eg. by

altered nucleo tide sequences, epigenetics a�ect the way the co de is read.

Think abo ut an identical passage o f text being read by two  di�erent peo ple, o ne with perfect

Queen's English and the o ther with a very stro ng regio nal dialect. Despite the text being the same

(no  mutatio ns), the e�ect o f the dialect (epigenetics) might alter the meaning o f the piece

drastically to  a listener.

3
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7.2.3 Transcription

Nucleosomes Regulate Transcription

Nucleo so mes are the structural unit  o f  DNA packaging in eukaryo tes that f acilitate

superco iling

Within a nucleo so me, DNA is wrapped aro und pro teins called histo nes

The tails o f histo nes can be chemically mo di�ed which can in�uence whether a gene will be

expressed o r no t

An acetyl gro up, methyl gro up o r a pho sphate gro up can be added

Chemical mo di�catio ns can either activate o r deactivate genes  by making the gene mo re o r

less accessible to  transcriptio n facto rs

Methyl gro ups can also  be directly added to  DNA to  change the activity o f a gene

Acet ylat ion and met hylat ion of  hist one t ails

Po sitively charged lysine  (an amino  acid) in histo ne tails binds to  negatively charged DNA

This helps DNA to  co il tightly  aro und the histo ne pro tein co re

Adding an acetyl gro up (acetylatio n) to  lysine neutralises the charge, causing the DNA to  be less

tightly wrapped

RNA po lymerase and transcriptio n facto rs can mo re easily access the DNA so  gene

expressio n is stimulated

Adding a methyl gro up (methylatio n) to  lysine maintains the po sitive charge causing the DNA to  be

mo re tightly wrapped  and therefo re inhibits transcriptio n/expressio n

Acetylation of the Nucleosome
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Met hylat ion of  DNA

DNA methylatio n co mmo nly invo lves the direct additio n o f a methyl gro up (-CH ) to  cyto sine

bases which can in�uence gene expressio n

Methylatio n o f DNA suppresses the transcriptio n o f the a�ected gene by inhibiting the binding o f

transcriptio n facto rs

Cells use this mechanism to  lo ck genes in the ‘o �’ po sitio n

DNA methylatio n can be a�ected by many enviro nmental, lifestyle o r age-related facto rs

3

Direction of Transcription

The synthesis o f mRNA o ccurs in three stages:

Initiatio n

Elo ngatio n

Terminatio n

During initiatio n, RNA po lymerase binds near the pro mo ter, causing the DNA strands to  separate

to  fo rm an o pen co mplex

During elo ngatio n, RNA po lymerase mo ves alo ng the antisense strand

RNA po lymerase adds the 5‘ end o f the free RNA nucleo tide to  the 3’ end o f the gro wing

mRNA mo lecule

Elo ngatio n o ccurs in a 5’ to  3’ directio n, synthesising a single strand o f RNA

Terminatio n o ccurs when RNA po lymerase reaches a terminato r sequence

Which triggers the detachment o f  the po lymerase enz yme  and mRNA strand

The antisense strand of the DNA molecule is the one that is transcribed
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7.2.4 Post-transcriptional Modi�cation

Modi�cation of RNA

In all kingdo ms o f life, gene expressio n can be regulated  after an mRNA transcript has been

pro duced

Po st-transcriptio nal mo di�catio n o f  mRNA

Helps prevent degradatio n

mRNA is single stranded and therefo re, inherently unstable

Increases the e�ciency o f pro tein synthesis

In eukaryo tes, expands the co mplexity o f the pro teo me

Pro karyo tic mRNA do es no t require any signi�cant po st-transcriptio nal mo di�catio n as

translatio n can o ccur immediately  which prevents degradatio n o f the mRNA

In eukaryo tes, transcriptio n and translatio n o ccur in separate parts o f  the cell, allo wing fo r

signi�cant po st-transcriptio nal mo di�catio n to  o ccur

In eukaryo tes, the immediate pro duct o f an mRNA transcript is called pre-mRNA which needs to

be mo di�ed to  fo rm mature mRNA

T hree po st-transcriptio nal events must o ccur

�. A methylated cap  is added to  the 5' end to  pro tect against degradatio n by exo nucleases

�. A po ly-A tail (lo ng chain o f adenine nucleo tides) is added to  the 3' end fo r further

pro tectio n and to  help the transcript exit the nucleus

�. No n-co ding sequences are remo ved  thro ugh mRNA splicing
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mRNA Splicing

Eukaryo tic genes co ntain bo th co ding and no n-co ding sequences  o f DNA

Co ding sequences are called exo ns

No n-co ding sequences are called intro ns

During transcriptio n the who le gene is transcribed  including all intro ns and exo ns

Intro ns are no t translated  as they do  no t co de fo r amino  acids and need to  be remo ved

Befo re the pre-mRNA exits the nucleus, splicing o ccurs, during which

Intro ns (no n-co ding sectio ns) are remo ved

Exo ns (co ding sectio ns) are jo ined to gether

The resulting mature mRNA mo lecule co ntains o nly exo ns  and exits the nucleus befo re

jo ining a ribo so me fo r translatio n
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The RNA molecule (known as pre-mRNA) produced from the transcription of a gene contains introns that

must be removed (to form mature mRNA) before translation can occur

Alt ernat ive splicing

The exo ns (co ding regio ns) o f genes can be spliced in many di�erent ways to  pro duce di�erent

mature mRNA mo lecules  thro ugh alternative splicing

A particular exo n may o r may no t be inco rpo rated into  the �nal mature mRNA

Po lypeptides translated fro m alternatively spliced mRNAs may di�er in their amino  acid

sequence, structure and functio n

This means that a single eukaryo tic gene can co de f o r multiple pro teins

This is part o f the reaso n why the pro teo me is much bigger than the geno me
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Image showing the alternative splicing of a gene to produce two di�erent proteins

Exam T ip

It is impo rtant yo u learn the terms pre-mRNA and mRNA, their lo catio n and whether they include

intro ns as well as exo ns. A handy way to  distinguish between intro ns and exo ns is to  remember

that EXo ns are EXpressed.
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7.2.5 Skills: Analysing DNA Methylation Patterns

Skills: Analysing DNA Methylation Patterns

Met hylat ion of  DNA

Methyl gro ups  (-CH ) can be directly added to  DNA to  change the activity  o f a gene

DNA methylatio n co mmo nly invo lves the direct additio n o f a methyl gro up to  cyto sine bases

which can in�uence gene expressio n

Methylatio n o f DNA suppresses the transcriptio n o f the a�ected gene by inhibiting the binding

o f transcriptio n facto rs

Cells use this mechanism to  lo ck genes in the ‘o �’ po sitio n

3
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DNA methylation involves the addition of a methyl group to a cytosine nucleotide

Analysing DNA Met hylat ion Pat t erns

DNA methylatio n varies thro ugho ut a lif etime  and can be a�ected by enviro nmental, lifestyle o r

age-related facto rs

Changes in DNA methylatio n are o bserved in genetic diseases like cancer

DNA methylatio n can be used as a bio marker to  identify cancer related genes

This co uld help develo p therapeutics  to  impro ve early diagno sis o f disease

Numero us metho ds are available to  identify which cyto sine bases  have been methylated

Analysis o f  methylatio n patterns  between a disease and no n-disease state can help identify

disease marker genes

DNA Methylation analysis showing reduced methylation of tumour-speci�c genes in cancerous cells. 

Reduced methylation results in genes always being ‘switched on’ which can lead to cancer
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