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UNIT-V- Regulation of gene expression 
 

What is Gene Regulation? 

Gene regulation is the process of controlling which genes in a cell's DNA are expressed to make 

a functional product such as a protein by the mechanism of Switch on, if DNA is not expressed 

to produce protein that is done by switch off mechanism.  

Define Gene Regulation in Prokaryotes? 

The regulation of gene expression in prokaryotic cells occurs at the transcriptional level. There 

are two major kinds of proteins that control prokaryotic transcription: repressors and activators.  

However, the lac operon also requires the presence of lactose for transcription to occur. 

What makes the lac operon turn on? 

E. coli bacteria can break down lactose, but it's not their favorite fuel. If glucose is around, they 

would much rather use that. Glucose requires fewer steps and less energy to break down than 

lactose. However, if lactose is the only sugar available, the E. coli will go right ahead and use it 

as an energy source. 

To use lactose, the bacteria must express the lac operon genes, which encode key enzymes for 

lactose uptake and metabolism. To be as efficient as possible, E. coli should express 

the lac operon only when two conditions are met: 

 Lactose is available, and 

 Glucose is not available 

 One, the lac repressor, acts as a lactose sensor. 

 The other, catabolite activator protein (CAP), acts as a glucose sensor. 

 

Structure of the lac operon 

The lac operon contains three genes: lacZ, lacY, and lacA. These genes are transcribed as a 

single mRNA, under control of one promoter. 

Genes in the lac operon specify proteins that help the cell utilize lactose. lacZ encodes an 

enzyme that splits lactose into monosaccharides (single-unit sugars) that can be fed into 

glycolysis. Similarly, lacY encodes a membrane-embedded transporter that helps bring lactose 

into the cell.  
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In addition to the three genes, the lac operon also contains a number of regulatory DNA 

sequences. These are regions of DNA to which particular regulatory proteins can bind, 

controlling transcription of the operon. 

 

Structure of the lac operon. The DNA of the lac operon contains (in order from left to right): 

CAP binding site, promoter (RNA polymerase binding site), operator (which overlaps with 

promoter), lacZ gene, lacY gene, and lacA gene. The activator protein CAP, when bound to a 

molecule called cAMP (discussed later), binds to the CAP binding site and promotes RNA 

polymerase binding to the promoter. The lac repressor protein binds to the operator and blocks 

RNA polymerase from binding to the promoter and transcribing the operon. 

 The promoter is the binding site for RNA polymerase, the enzyme that performs 

transcription. 

 The operator is a negative regulatory site bound by the lac repressor protein. The 

operator overlaps with the promoter, and when the lac repressor is bound, RNA polymerase 

cannot bind to the promoter and start transcription. 

 The CAP binding site is a positive regulatory site that is bound by catabolite activator 

protein (CAP). When CAP is bound to this site, it promotes transcription by helping RNA 

polymerase bind to the promoter. 



3 
 

Let's take a closer look at the lac repressor and CAP and their roles in regulation of 

the lac operon. 

The lac repressor 

The lac repressor is a protein that represses (inhibits) transcription of the lac operon. It does this 

by binding to the operator, which partially overlaps with the promoter. When bound, 

the lac repressor gets in RNA polymerase's way and keeps it from transcribing the operon.  

When lactose is not available, the lac repressor binds tightly to the operator, preventing 

transcription by RNA polymerase. However, when lactose is present, the lac repressor loses its 

ability to bind DNA. It floats off the operator, clearing the way for RNA polymerase to 

transcribe the operon. 
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Upper panel: No lactose. When lactose is absent, the lac repressor binds tightly to the operator. It 

gets in RNA polymerase's way, preventing transcription. 

Lower panel: With lactose. Allolactose (rearranged lactose) binds to the lac repressor and makes 

it let go of the operator. RNA polymerase can now transcribe the operon. 

This change in the lac repressor is caused by the small molecule allolactose, an isomer 

(rearranged version) of lactose. When lactose is available, some molecules will be converted to 

allolactose inside the cell. Allolactose binds to the lac repressor and makes it change shape so it 

can no longer bind DNA. 

Allolactose is an example of an inducer, a small molecule that triggers expression of a gene or 

operon. The lac operon is considered an inducible operon because it is usually turned off 

(repressed), but can be turned on in the presence of the inducer allolactose. 

Catabolite activator protein (CAP) 

When lactose is present, the lac repressor loses its DNA-binding ability. This clears the way for 

RNA polymerase to bind to the promoter and transcribe the lac operon. That sounds like the end 

of the story, right? 

Well...not quite. As it turns out, RNA polymerase alone does not bind very well to the lac operon 

promoter. It might make a few transcripts, but it won't do much more unless it gets extra help 

from catabolite activator protein (CAP). CAP binds to a region of DNA just before 

the lac operon promoter and helps RNA polymerase attach to the promoter, driving high levels 

of transcription. 
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Upper panel: Low glucose. When glucose levels are low, cAMP is produced. The cAMP attaches 

to CAP, allowing it to bind DNA. CAP helps RNA polymerase bind to the promoter, resulting in 

high levels of transcription. Lower panel: High glucose. When glucose levels are high, no cAMP 

is made. CAP cannot bind DNA without cAMP, so transcription occurs only at a low level. 

CAP isn't always active (able to bind DNA). Instead, it's regulated by a small molecule 

called cyclic AMP (cAMP). cAMP is a "hunger signal" made by E. coli when glucose levels are 

low. cAMP binds to CAP, changing its shape and making it able to bind DNA and promote 

transcription. Without cAMP, CAP cannot bind DNA and is inactive. 

CAP is only active when glucose levels are low (cAMP levels are high). Thus, the lac operon 

can only be transcribed at high levels when glucose is absent. This strategy ensures that bacteria 

only turn on the lac operon and start using lactose after they have used up the entire preferred 

energy source (glucose). 
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Glucose present, lactose absent: No transcription of the lac operon occurs. That's because 

the lac repressor remains bound to the operator and prevents transcription by RNA polymerase. 

Also, cAMP levels are low because glucose levels are high, so CAP is inactive and cannot bind 

DNA. 

 Glucose present, lactose present: Low-level transcription of the lac operon occurs. 

The lac repressor is released from the operator because the inducer (allolactose) is present. 

cAMP levels, however, are low because glucose is present. Thus, CAP remains inactive and 

cannot bind to DNA, so transcription only occurs at a low, leaky level. 

 

Glucose present, lactose present: Low-level transcription of the lac operon occurs. 

The lac repressor is released from the operator because the inducer (allolactose) is present. cAMP 
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levels, however, are low because glucose is present. Thus, CAP remains inactive and cannot bind 

to DNA, so transcription only occurs at a low, leaky level. 

 Glucose absent, lactose absent: No transcription of the lac operon occurs. cAMP levels 

are high because glucose levels are low, so CAP is active and will be bound to the DNA. 

However, the lac repressor will also be bound to the operator (due to the absence of allolactose), 

acting as a roadblock to RNA polymerase and preventing transcription. 

 

Glucose absent, lactose absent: No transcription of the lac operon occurs. cAMP levels are high 

because glucose levels are low, so CAP is active and will be bound to the DNA. However, 

the lac repressor will also be bound to the operator (due to the absence of allolactose), acting as a 

roadblock to RNA polymerase and preventing transcription. 

Glucose absent, lactose present: Strong transcription of the lac operon occurs. The lac repressor 

is released from the operator because the inducer (allolactose) is present. cAMP levels are high 

because glucose is absent, so CAP is active and bound to the DNA. CAP helps RNA polymerase 

bind to the promoter, permitting high levels of transcription. 
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Glucose absent, lactose present: Strong transcription of the lac operon occurs. The lac repressor 

is released from the operator because the inducer (allolactose) is present. cAMP levels are high 

because glucose is absent, so CAP is active and bound to the DNA. CAP helps RNA polymerase 

bind to the promoter, permitting high levels of transcription. 

Summary of lac operon responses 

Glucose Lactose CAP binds Repressor binds Level of transcription 

+ - - + No transcription 

+ + - - Low-level transcription 

- - + + No transcription 

- + + - Strong transcription 

  

What is the trp operon? 

Bacteria such as Escherichia coli (a friendly inhabitant of our gut) need amino acids to survive 

because, like us, they need to build proteins. One of the amino acids they need is tryptophan. 

If tryptophan is available in the environment, E. coli will take it up and use it to build proteins. 

However, E. coli can also make their own tryptophan using enzymes that are encoded by five 

genes. These five genes are located next to each other in what is called the trp operon. 

If tryptophan is present in the environment, then E. coli bacteria don't need to synthesize it, so 

transcription of the genes in the trp operon is switched "off." When tryptophan availability is 
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low, on the other hand, the operon is switched "on," the genes are transcribed, biosynthetic 

enzymes are made, and more tryptophan is produced. 

Structure of the trp operon 

The trp operon includes five genes that encode enzymes needed for tryptophan biosynthesis, 

along with a promoter (RNA polymerase binding site) and an operator (binding site for a 

repressor protein). The genes of the trpoperon are transcribed as a single mRNA. 

 

Turning the operon "on" and "off" 

What does the operator do? This stretch of DNA is recognized by a regulatory protein known as 

the trp repressor. When the repressor binds to the DNA of the operator, it keeps the operon from 

being transcribed by physically getting in the way of RNA polymerase, the transcription enzyme. 

The trp repressor does not always bind to DNA. Instead, it binds and blocks transcription only 

when tryptophan is present. When tryptophan is around, it attaches to the repressor molecules 

and changes their shape so they become active. A small molecule like trytophan, which switches 

a repressor into its active state, is called a corepressor. 
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When there is little tryptophan in the cell, on the other hand, the trp repressor is inactive 

(because no tryptophan is available to bind to and activate it). It does not attach to the DNA or 

block transcription, and this allows the trpoperon to be transcribed by RNA polymerase. 

In this system, the trp repressor acts as both a sensor and a switch. It senses whether tryptophan 

is already present at high levels, and if so, it switches the operon to the "off" position, preventing 

unnecessary biosynthetic enzymes from being made. 

More trp operon regulation: Attenuation 

trp operon regulation called attenuation. Like regulation by the trp repressor, attenuation is a 

mechanism for reducing expression of the trp operon when levels of tryptophan are high. 

However, rather than blocking initiation of transcription, attenuation prevents completionof 

transcription. 

When levels of tryptophan are high, attenuation causes RNA polymerase to stop prematurely 

when it's transcribing the trp operon. Only a short, stubby mRNA is made, one that does not 

encode any tryptophan biosynthesis enzymes. Attenuation works through a mechanism that 

depends on coupling (the translation of an mRNA that is still in the process of being 

transcribed).  

 

Arab operon 

The L-arabinose operon, also called the ara or araBAD operon, is an operon required for the 

breakdown of the five-carbon sugar, L-arabinose, in Escherichia coli. The L-arabinose operon 

contains three structural genes: araB, araA, araD (collectively known as araBAD), which 

encode for three metabolic enzymes that are required for the metabolism of L-arabinose. AraB 

https://en.wikipedia.org/wiki/Operon
https://en.wikipedia.org/wiki/L-arabinose
https://en.wikipedia.org/wiki/Escherichia_coli
https://en.wikipedia.org/wiki/Structural_genes
https://en.wikipedia.org/wiki/Metabolic
https://en.wikipedia.org/wiki/Enzymes
https://en.wikipedia.org/wiki/Metabolism
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(ribulokinase), AraA (an isomerase), AraD (an epimerase) produced by these genes catalyse 

conversion of L-arabinose to an intermediate of the pentose phosphate pathway, D-xylulose-5-

phosphate.  

The structural genes of the L-arabinose operon are transcribed from a common promoter into a 

single transcript, a mRNA. The expression of the L-arabinose operon is controlled as a single 

unit by the product of regulatory gene araC and the catabolite activator protein (CAP)-

cAMP complex. The regulator protein AraC is sensitive to the level of arabinose and plays a dual 

role as both an activator in the presence of arabinose and a repressor in the absence of arabinose 

to regulate the expression of araBAD. AraC protein not only controls the expression 

of araBAD but also auto-regulates its own expression at high AraC levels.  

Structure 

L-arabinose operon is composed of structural genes and regulatory regions including the operator 

region (araO1, araO2) and the initiator region (araI1, araI2). The structural 

genes, araB, araAand araD, encode enzymes for L-arabinose catabolism. There is also a CAP 

binding site where CAP-cAMP complex binds to and facilitates catabolite repression, and results 

in positive regulation of araBAD when the cell is starved of glucose.  

 
Structure of L-arabinose operon of E. coli 

The regulatory gene, araC, is located upstream of the L-arabinose operon and encodes the 

arabinose-responsive regulatory protein regulatory protein AraC. Both araC and araBAD have a 

discrete promoter where RNA polymerase binds and 

initiates transcription. araBAD and araC are transcribed in opposite directions from 

the araBAD promoter (PBAD) and araC promoter (PC) respectively.  

Function 

araA encodes L-arabinose isomerase, which catalyses isomerization between L-arabinose and L-

ribulose. 
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https://en.wikipedia.org/wiki/Isomerization
https://en.wikipedia.org/wiki/L-arabinose
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 araB encodes ribulokinase, which catalyses phosphorylation of L-ribulose to form L-

ribulose-5-phosphate. 

 araD encodes L-ribulose-5-phosphate 4-epimerase, which 

catalyses epimerization between L-ribulose 5-phosphate and D-xylulose-5-phosphate. 

Regulation 

 

Structure of AraC monomer 

The L-arabinose system is not only under the control of CAP-cAMP activator, but also positively 

or negatively regulated through binding of AraC protein. AraC functions as a homodimer, which 

can control transcription of araBAD through interaction with the operator and the initiator region 

on L-arabinose operon. Each AraC monomer is composed of two domains including a DNA 

binding domain and a dimerisation domain. The dimerisation domain is responsible for 

arabinose-binding. AraC undergoes conformational change upon arabinose-binding, in which, it 

has two distinct conformations. The conformation is purely determined by the binding 

of allosteric inducer arabinose.  

AraC can also negatively autoregulate its own expression when the concentration of AraC 

becomes too high. AraC synthesis is repressed through binding of dimeric AraC to the operator 

region (araO1). 

Negative regulation of araBAD[edit] 

 

Negative regulation of L-arabinose operon via AraC protein 

When arabinose is absent, cells do not need the araBAD products for breaking down arabinose. 

Therefore, dimeric AraC acts as a repressor: one monomer binds to the operator of 

the araBAD gene (araO2), another monomer binds to a distant DNA half site known 
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as araI1. This leads to the formation of a DNA loop. This orientation blocks RNA polymerase 

from binding to the araBAD promoter. Therefore, transcription of structural gene araBADis 

inhibited.  

Positive regulation of araBAD 

 

Positive regulation of L-arabinose operon via dimeric AraC and CAP/cAMP 

Expression of the araBAD operon is activated in the absence of glucose and in the presence of 

arabinose. When arabinose is present, both AraC and CAP work together and function as 

activators. 
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 PRIMARY TRANSCRIPT is the single-stranded ribonucleic acid (RNA) product synthesized 

by transcription of DNA, and processed to yield various mature RNA products such 

as mRNAs, tRNAs, and rRNAs. The primary transcripts designated to be mRNAs are modified 

in preparation for translation. For example, a precursor mRNA (pre-mRNA) is a type of 

primary transcript that becomes a messenger RNA (mRNA) after processing. 

Pre-mRNA is synthesized from a DNA template in the cell nucleus by transcription. Pre-mRNA 

comprises the bulk of heterogeneous nuclear RNA(hnRNA). Once pre-mRNA has been 

completely processed, it is termed "mature messenger RNA", or simply "messenger RNA". The 

term hnRNA is often used as a synonym for pre-mRNA, although, in the strict sense, hnRNA 

may include nuclear RNA transcripts that do not end up as cytoplasmic mRNA. 

There are several steps contributing to the production of primary transcripts. All these steps 

involve a series of interactions to initiate and complete the transcription of DNA in 

the nucleus of eukaryotes. Certain factors play key roles in the activation and inhibition of 

transcription, where they regulate primary transcript production. Transcription produces primary 

transcripts that are further modified by several processes. These processes include the 5' cap, 3'-

polyadenylation, and alternative splicing. In particular, alternative splicing directly contributes to 

the diversity of mRNA found in cells. The modifications of primary transcripts have been further 

studied in research seeking greater knowledge of the role and significance of these transcripts. 

Experimental studies based on molecular changes to primary transcripts and the processes before 

and after transcription have led to greater understanding of diseases involving primary 

transcripts. 

The steps contributing to the production of primary transcripts involve a series of molecular 

interactions that initiate transcription of DNA within a cell's nucleus. Based on the needs of a 

given cell, certain DNA sequences are transcribed to produce a variety of RNA products to be 

translated into functional proteins for cellular use. To initiate the transcription process in a cell's 

nucleus, DNA double helices are unwound and hydrogen bonds connecting compatible nucleic 

acids of DNA are broken to produce two unconnected single DNA strands. One strand of the 

DNA template is used for transcription of the single-stranded primary transcript mRNA. This 

DNA strand is bound by an RNA polymerase at the promoter region of the DNA.  
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Transcription of DNA by RNA polymerase to produce primary transcript 

In eukaryotes, three kinds of RNA—rRNA, tRNA, and mRNA—are produced based on the 

activity of three distinct RNA polymerases, whereas, in prokaryotes, only one RNA polymerase 

exists to create all kinds of RNA molecules.
[3]

 RNA polymerase II of eukaryotes transcribes the 

primary transcript, a transcript destined to be processed into mRNA, from the antisense DNA 

template in the 5' to 3' direction, and this newly synthesized primary transcript is complementary 

to the antisense strand of DNA. RNA polymerase II constructs the primary transcript using a set 

of four specific ribonucleosidemonophosphate residues (Adenosine 

monophosphate (AMP), Cytidine monophosphate (CMP), Guanosine monophosphate (GMP), 

and Uridine monophosphate (UMP)) that are added continuously to the 3' hydroxyl group on the 

3' end of the growing mRNA.  

Studies of primary transcripts produced by RNA polymerase II reveal that an average primary 

transcript is 7,000 nucleotides in length, with some growing as long as 20,000 nucleotides in 

length. The inclusion of both exon and intron sequences within primary transcripts explains the 

size difference between larger primary transcripts and smaller, mature mRNA ready for 

translation into protein. 

Regulation 

A number of factors contribute to the activation and inhibition of transcription and therefore 

regulate the production of primary transcripts from a given DNA template. 

Activation of RNA polymerase activity to produce primary transcripts is often controlled by 

sequences of DNA called enhancers. Transcription factors, proteins that bind to DNA elements 

to either activate or repress transcription, bind to enhancers and recruit enzymes that 

alter nucleosome components, causing DNA to be either more or less accessible to RNA 

polymerase. The unique combinations of either activating or inhibiting transcription factors that 

bind to enhancer DNA regions determine whether or not the gene that enhancer interacts with is 

activated for transcription or not. Activation of transcription depends on whether or not the 

transcription elongation complex, itself consisting of a variety of transcription factors, can induce 
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RNA polymerase to dissociate from the Mediator complex that connects an enhancer region to 

the promoter.  

Role of transcription factors and enhancers in gene expression regulation 

Inhibition of RNA polymerase activity can also be regulated by DNA sequences 

called silencers. Like enhancers, silencers may be located at locations farther up or downstream 

from the genes they regulate. These DNA sequences bind to factors that contribute to the 

destabilization of the initiation complex required to activate RNA polymerase, and therefore 

inhibit transcription.  

Histone modification by transcription factors is another key regulatory factor for transcription by 

RNA polymerase. In general, factors that lead to histone acetylation activate transcription while 

factors that lead to histone deacetylation inhibit transcription. Acetylation of histones induces 

repulsion between negative components within nucleosomes, allowing for RNA polymerase 

access. Deacetylation of histones stabilizes tightly coiled nucleosomes, inhibiting RNA 

polymerase access. In addition to acetylation patterns of histones, methylation patterns at 

promoter regions of DNA can regulate RNA polymerase access to a given template. RNA 

polymerase is often incapable of synthesizing a primary transcript if the targeted gene's promoter 

region contains specific methylated cytosines— residues that hinder binding of transcription-

activating factors and recruit other enzymes to stabilize a tightly bound nucleosome structure, 

excluding access to RNA polymerase and preventing the production of primary transcripts.
  

Hormonal Control of Gene Expression 

Hormones are molecules that are produced in one cellular location in an organism, and whose 

effects are seen in another tissue or cell type. In mammals hormones can be proteins or steroids. 

The protein hormones do not enter the cell, but bind to receptors in the cell membrane and 

mediate gene expression through intermediate molecules. Steroids, though actually enter the cell 

and interact with steroid receptor proteins to control gene expression. 

Glucocorticoid is one type of steroid whose method of controlling gene expression has been 

determined. The steroid interacts with a receptor protein, and this interaction serves two function. 

First, binding stimulates the release of the protein Hsp90 that is bound to the receptor protein. 

When Hsp90 is bound to the receptor protein, gene expression is not activated. This would be 

expected, if the steroid is the signal required for the expression of specific genes in the tissue. 

When the steroid is bound and Hsp90 is released, the receptor protein forms a dimer (two 

proteins together) with another copy of the receptor protein. This complex then binds to specific 

enhancer sequences and gene expression is activated. 

A number of steroid receptor proteins have been characterized, and a number of features are in 

common among them. First, the N-teriminal region of the protein is required to activate 

transcription in some manner, but the mechanism is not known. This is the least conserved 
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region among the eight proteins. The central portion of the protein is required for DNA binding, 

and this region is highly conserved (42-94% amino acid identity). The C-terminal region is 

required for steroid binding and is moderately conserved (15-52% amino acid identity). This 

overall conservation suggests that an ancestral gene may have been the model for each of these 

genes. 

 


