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BLOCK II: FORMATION OF RECOMBINANTS

Recombinants are organisms or cells that contain a combination of genetic material from
different sources. The formation of recombinants typically occurs during processes like
sexual reproduction, genetic recombination, and genetic engineering. While PCR itself
doesn’t directly create recombinants, it plays a crucial role in the study and manipulation
of recombinant DNA. Polymerase Chain Reaction (PCR) is a powerful technique used to
amplify specific DNA sequences. Once recombinant DNA is created (e.g., through cloning
or genetic engineering), PCR can be used to amplify the recombinant DNA sequence.
This helps in detecting, quantifying, and analyzing the recombinant DNA.

In this Block on Formation of Recombinants you shall learn about how the foreign DNA is
inserted into host cells in Unit 5. Unit 6 deals with Polymerase Chain Reaction (PCR)
while expression vectors are explained in Unit 7.

Expected Learning Outcomes:

After studying this block, you should be able to:

'0

learn what hinders DNA uptake by cells and how cells are prepared to take up DNA;

*,

< know how DNA can be sent inside the cells by microinjection, heat shock, gene gun,
electroporation, calcium phosphate and lipofection;

% understand how transformants are selected by antibiotic resistance and alpha
complementation;

+ define polymerase chain reaction and distinguish between various types of PCR
techniques;

% state the significance of mutagenesis and enlist the applications of PCR in the field
of molecular biology;

% enlist various promoters used in the expression vector, production of recombinant
proteins.

We hope that after studying this block you will acquire understanding about the PCR and
expression vectors and its applications in recombinant DNA technology.

Wishing you success in this Endeavour!!
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5.1 INTRODUCTION

Overexpression of many proteins is desirable to produce recombinant
proteins. These proteins can be expressed in bacterial cells once bacteria
contain the plasmid harboring the gene of interest. The expression can be
desirous in mammalian cells with intent to produce recombinant human
proteins with post translational modifications not possible in any other host.
Cultured mammalian cells are often the host of choice when growth factors,
cytokines, vaccines, hormones etc. are required on commercial levels. This
calls for development of DNA uptake methods and vector systems that are
extremely efficient. Both viral gene delivery vectors/biological delivery vector
and non-viral methods are available such as transduction, delivery using
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bacterial plasmid vectors (bactofection) and transfection namely, liposome-
mediated delivery, particle bombardment, and gene gun etc. Chemical and
physical transfection methods are available and extensively developed.
Chemical transfection methods include either synthesis of a positively charged
complex with DNA allowing its interaction with the negatively charged outer
surface of cell membrane or a lipid enclosed DNA promoting delivery of DNA
inside the cell by endocytosis. On the contrary, physical methods applies a
physical force to send DNA inside the cell such as gene gun, electric pulses
etc. This unit gives a glimpse of these DNA delivery methods.

Expected Learning Outcomes

After studying this unit, you should be able to:

+ learn what hinders DNA uptake by cells and how cells are prepared to
take up DNA;

+ know how DNA can be sent inside the cells by microinjection, heat
shock, gene gun, electroporation, calcium phosphate and lipofection;

+« understand how transformants are selected by antibiotic resistance and
alpha complementation; and

+ interpret how the recombinants are analyzed by restriction digestion and

visualized by electrophoresis.

5.2 TRANSFORMATION, TRANSFECTION
AND TRANSDUCTION

Transformation
efficiency

The number of
transformants (cells that
take up foreign DNA)
per microgram of DNA.

Transformation
frequency

The fraction of a cell
population that takes up
foreign DNA; expressed
as the number of
transformed cells
divided by the total
number of cells in a
population.

Transformation is the DNA uptake by the bacteria. Various cells can take up
DNA. If this DNA is taken up by eukaryotic cell, it is termed as transfection. If
virus transfers non-viral DNA to a cell, it is termed as transduction. Eukaryotic
cells have negatively charged outer surface. Bacterial, fungal and plant thick
cell walls also obstruct DNA uptake.

5.2.1 Transformation and Competence
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Preparation of competent cells
Most bacterial species can take up naked DNA from the growth medium.

Bacillus subtilis and Streptococcus etc can be easily transformed and are
naturally competent (can take up DNA on their own). Bacillus takes up DNA at
high cell density (ODgoo> 0.8). Not all species are efficient in DNA uptake. For
example, E.coli takes up DNA from the medium in which it is growing but at a
very low efficiency. Artificial competence needs to be introduced by physical
and chemical means making alterations in the cells to prepare them to take up
DNA. In E.coli, calcium chloride treatment can induce competence. Ice cold
CacCl, treatment of log phase E.coli cells makes them competent possibly by
allowing them to bind negatively charged DNA
(https://www.youtube.com/watch?v=1Lm2C1fzGtQ). Uptake of DNA is
accelerated by heat shock at 42°C for 90 seconds that opens transient pores
in the cell membrane and cell takes up DNA.



https://www.youtube.com/watch?v=1Lm2C1fzGtQ
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5.2.2 Transduction

Transfer of non-viral DNA by the virus from one cell to another. Viruses being
obligate parasites, have inherent ability to bind to cell surface and gain entry to
cell interior. Their replication and gene expression levels are quite high. Due to
these reasons, viruses are used as gene delivery vehicle and for gene
expression as well. Many viral based vectors exploit this property of viruses
making transduction efficiencies as high as 100%.

A number of viral vectors, nhamely, lentivirus, adenovirus, herpes virus etc
have been developed for gene therapy applications. Baculovirus is used
primarily for protein production in many mammalian cells. Viral vectors have
very high transduction efficiencies. Foreign genes are incorporated into viral
vectors by replacing one or more non-essential/essential viral genes quite
often by recombination or restriction digestion-ligation strategy. If non-
essential viral genes are replaced, virus infection cycle is helper-independent
i.e. its propagation does not require any help. If, however, essential viral gene
has been replaced, the virus requires a helper for its propagation and
therefore termed as helper dependent. The helper vector supplies the missing
functions.

$AQ1

Fill in the blanks:

a) Uptake of DNA is accelerated by heat shock at .............................. °C
for 90 seconds that opens transient pores in the cell membrane and cell
takes up DNA.

b) and Streptococcus are naturally competent.

c¢) Transformation efficiency is the number of transformants (cells that take
up foreign DNA) per .......cccooviiiiiiiennn. of DNA.

d)  Gene delivery using bacterial plasmid vectors is termed as

e) If non-essential viral genes are replaced by the transgene, virus infection
cycleis helper-.......cooooviiiiiiiii,

5.3 TRANSFECTION: METHODS OF GENE
TRANSFER INTO ANIMAL AND PLANT
CELLS

5.3.1 Chemical Methods of Introduction of
DNA into Cells

1. Calcium phosphate transfection

The cell wall is not a barrier to transfection in animal cells. Thus animal
cells can be transfected. Usually DNA is precipitated onto cell monolayer
with calcium phosphate. These precipitates adhere to cell membrane 81
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and are internalized by the cells by endocytosis. It is often used for
generating transient and stable transformants. Concentrated solution of
CacCl, is added to DNA (solution A) which is then added to HEPES buffer
(solution B) dropwise with bubbling solution A to make fine Ca?-DNA
precipitates. This aeration/bubbling ensures no clumps are formed and
effective transfection can take place. This precipitate is then added
dropwise to cell monolayer for 4 hours to overnight optimized as per the
cell line. After this, this precipitate is removed and media is added to the
cells. The cells are then observed for expression of transfected gene
after 36-48 hours (Fig. 5.1)

(a) Precipitation of DNA on to animal cells

Calcium phosphate
solution

DNA precipitated
onto the cell surface

|| | T T e of

animal cells

(b) Fusion with DNA-containing liposomes

Animal cell
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— e
DNA 1), Fused liposome
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(c) Transformation of plant protoplasts
Entry of DNA
Degrade ’L<‘ Reform Regenerate
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E— B ———>
Nucleus
Vacuole
Plant cell Protoplast Transformed Transformed

plant cell plant

Fig. 5.1: Ways of transfection of animal cells and plant protoplasts. (a) Calcium

phosphate transfection; (b) DNA-liposome fusion; (c) transformation of
plant protoplasts. (Adapted from TA Brown)

Liposome mediated DNA delivery (lipofection)

Cationic lipid complexes bind (like commercially available lipofectamine
3000 etc) with negatively charged DNA helping it to overcome
electrostatic repulsion posed by the plasma membrane. These
lipoplexes bind to cell membrane and then endocytosed. Inside the cells,
the endosomes release DNA into the nucleus. Or the liposomes can fuse
directly with the cell membrane releasing the contents directly into the
cytoplasm (Fig. 5.2).
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Fig. 5.2: Lipofection: DNA binds to cationic lipids of the liposomes. This
complex can then bind to membrane. DNA-liposome complex is
internalized by endocytosis. Inside the cell, it reaches the nucleus after
DNA escapes from the endosome. (Source: Expert review in molecular
medicine, Cambridge university press)

5.3.2 Physical Methods of Introduction of
DNA into Cells

1. Electroporation

Cell wall is a major barrier to uptake of DNA. Animal cells can be easily
transfected as they lack cell wall. Calcium phosphate transfection or
lipofection (DNA is encapsulated in liposomes) work best for most of the
adherent cultured animal cells. Protoplasts are formed when fungal,
yeast and plant cell walls are digested by specific enzymes. These
protoplasts devoid of cell wall can take up DNA upon electroporation. In
electroporation, cells are given short pulse of high voltage opening up
transient pores in the plasma membrane through which DNA can enter
(Fig. 5.3). Following electroporation, protoplasts are washed
subsequently to remove the enzymes and any dead cells. Cell wall
eventually forms again.

Even prokaryotes can be transformed by electroporation. Various
bacterial species can be transformed at different electrical resistance,
capacitance and voltage. Even volume of DNA cell mix and time of
electric shock needs to be optimized. An optimal condition provides high
transformation efficiency. Transformation efficiency varies for small vs
large plasmids. Transfection of suspension cultured cells like Jurkat T
cells, U937 cells etc. can be done by electroporation.
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Fig. 5.3: Electroporation. (A) Cell suspension in between two electrodes of
electroporation cuvette. (B) 1. Cells and DNA before electric pulse; 2.
Transient pores in cells open upon receiving electric pulse
internalizing DNA (3)(adapted from Glick and Pasternak)

2. Microinjection

Microinjection is method of introduction of new DNA, mRNA and proteins
by injecting it directly into the nucleus of the cell (proteins in cytoplasm)
using a micrometer diameter pipette (Fig. 5.4A). This does not require
any synthetic carrier. This method guarantees successful transfection
not only in animal cells but plant cells as well. Oocytes and eggs are
often cells of choice for microinjection since these cells are bigger in size
while tissues like skin and muscles are most commonly used.

(a) Microinjection

Nucleus
DNA solution

(b) Transformation with microprojectiles

N
[ _ . [
C s Target cells
| |D] [
Firing pin Charge Microprojectiles [_4
} B
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— [ ] bombarded with
[ I\:]] [ microprojectiles

Fig. 5.4: Physical methods for introducing DNA into cells: (A) Microinjection; (B)
Microprojectiles (Adapted from TA Brown).

84



Unit 5 Introduction of foreign DNA into host cells

3. Particle Bombardment or gene gun or biolistics or shotgun

Transformation of plants can be directly done using particle
bombardment. In this method, small metal particles (usually gold or
tungsten) are coated with DNA and high pressure gas is used to
accelerate DNA-metal particle into target tissues. Metal-DNA called
microprojectiles are fired at high velocity using a particle gun (Fig. 5.4B).
Animal cultured cells and tissues can be transfected using this
technique. In vivo, they are used for DNA transfer into skin cells.

$AQ2

Give one word for the following:

a) Inthis method, mall metal particles (usually gold or tungsten) are coated
with DNA and high pressure gas is used to accelerate DNA-metal
particle into target tissues.

b)  Method of introduction of new DNA by injecting it directly into the
nucleus of the cell using a micrometer diameter pipette.

c) Cationic lipid complexes bind with negatively charged DNA helping it to
overcome electrostatic repulsion posed by the plasma membrane.

d) Cells are given short pulse of high voltage opening up transient pores in
the plasma membrane through which DNA can enter.

5.4 SELECTION OF TRANSFORMANTS

Not all cells take up DNA upon transformation. It's an inefficient procedure
rendering low transformation efficiencies. Henceforth, transformants and non
transformants have to be distinguished from each other making selection of
transformants easier. If a cell has taken up plasmid, it will express the genes
the plasmid carries. For example: A cell which was antibiotic sensitive before
the transformation (for example: amp®) is now antibiotic resistant (amp®) post
transformation by virtue of gene product from B-lactamase gene in plasmid.
Transformants can be selected by following two ways:

5.4.1 By Antibiotic Resistance

pBR322 plasmid has two antibiotic resistance genes: ampicillin and
tetracycline (Fig. 5.5). EcoRI, Hindlll, BamHI Sall are few single cutters in
pBR322. Tetracycline resistant gene has BamHI site in it. In presence of
ampicillin and tetracycline, the pBR322 transformed cells can grow. If insertion
of foreign gene is done in tet® gene, tet gene gets disrupted and in this
condition, the recombinants cannot grow on ampicillin and tetracycline plates
now but can grow only on ampicillin containing plates. With replica plating, we
can retrieve the colonies that grow on amp® plates and not on amp‘tet” plates.
This gives us the recombinants.
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Figure 5.8

Screening for pBR322 recombinants by insertional inactivation of the tetracycline resistance gene. (a) Cells are plated
onto ampicillin agar: all the transformants produce colonies. (b) The colonies are replica plated onto tetracycline medium.
(c) The colonies that grow on tetracycline medium are amp®tet® and therefors non-recombinants. Recombinants
(ampPtetS) do not grow, but their position on the ampicillin plate is now known.

Fig. 5.5: A. pBR322 plasmid. B. Insertional inactivation of the tet gene: Cells
plated on LB Amp are able to grow. Replica plating of the same
colonies performed on LB Tet plate would lead to growth of certain
colonies (non-recombinants: amp" tet®) and other colonies donot grow
(recombinants; ampRtetS). These recombinants can be picked up from
LB Amp plate (Adapted from TA Brown).
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5.4.2 Alpha-Complementation

Bacterial Lac Z gene encodes for B-galactosidase enzyme that converts
lactose to glucose and galactose. Wild type B-galactosidase has 1029 amino
acids (3.1 kb gene). Functional Lac Z enzyme is a tetramer and this
multimerization is dependent on first 50 amino acids. If there is deletion in N-
terminal sequence, it generates omega (w) peptide. w peptide is unable to
tetramerize and the enzyme lacks functionality. If to such system, we add a
fragment called alpha peptide comprising of N-terminal portion of B-gal,
restoration of activity takes place. This is termed as alpha complementation.
Chromogenic substrate 5-bromo-4-chloro-3-indolyl-B-D-galactosidase (X-gal)
is colorless but upon B-galactosidase activity, it turns blue rendering the
colonies blue colored. Gratuitous inducer is also added to the medium for
induction of promoter activity. Isopropyl-B-D-thiogalactoside (IPTG) is this non
substrate inducer that is added to LB agar. In pUC vectors (e.g. pUC8 in fig.
5.6), recombinants have lacZ gene interruption (called LacZ insertional
inactivation) since insert is present in the MCS placed in lacZ gene and are
therefore white in color. While non-recombinants have intact lacZ gene and
are therefore white in color. This is called blue-white screening and helps in
identification of recombinants (white) from non-recombinants (blue). Blue white
screening can be simply done by plating onto LB Agar containing X-gal and
IPTG.
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. Galactose

Blue compound
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H H H
N
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. E.colilacZ’ molecules +puUCs molecules
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< p-galactosidase fragment coded by plasmid gene
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(b) Screening for pUC8 recombinants

\— Blue colony = non-recombinant

\\ Agar + X-gal + IPTG

White colony = recombinant

Blue colonies = B-galactosidase synthesized
X-gal = blue product
White colonies = B-galactosidase not synthesized
X-gal —no blue product

Fig. 5.6: (A) Conversion of Lactose (natural substrate) to glucose and galactose;
X-gal (chromogenic synthetic substrate) into blue colored chromogen by
enzyme B-galactosidase. (B) a-peptide is provided by the plasmid (pUCS8 here)
and w-peptide is present in the host cell. Both complement each other and
functional B-galactosidase enzyme is produced, converting X-gal substrate to
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blue chromogen seen as blue colonies on the LB Agar plate. In recombinants,
however, B-gal gene is interrupted and therefore, functional a-peptide is not
produced. Hence, no complementation and no blue colored product is formed
making the colonies white.

§4Q3

State whether true or false:

a) Functional Lac Z enzyme is a dimer and this multimerization is
dependent on first 100 amino acids.

b)  If insertion of foreign gene is done in tet® gene of pBR322, tet gene gets
disrupted and in this condition, the recombinants cannot grow on
ampicillin and tetracycline plates now but can grow only on ampicillin
containing plates.

C) Isopropyl-B-D-thiogalactoside (IPTG) is non-substrate inducer of -
galactosidase enzyme.

d) Chromogenic substrate 5-bromo-4-chloro-3-indolyl-B-D-galactosidase
(X-gal) is colored but upon B-galactosidase activity, it turns white
rendering the colonies white colored.

e) In pUC vectors, recombinants have lacZ gene interruption (called LacZ
insertional inactivation) since insert is present in the MCS placed in lacZ
gene and are therefore white in color.

5.5 RESTRICTION DIGESTION OF
RECOMBINANT DNA AND
VISUALIZATION OF LIGATED
FRAGMENTS

Recombinants screened by blue white screening or insertional inactivation of
antibiotic resistance gene, are further analyzed for absence/presence of
correct insert and its correct orientation. The most cost effective way to check
for insert is by digesting the recombinant plasmid with one or more restriction
enzymes and analyzing by electrophoresis. Once correct insert in perfect
orientation is confirmed by restriction digestion, recombinant plasmid is
sequenced to check insert sequence in totality. Correct insert can be checked
using any two restriction enzyme sites one from insert (RE1) and one from
plasmid (RE2). If insert is present, there will be release of specific size upon
double digestion (Fig. 5.7; 800 bp in the present case). If wrong insert is
present, the size of the release will not be same as expected as it will have
REL1 site at a different place than the correct insert or no RE1 site at all. If
insert has opposite orientation, size of the release will be different (smaller or
larger) than expected. The size of insert in opposite orientation can be
calculated from the sequence of recombinant plasmid.
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Upon electrophoresis, the size of inserts released can be easily determined
using molecular size marker. Gel for recombinant plasmids seen in Figure 5.8
show following electrophoretic pattern upon restriction digestion followed by
electrophoresis.

Vector

2 kb wrong insert

1.5 kb correct insert but in
wrong orientation

800 bp correct insert in
correct orientation

Fig. 5.8: Inserts (Refer to figure 5.7) with correct orientation, wrong inserts and
opposite orientation can be differentiated upon electrophoresis.
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S4Q4

Answer the following short answer questions:

a)  Which is the most cost effective way of checking absence/presence of
correct insert and its correct orientation?

b)  How can one check for correct orientation of inserts in the recombinant
DNA?

5.6 SUMMARY

o Cell wall is a major barrier to uptake of DNA. Animal cells can be easily
transfected as they lack cell wall.

o When DNA is taken by eukaryotic cell, it is termed as transfection. If
virus transfers non-viral DNA to a cell, it is termed as transduction.
Transformation is the DNA uptake by the bacteria.

o There are physical and chemical methods of introduction of DNA into
cells. Physical methods include electroporation, particle bombardment,
microinjection while chemical methods include calcium phosphate
transfection and liposome mediated delivery of DNA.

o Transformants and non transformants have to be distinguished from
each other making selection of transformants easier. This is
accomplished by blue white screening and insertional inactivation of
antibiotic resistance gene

o Recombinants screened by blue white screening or insertional
inactivation of antibiotic resistance gene, are further analyzed for
absence/presence of correct insert and its correct orientation by
restriction digestion of the recombinant DNA and analysis by
electrophoresis.

5.7 TERMINAL QUESTIONS

1. How are transformed cells selected?
2. Mention any two physical methods of introduction of DNA into cells.

3. Explain calcium phosphate transfection.

5.8 ANSWERS

Self-Assessment Questions

1. a) 42°C
b)  Bacillus subtilis

c) Mg

d) Bactofection
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e) Independent

a) Particle bombardment
b)  Microinjection

c) Lipofection

d)  Electroporation

a) False; Functional Lac Z enzyme is a tetramer and this
multimerization is dependent on first 50 amino acids.

b) True
c) True

d) False; Chromogenic substrate 5-bromo-4-chloro-3-indolyl-B-D-
galactosidase (X-gal) is colorless but upon (B-galactosidase
activity, it turns blue rendering the colonies blue colored.

e) True

a) The most cost effective way to check for insert is by digesting the
recombinant plasmid with one or more restriction enzymes and
analyzing by electrophoresis.

b)  Correct insert orientation can be checked using any two restriction
enzyme sites one from insert (RE1) and one from plasmid (RE2).

Terminal Questions

1.

Transformants can be selected by following two ways:
(i) By antibiotic resistance

pBR322 plasmid has two antibiotic resistance genes: ampicillin and
tetracycline (Figure 5.5). EcoRlI, Hindlll, BamHI Sall are few single
cutters in pBR322. Tetracycline resistant gene has BamHlI site in it. In
presence of ampicillin and tetracycline, the pBR322 transformed cells
can grow. If insertion of foreign gene is done in tet® gene, tet gene gets
disrupted and in this condition, the recombinants cannot grow on
ampicillin and tetracycline plates now but can grow only on ampicillin
containing plates. With replica plating, we can retrieve the colonies that
grow on amp” plates and not on amp*tet” plates. This gives us the
recombinants.

(i) By Alpha-complementation

Bacterial Lac Z gene encodes for B-galactosidase enzyme that converts
lactose to glucose and galactose. Wild type B-galactosidase has 1029
amino acids (3.1 kb gene). Functional Lac Z enzyme is a tetramer and
this multimerization is dependent on first 50 amino acids. If there is
deletion in N-terminal sequence, it generates omega (w) peptide. w
peptide is unable to tetramerize and the enzyme lacks functionality. If to
such system, we add a fragment called alpha peptide comprising of N-
terminal portion of B-gal, restoration of activity takes place. This is
termed as alpha complementation. Chromogenic substrate 5-bromo-4-
chloro-3-indolyl-B-D-galactosidase (X-gal) is colorless but upon [3-
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galactosidase activity, it turns blue rendering the colonies blue colored.
Gratuitous inducer is also added to the medium for induction of promoter
activity. Isopropyl-p-D-thiogalactoside (IPTG) is this non substrate
inducer that is added to LB agar. In pUC vectors (e.g. pUC8),
recombinants have lacZ gene interruption (called LacZ insertional
inactivation) since insert is present in the MCS placed in lacZ gene and
are therefore white in color. While non-recombinants have intact lacZ
gene and are therefore white in color. This is called blue-white screening
and helps in identification of recombinants (white) from non-
recombinants (blue). Blue white screening can be simply done by plating
onto LB Agar containing X-gal and IPTG.

Physical methods of introduction of DNA into cells are:

i. Electroporation: Protoplasts are formed when fungal, yeast and plant
cell walls are digested by specific enzymes. These protoplasts devoid of
cell wall can take up DNA upon electroporation. In electroporation, cells
are given short pulse of high voltage opening up transient pores in the
plasma membrane through which DNA can enter. Following
electroporation, protoplasts are washed subsequently to remove the
enzymes and any dead cells. Cell wall eventually forms again. Even
prokaryotes can be transformed by electroporation. Various bacterial
species can be transformed at different electrical resistance, capacitance
and voltage. Even volume of DNA cell mix and time of electric shock
needs to be optimized. An optimal condition provides high transformation
efficiency. Transformation efficiency varies for small vs large plasmids.
Transfection of suspension cultured cells like Jurkat T cells, U937 cells
etc. can be done by electroporation.

ii. Microinjection: Microinjection is method of introduction of new DNA,
MRNA and proteins by injecting it directly into the nucleus of the cell
(proteins in cytoplasm) using a micrometer diameter pipette. This does
not require any synthetic carrier. This method guarantees successful
transfection not only in animal cells but plant cells as well. Oocytes and
eggs are often cells of choice for microinjection since these cells are
bigger in size while tissues like skin and muscles are most commonly
used.

In calcium phosphate transfection, DNA is precipitated onto cell
monolayer with calcium phosphate. These precipitates adhere to cell
membrane and are internalized by the cells by endocytosis. It is often
used for generating transient and stable transformants. Concentrated
solution of CaCl, is added to DNA (solution A) which is then added to
HEPES buffer (solution B) dropwise with bubbling solution A to make
fine Ca**-DNA precipitates. This aeration/bubbling ensures no clumps
are formed and effective transfection can take place. This precipitate is
then added dropwise to cell monolayer for 4 hours to overnight optimized
as per the cell line. After this, this precipitate is removed and media is
added to the cells. The cells are then observed for expression of
transfected gene after 36-48 hours
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5.9 FURTHER READINGS
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UNIT 6

POLYMERASE CHAIN
REACTION

Structure

6.1 Introduction 6.5 PCR Based Gene Cloning

_ Methods
Expected Learning Outcomes

Real time PCR (g-PCR)
6.2 Fundamentals of Polymerase

Chain Reaction (PCR) Reverse Transcription PCR (RT-

PCR)
Process of PCR

Digital PCR (d-PCR)
Limitations of PCR

6.6  Applications of PCR Amplified

6.3 Designing Primers for PCR Fragments in Cloning

6.4 Studying the PCR Products 6.7 Mutagenesis

Restriction Fragment Length 6.8 Summary
Polymorphism (RFLP)

_ 6.9 Terminal Questions
Cloning of PCR Products

6.10 Answers

6.1 INTRODUCTION

Molecular biology techniques have revolutionized numerous fields, offering
valuable applications that benefit society in areas such as medicine,
agriculture, environmental science, and biotechnology. These biochemical and
molecular techniques have contributed to life sciences and other allied
sciences' growth and expansion. These techniques address the needs at the
molecular level and help in analyzing and interpreting the biomolecules at the
molecular level (sequencing, DNA fingerprint, Blotting etc.). PCR, or
Polymerase Chain Reaction, is a laboratory technique used to amplify small
segments of DNA. It's commonly used in molecular biology to create millions
or even billions of copies of a specific DNA sequence from a small initial
sample, enabling detailed analysis or detection.

In this unit, you shall study this important in vitro technique for amplifying DNA
molecule. This technique is commonly known as PCR, which can multiply the
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Karry Mullis
(https://en.wikipedia.o

DNA sequence into manifolds. In simple terms, it can be referred to as
‘molecular xeroxing’.

Techniques like PCR are used to identify infectious diseases (HIV, COVID-19,
tuberculosis) and genetic disorders (cystic fibrosis, Down syndrome).
Molecular diagnostics allow for early detection and personalized treatment
strategies. Molecular techniques allow for the analysis of how individual
genetic differences affect drug response, enabling the development of
personalized medicine. This reduces the risk of adverse reactions and
improves drug efficacy for specific patient populations. Scientists use PCR to
introduce mutations in genes to study the effects of those mutations.

You shall study variants of PCR and their applications in the field of molecular
biology and biotechnology. It is important to remember the principle of PCR
and significance of each PCR cycle. Before reading this unit, learners are
advised to revisit the fundamentals concerning DNA and replication.

Expected Learning Outcomes

After studying this unit, you shall be able to:

+ define polymerase chain reaction;

«» distinguish between various types of PCR techniques;
+ describe the significance of PCR technique;

« explain the steps involved in performing PCR technique;

« state the significance of mutagenesis; and

« enlist the applications of PCR in the field of molecular biology.

6.2 FUNDAMENTALS OF POLYMERASE
CHAIN REACTION (PCR)

rg/wiki/Kary Mullis)

96

The PCR process involves three key steps:

1. Denaturation (separation): The DNA sample is heated to separate the
double-stranded DNA into two single strands. This method is used to
amplify DNA sequences without using any living system. PCR amplifies
DNA in an in vitro environment. In the year 1984, an American
biochemist Karry Mullis invented this method. After the invention of
PCR, it became one of the essential techniques for performing
experiments in the field of molecular biology. Furthermore, PCR has
revolutionised clinical diagnostics and molecular diagnosis since its
invention. The primary application of PCR is to synthesise a million
copies of selected DNA sequences. Since its inception, it has brought
tremendous changes in gene cloning procedure. For better
understanding PCR technique can be compared with a photo-copier
(xerox machine) available to make multiple copies of an original
document.
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2.  Annealing (renaturation): The temperature is lowered to allow short
DNA sequences called primers to bind to the complementary sequences
on the target DNA strands.

3. Extension (amplification): A heat-stable enzyme called Taq
polymerase synthesizes a new DNA strand by adding nucleotides to the
primers, extending the DNA sequence.

6.2.1 Process of PCR

An initial set of PCR requirements includes a target DNA of 100 to 35000 base
pairs, primers that are complementary to the target DNA and bind to the target
DNA regions, divalent cations (Mg?*), buffer solution, deoxyribonucleotides,
such as dATP, dCTP, dGTP and dTTP, and prospective nitrogenous bases.
DNA polymerase is the essential enzyme isolated from Thermus aquaticus,
bacteria found in the deep sea. Hence this enzyme is popularly known as Taq
polymerase. The advantage of this enzyme is that it is thermostable, i.e. it can
withstand rising temperatures up to 95° C. Look at Fig. 6.1 to know the steps
involved in performing a polymerase chain reaction. The instrument used to
perform PCR is known as a thermocycler (Fig. 6.2).

Learners are advised to watch the video available at the given link
https://www.khanacademy.org/science/high-school-biology/hs-molecular-
genetics/hs-biotechnology/v/the-polymerase-chain-reaction-pcr.

Step 1: Denature template
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Fig. 6.1: Three Stages of PCR.
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Fig. 6.2: PCR machine (Thermocycler).

Let us understand the steps of PCR in detail. The PCR cycle consists of three
steps, denaturation, renaturation, and annealing, each requiring a different
temperature (Fig. 6.3); thus it is called a Thermocycler.

Step 1 Denaturation

The target DNA to be amplified is denatured by heating. This step is
performed at around 95° C for 1 minute. In this stage, double-helical DNA
unwinds into individual strands. These single strands act as target templates
for further cycles or steps of PCR.

Step 2 Renaturation (annealing)

In this step, separated DNA strands can renature or join with an excess
number of synthetic primers. During this annealing, the temperature is
maintained at 55°C, and the excess amount of primer allows the binding of
separated DNA with primer rather than the two DNA stands themselves. The
role of primer in this method is to provide the free 3' -OH group required for
binding incoming deoxyribonucleotides and extension of DNA sequence. In
addition to providing a binding site for incoming nucleotides, primers are
helpful in the amplification of DNA sequences, which can also be viewed as
guiding molecules in the DNA synthesis process. The duration of this step is 1
minute.

Step 3 Synthesis (Amplification or Elongation)

The enzyme Taq polymerase is used to amplify the target DNA sequence
(original sequence) by using deoxyribonucleotides. Polymerase enzyme
initiates the synthesis of new DNA (copy) using the free 3'-OH group provided
by primer. The optimum temperature is maintained at around 75° C. The
duration of the amplification step is 2 minutes.
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The ideal time duration required for performing one cycle of PCR is around 3
to 5 minutes, and one has to standardize the procedure for the DNA molecules
to be amplified.
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Fig. 6.3: Reactions of PCR cycle.
(https://commons.wikimedia.org/wiki/File:PCR.svq)

6.2.2 Limitations of PCR

1. Contamination of the reaction mixture of PCR even by a single gene can
result into impure product of PCR reaction.

2. If diagnosis of male specific genes is to be done, female workers are
required otherwise cells of skin of male workers can also cause
contamination.

3.  PCR cannot be performed directly on food samples and processing of
sample is required to extract DNA to be studied. DNA recovery in
complex food samples (milk, oysters) may be only few percent. Food
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substances co-purified with bacterial DNA may reduce amplification
efficiency. If cell growth is allowed to increase DNA, target DNA recovery
probability increases and interference by food substances reduces but
time for analysis is then increased.

4, Dead cells may contain amplifiable DNA, hence positive PCR does not
mean presence of viable cells in sample. For example, pasteurized milk
may give positive PCR. Technique using reverse transcriptase and then
PCR can directly detect mRNA and can be significant to differentiate
between live and dead cells.

5. PCR is most useful for the amplification of DNA segments less than 2 kb
in length.

6. Base substitution errors by Taq polymerase are 1 per 9000 bp and
frame shifts error occurs 1 per 40000. These are significant if PCR
extends over 30 cycles when error occurs in every 300 bp of product.
High error rate of Taq is because it lacks 3— 5 exonuclease activity
(proof reading).

7.  Shuffle clones (recombinant products) may be formed if product formed
is only partially extended in one cycle to reanneal to a different template
in a later cycle.

6.3 DESIGNING PRIMERS FOR PCR

By now you are aware that how to perform PCR technique. However, to obtain
a meaningful result designing of primers is crucial. These primers are the key
molecules to the success or failure of the experiment. If the primers are design
correctly the amplification of target DNA will occur otherwise the primers join
together leading to futile PCR experiment. The failure of PCR experiment
could be due to no amplification of target DNA or binding with the wrong
fragment or interacting with more than one fragment and its amplification.

Thus, designing a primer for PCR is a critical step to ensure efficient and
specific amplification of the target DNA sequence. Primers are short, single-
stranded DNA sequences (usually 18-25 nucleotides long) that bind to the
template DNA and serve as starting points for DNA synthesis.

The key steps and considerations for designing effective PCR primers are:

1. Identify the Target Sequence: Choose the specific region of DNA you
want to amplify. You will need to design two primers: a forward primer and a
reverse primer, which flank the region of interest.

2. Primer Length: Primers are typically 18-25 nucleotides long. This length is
optimal for efficient binding and specificity. Short primers (<18 nucleotides)
may bind to non-specific sites, while longer primers (>30 nucleotides) may
form secondary structures.
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3. Melting Temperature (T,,): The melting temperature is the temperature at
which 50% of the primer-DNA duplex dissociates into single strands. For
efficient PCR, the T, of both primers should be similar, typically between
55°C and 65°C. T, can be calculated using the formula:

Tm = 2(A+T) + 4(G+C)

where A, T, G, and C are the number of adenine, thymine, guanine, and
cytosine bases in the primer.

A more accurate T, can be calculated using specialized software or online
tools.

4. GC Content: The GC content of the primer should ideally be between 40%
and 60%. A higher GC content increases the melting temperature, as G-C
pairs form stronger bonds (three hydrogen bonds) compared to A-T pairs (two
hydrogen bonds). Ensure that the 3' end of the primer has a GC "clamp” (i.e.,
a G or C at the 3' end) to improve binding stability.

5. Avoid Secondary Structures: Ensure that the primer does not fold back
on itself, forming hairpins (intra-primer base pairing), does not bind to itself
(forming dimers) by aligning complementary bases. Ensure that the forward
and reverse primers do not anneal to each other (Cross-dimerization).

Online tools like Primer3, OligoAnalyzer, or other primer design software help
to check for potential secondary structures.

6. Specificity: Primers should be specific to the target sequence. BLAST
(Basic Local Alignment Search Tool) can be used to compare your primer
sequences against the genome of the organism you're working with. This
ensures that the primers will only bind to the target region and not to other
regions of the genome.

7. 3' End Stability: The 3' end of the primer is critical for the initiation of DNA
synthesis. Ensure that the 3' end has 1-2 GC pairs to create a stable binding
to the template DNA. Avoid having runs of identical bases, especially G's and
C's, near the 3' end, as this can lead to non-specific amplification.

8. Product Size: Primers should be designed to amplify a fragment of the
desired length. PCR products between 100-1000 base pairs generally work
best, but longer products may require optimization.

9. Avoid Repeats or Runs: Avoid primers with repeating sequences or long
runs of a single base (e.g., GGGGG or TTTTT). These can lead to non-
specific binding or the formation of primer dimers.

10. Annealing Temperature (T,): The annealing temperature for PCR is
typically set 3-5°C below the T,, of the primers. The forward and reverse
primers should have similar T,, values to ensure proper annealing during the
PCR cycle.

Let us look at an example of primer design process:
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Target Sequence: Identify a gene or region in your DNA of interest; say
a 500 bp section of the gene.

Design Forward Primer: Select a sequence of 18-25 nucleotides just
upstream of the target region.

Example: 5'-ATCGTACGGTCAAGTACCTGGA-3'

Design Reverse Primer: Select a sequence downstream on the
complementary strand, again 18-25 nucleotides.

Example: 5-TTAGGCTACCTGCGTGAATTTC-3'
Check T,,, GC content, and secondary structures:

Use a primer design tool (e.g., Primer3 or OligoAnalyzer) to calculate T,
(~60°C), check GC content (~50%), and verify that there are no hairpins
or dimers.

BLAST the Primers: Run the primer sequences through NCBI BLAST to
ensure they bind specifically to the target sequence.

By following these steps and adjusting based on design tools and
experimental conditions, you can create effective primers for PCR.

The success of PCR experiment depends on primers similarity with the
sequences flanking on the target region on the template molecule. Hence,
each primer must be complementary (not identical) to its target template
strand. In addition to these factors length of the primer is also a crucial factor
that decides the result of PCR experiment.

SAQ 1

Fill in the blanks with appropriate answer:

a)

b)

c)

d)

e)

f)

9)

PCR is used to amplify ............cccoevennnn. (DNA/ RNA)

The enzyme used in PCRis called ........................ (DNA Polymerase
| / Tag polymerase).

The three main steps of PCR are ..................... (renaturation /
denaturation), annealing and extension .

The first step of PCR, denaturation, occurs at a temperature of
approximately ..................oll (94-98°C / 64-68°C) .

During denaturation, the ...................... bonds between the DNA
strands are broken (phosphodiester / hydrogen).

During the extension step, the temperature is raised to around
............................. (72°C [/ 92°C), where DNA polymerase
synthesizes the new strand of DNA.

A typical PCR cycle is repeated around .................... (20-40 / 50-80)
times to amplify the target DNA.
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h)  Primers are typically .................cooenne. (18-25 / 50-70) base pairs
long.

i) Primers should have a melting temperature (T,,) between
....................... (50°C and 65°C / 70°C and 85°C) for optimal PCR
performance.

) The T,, of the forward and reverse primers should be within
............................. (2-5°C / 6-9°C) degrees of each other.

k)  Primers should notform ..................oooenes (secondary / tertiary)
structures, as this can interfere with PCR.

) The GC content of the primers should be between ..........................
(40% and 60% / 50% and 90%).

6.4 STUDYING THE PCR PRODUCTS

It is well known that the products of PCR include amplified DNA fragments.
Hence, the three major techniques used for studying PCR products are:

1.  Gel electrophoresis of PCR products
2. Cloning of PCR products
3.  Sequencing of PCR products

In this section you will learn about restriction fragment length polymorphism
(RFLP) analysis which is based on gel electrophoresis, and cloning of genes.
Sequencing of PCR products is dealt in detail in Unit 10 of Block 3 of this
course.

6.4.1 Restriction Fragment Length
Polymorphism (RFLP)

You might be surprised to know that there are few sequences in our DNA that
doesn't exhibit any significant function (non-productive / not producing any
protein). The numbers of these sequences vary from person to person.
Similarly when we compare a DNA of deceased person with healthy individual
they show differences. These differences in the sequences or number are
known as polymorphism and the assessment of this polymorphism by using
restriction endonucleases (enzymes that can introduce cuts in DNA at specific
sites) is referred as restricted fragment length polymorphism. RFLP is a
molecular technique used to analyze the variation in DNA sequences. It relies
on differences in the lengths of restriction enzyme-digested DNA fragments
between individuals or organisms. This variation in fragment length results
from the presence of polymorphisms, which can be mutations or sequence
changes within the DNA, often in non-coding regions. For better understanding
refer figure 6.4.

RFLP was one of the earliest techniques used for DNA fingerprinting, enabling
the comparison of DNA between individuals, which is useful in forensic

science and paternity testing. It can help detect mutations associated with
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genetic disorders. For example, it has been used to diagnose sickle cell
anemia, where a specific mutation alters a restriction site in the hemoglobin
gene. As you know RFLP requires multiple steps, including DNA digestion, gel
electrophoresis, and blotting, making it slower than newer molecular
techniques like PCR. Today, it has largely been replaced by more advanced
techniques, however, it laid the foundation for molecular biology applications
and remains an important concept in understanding DNA analysis.

T3
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Fig. 6.4: Principle of marker identification.

The major steps involved in demonstrating RFLP are as follows (Fig. 6.5):
1. Extraction and purification of DNA from test sample.
2. Subjecting the DNA molecule for restriction endonuclease digestion.

3. Separating the DNA fragments by using gel electrophoresis.
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4. DNA fragments present on the gel are transferred onto nitrocellulose
membrane using Southern blotting technique.

6. Finally these fragments are identified using hybridization technique followed
by autoradiography.

Hindlll
200 bp 800 bp
Plant A
Hindlll EcoRI
200 bp 450 bp 350 bp
Plarllt B
Digestion by

restriction enzymes
Gel electrophoresis

[

-

With enzyme With enzyme
Hindlll EcoRI
A B A B
800 bp( == = (1000 bp|—
= | 350 bp
ROEED . — =650 bp
Monomorphic Polymorphic
pattern pattern

Fig. 6.5: Flow of RFLP method.

6.4.2 Cloning of PCR Products

Cloning PCR products refers to the process of inserting the amplified DNA
fragment (obtained via PCR) into a cloning vector, such as a plasmid, for
further study, replication, or expression in a host organism (often E. coli). This
process is fundamental in molecular biology for gene characterization, protein
expression, and other applications. You have learnt about cloning vectors in
Block 1. Briefly we shall have a step-by-step look on how PCR products are
cloned:

1. Amplify the DNA region of interest using PCR. Once amplified, purify the
PCR product to remove primers, nucleotides, and enzymes. This is usually
done via gel extraction or a PCR purification Kkit.

2. Several methods can be used to clone PCR products. The most common
strategies include T/A cloning, blunt-end cloning, and directional cloning
(with restriction sites).

1. T/A Cloning (TA Cloning)
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This is a simple and common method used for cloning PCR products

generated by Taq polymerase, which naturally adds a single Adenine (A)

overhang at the 3' end of the PCR product. Steps include:

1. Use a T-vector, which has 3' thymine (T) overhangs. These T-
overhangs can easily ligate with the A-overhangs of the PCR product.

2. Mix the PCR product with the T-vector in the presence of a DNA ligase
enzyme (like T4 DNA ligase) to allow ligation of the PCR product into
the vector.

3. Introduce the ligated vector into competent E. coli cells through
transformation (via heat shock or electroporation).

4.  Select for cells containing the plasmid by plating the transformed
bacteria on selective media (e.g., ampicillin or kanamycin). Use colony

Blue / White PCR or blue/white screening (if using vectors like pUC) to identify clones

Screening: For
vectors containing the
lacZ gene, successful
insertion disrupts this
gene, leading to white
colonies (successful)
versus blue colonies
(unsuccessful).
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containing the insert.

2. Blunt-End Cloning

This method is used if the PCR product has blunt ends (no overhangs).
Typically, high-fidelity polymerases (like Pfu) generate blunt-ended PCR
products.

1.

Use a blunt-end cloning vector (like pJET or other cloning vectors
designed for blunt-ended fragments).

Since blunt ends lack the sticky overhangs, the PCR product and vector
are ligated in the presence of a high concentration of DNA ligase to
ensure efficiency.

Transform the ligated product into competent E. coli cells.

Select for transformants on antibiotic plates and screen for successful
clones via PCR or restriction digestion.

3. Directional Cloning Using Restriction Enzymes

This method is more specific and efficient, particularly for subcloning and
ensuring the insert is cloned in a specific direction. The PCR product is
engineered to contain restriction enzyme sites flanking the sequence of
interest.

1.

Initially the PCR primers are modified in such a way that they contain
restriction enzyme recognition sequences at the 5' ends. Ensure the
enzyme(s) chosen are compatible with the vector’s restriction sites.

After PCR, digest the PCR product with the chosen restriction enzymes.
Also, digest the cloning vector with the same enzymes to create
compatible sticky ends.

Purify the digested PCR product and the vector to remove enzymes and
other contaminants.
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4. Ligate the digested PCR product into the similarly digested vector using
DNA ligase. The sticky ends generated by the restriction enzymes
ensure that the insert is ligated in the correct orientation (directional
cloning).

5.  Transform the ligated vector into competent E. coli cells.

6. Use antibiotic selection and colony screening to identify successful
transformants.

Cloning PCR products is a foundational technique in molecular biology,
enabling gene analysis, expression, and functional characterization.

6.5 PCR BASED GENE CLONING METHODS

So far, we have discussed the principle, procedure, and requirements to carry
out a PCR technique, as we know that the central aim of PCR is to amplify the
target DNA sequence. However, in some instances, we were unaware of the
entire target DNA sequence; in such cases, we will be using different types of
PCR variants that will help to amplify the target DNA along with the primers
being used to carry out this technique. In some situations, we would amplify
MRNA molecules to produce the complementary DNA (cDNA), which is
reverse transcription PCR. Apart from amplifying the DNA sequences by using
the modern approaches in PCR, one can even quantify the amount of DNA
amplified inside the thermal cycler. This technique is known as quantitative
PCR. Let us discuss these variants of PCR techniques one by one.

6.5.1 Real time PCR (q-PCR)

Quantitative PCR (qPCR), also known as real-time PCR, is a technique used
to amplify DNA and simultaneously quantify the amount of target DNA or RNA
in a sample. The main difference between gPCR and conventional PCR is that
gPCR measures the accumulation of DNA product in real-time during each
cycle of the amplification process, while conventional PCR only provides an
endpoint analysis after the reaction is complete.

This PCR method is applied when the researcher is looking to quantify the
amount of DNA sequence being amplified i.e. the level of genes that are being
expressed. Moreover, real-time PCR allows you to monitor the amplification of
target DNA while amplification is taking place (Fig. 6.6). Another advantage of
using a thermal cycler is that it can rapidly heat and cool samples. This
minimizes the undesired changes in the physical and chemical properties of
the target as well as amplifier DNA sequences.

In addition to all the PCR requirements, fluorescence dyes like SYBR green or
fluorescent probes (TagMan Probes) are used to detect and monitor the
progress of gPCR. The fluorescence increases proportionally as the DNA is
amplified. SYBR Green is a dye that binds specifically to double-stranded DNA
(dsDNA). As the dsDNA accumulates during amplification, the dye intercalates
into the DNA and emits fluorescence. The more DNA present, the greater the

fluorescence signal. TagMan probes are sequence-specific oligonucleotides 107
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In clinical diagnostics,
gPCR is used to
determine viral load in
infections like HIV or
COVID-19. A lower Ct
value indicates a
higher viral load, which
is critical for diagnosis
and treatment
monitoring.
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labeled with a fluorescent reporter dye at one end and a quencher at the other.
During the extension phase of PCR, the DNA polymerase cleaves the probe,
separating the reporter dye from the quencher, which results in an increase in
fluorescence proportional to the amount of target DNA.
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Fig. 6.6: Real-time PCR.
Ct Value in qPCR:

The Ct (threshold cycle) value is a crucial concept in gPCR. The Ct value
refers to the cycle number at which the fluorescence signal of the reaction
crosses the threshold, becoming distinguishable from background noise.

. The lower the Ct value, the higher the initial amount of target DNA or
RNA in the sample, since amplification reaches detectable levels sooner.

. The higher the Ct value, the lower the starting quantity of DNA or RNA,
as more cycles are needed to reach the threshold of detection.

The Ct value is used for quantifying the initial amount of nucleic acids in a
sample. By comparing the Ct values of unknown samples to a standard curve
generated from known DNA concentrations, the amount of target nucleic acid
in the unknown sample can be calculated.

Difference between gPCR and Conventional PCR:

The key difference is that gqPCR provides real-time quantitative information
about the amount of DNA in the sample, whereas conventional PCR only
shows the presence or absence of DNA at the end of the amplification
process. In gPCR, fluorescence is measured after each cycle, allowing for
real-time monitoring. Conventional PCR requires post-amplification steps,
such as gel electrophoresis, to visualize the product. Also, qPCR is more
sensitive than conventional PCR, as it can detect and quantify very small
amounts of DNA in a sample.

Advantage of using Real-Time PCR

o Traditional PCR is measured at End-point (plateau), while Real-Time
PCR collects data in the exponential growth phase.

o An increase in Reporter fluorescent signal is directly proportional to the
number of amplicons generated.
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o The cleaved probe provides a permanent record amplification of an
Amplicon.

o Increase dynamic range of detection.

. No-post PCR processing.
o Detection s capable down to a 2-fold change.

Real-Time PCR Applications

Viral guantitaion

o Quantitaion of gene expression

Array verification

Drug therapy efficacy

. DNA damage measurement

Quality control and assay validation

Pathogen detection

Genotyping

Diagnosis of infectious diseases

Diagnosis of cancer

Diagnosis of genetic abnormalities

To measure response of cell culture to a drug or environment.

o To measure a progression of cell differentiation.

6.5.2 Reverse Transcription PCR (RT-PCR)

RT-PCR is widely used to analyze gene expression, detect RNA viruses, and
study RNA-based processes. The first step involves isolating total RNA from a
biological sample (e.g., tissue, blood, or cells). RNA is the target molecule
because RT-PCR is designed to analyze mRNA, viral RNA, or other RNA
molecules. To perform PCR, one has to convert the messenger RNA (mMRNA)
into two complementary DNA (cDNA) by using the enzyme reverse
transcriptase (Fig. 6.7). Since we are using the enzyme reverse transcriptase,
this technique is named reverse transcription PCR. The cDNA serves as the
template or target DNA to perform the normal PCR reaction.

RT-PCR is commonly used to detect RNA viruses like HIV, influenza, and
SARS-CoV-2 (the virus responsible for COVID-19). By amplifying viral RNA, it
allows sensitive detection of infections, often from very small amounts of viral
RNA. In clinical settings, it is used for diagnosing diseases related to gene
expression changes (e.g., cancer) and for monitoring treatment responses, to
create cDNA libraries or to clone specific genes. The resulting cDNA can be
further analyzed, sequenced, or cloned into vectors for functional studies.
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Fig. 6.7: Flow of reverse transcriptase PCR.

6.5.3 Digital PCR (dPCR)

Digital PCR (dPCR) is an advanced form of the polymerase chain reaction
(PCR) technique used for precise and sensitive detection and quantification of
nucleic acids (DNA or RNA). Unlike traditional PCR, which amplifies DNA in
bulk and provides semi-quantitative results, digital PCR partitions the sample
into thousands or even millions of tiny individual reactions, allowing for
absolute quantification.

In digital PCR the DNA or RNA sample is divided into thousands of tiny
droplets or wells, each containing either zero or a very small number of target
molecules. Each of these partitions acts as an individual PCR reaction.

PCR amplification occurs within each partition, and target DNA molecules in
the partitions are amplified independently. After amplification, each partition is
analyzed to see whether the target sequence was present in that droplet
(positive) or absent (negative).

The number of positive and negative partitions is counted, and because each
droplet either contains or doesn't contain the target sequence, the data can be
used to calculate the absolute number of target molecules present in the
original sample. This is done through statistical Poisson analysis, providing a
very accurate quantification.

Advantages of dPCR:
. No need for standard curves, as in traditional gPCR.

. It can detect very low levels of nucleic acids, making it ideal for rare
variant detection, such as in cancer research or infectious disease
monitoring.

. dPCR is less affected by PCR inhibitors that may be present in the
sample.
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e It excels in detecting rare mutations or target sequences in the

presence of abundant background DNA.
Sample Generate PCR Fluorescence
preparation droplets amplification detection
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contains the target thousands of individually isolated independent PCR reactions, count the number of positive droplets

sequence, probe, primer, droplets, each containing little or  and droplets containing target and calculate the concentration of the
and Taq polymerase no target sequence sequences can be amplified target sequence

Fig. 6.8 : How digital PCR works (source: https://doi.org/10.2147/IDR.S349607).

Digital PCR Applications:

° Rare mutation detection (e.g., in cancer diagnosis)
. Gene expression analysis

. Copy number variation (CNV) detection

. Detection of pathogens at very low concentrations
. Quantification of viral loads

Digital PCR is commonly used in research and clinical settings where
precision, sensitivity, and accurate quantification are critical.

Table 6.1 provides a comparative overview of three different types of PCR.

Table 6.1: Digital PCR vs. Real-Time qPCR vs. Traditional PCR at a Glance

Digital PCR Real-Time qPCR Traditional PCR

Measures the fraction of |Measures PCR Measures the
negative microreactions to|amplification as it occurs |amount of
determine absolute in a bulk reaction mix. accumulated PCR
copies. product at the end of
the PCR cycles.

Overview

Yes — The fraction of Yes — Data is collected |No — However,

Quantitative?

negative microreactions is
fit to a Poisson statistical
algorithm.

during the exponential
growth phase of PCR

when the quantity of the
PCR product is directly

proportional to the
amount of template
nucleic acid.

comparing the
intensity of the
amplified band on a
gel to standards of a
known concentration
can give you semi-
quantitative results.

Applications

Absolute quantification of
viral load

Absolute quantification of

Quantitation of gene
expression

Amplification of DNA
for:
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nucleic acid standards

Absolute quantification of
next-gen sequencing
Libraries

Rare allele detection

Absolute quantification of
gene expression

Analysis of multiple
targets on a single
molecule through
multiplexing

Microarray verification

Quality control and assay
validation

Pathogen detection
SNP genotyping

Copy number variation
MicroRNA analysis
Viral quantitation

 siRNA/RNAI
experiments

» Sequencing
* Genotyping

* Cloning

Advantages

No need to rely on
references or standards

Desired precision can be
achieved by increasing
total number of PCR
replicates

More tolerant to some
PCR inhibitors

Capable of analyzing
complex mixtures

Provides a linear response
to the number of copies
present to allow for small
fold change differences to
be detected

Increased dynamic range
of detection

No post-PCR processing

Detection is capable
down to a 2-fold change

Collects data in the
exponential growth phase
of PCR

An increase in reporter
fluorescent signal is
directly proportional to the
number of amplicons
generated

The cleaved probe
provides a permanent
record amplification of an
amplicon

Simple to design
Easy to perform

Uses more readily
available equipment
and reagents

No special
training required

(source: https://www.thermofisher.com).

6.6 APPLICATIONS OF PCR AMPLIFIED
FRAGMENTS IN CLONING

PCR-amplified fragments are widely used in cloning, where specific DNA
sequences are inserted into vectors (like plasmids) to propagate or express
the target sequence in host cells. PCR has revolutionized molecular cloning by
providing a rapid, efficient, and precise way to amplify and modify DNA
fragments for various applications. The applications range from basic gene
cloning to advanced genome editing, protein engineering making them
indispensable in molecular biology research, biotechnology, and therapeutic

development.

Some of the applications of PCR amplified fragments in cloning include:

1.

PCR can amplify specific genes or coding sequences from genomic

DNA, cDNA, or plasmids. These amplified fragments are then inserted
into cloning vectors for further study or for the production of proteins.
Gene cloning is fundamental for gene function studies, protein
production, and creating transgenic organisms.




Unit 6

Polymerase Chain Reaction

PCR can introduce specific mutations (such as point mutations,
insertions, or deletions) into DNA fragments. Mutated fragments can
then be cloned into expression vectors to study the effects of the
mutation on gene function or protein structure. This is essential for
studying protein function, drug development, and understanding genetic
diseases.

PCR products generated using Taq polymerase often have an "A"
(adenine) overhang at their 3' ends. These can be easily cloned into
vectors with complementary "T" (thymine) overhangs, a process known
as TA cloning. This is a simple and efficient method used in basic
cloning applications, especially for quick and easy DNA fragment
insertion.

It can also be used to generate DNA fragments with specific restriction
enzyme recognition sites at the ends. After amplification, the PCR
products can be digested with corresponding restriction enzymes and
then ligated into similarly digested vectors. This allows for precise
insertion of the PCR-amplified fragment into the vector at desired
locations.

PCR products that do not have overhangs can be cloned into blunt-end
vectors. This is a useful approach when using high-fidelity DNA
polymerases that do not add the “A” overhang typically generated by
Taq polymerase. Blunt-end cloning allows for more versatility in the
choice of polymerase and vector.

PCR can be used to amplify coding sequences with modifications, such
as adding tags (e.g., His-tag, GST-tag) or fusing two genes together.
These fragments are then cloned into vectors to produce fusion
proteins, which are useful for protein purification, localization studies, or
functional assays.

PCR is essential for generating DNA fragments with overlapping
sequences at the ends, which can then be seamlessly joined using the
Gibson assembly method. This allows for the cloning of multiple
fragments simultaneously without the need for restriction enzyme
digestion or ligation, and is ideal for complex cloning tasks such as
assembling large constructs, synthetic genes, or entire plasmids.

PCR can amplify fragments flanked by specific recombination sites (attB
sites). These fragments are recombined into vectors containing attP
sites using recombinase enzymes, avoiding the need for restriction
enzyme digestions and ligation. This method allows for efficient and
flexible transfer of DNA fragments between multiple vectors, making it
ideal for high-throughput cloning.

After initial cloning, PCR-amplified fragments can be subcloned into
other vectors for various purposes, such as expressing the gene in a
different host system or modifying the cloned sequence. Subcloning is
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10.

common when switching between different vector systems for
expression in bacteria, yeast, or mammalian cells.

PCR-amplified fragments are used to generate guide RNA (gRNA)
templates, donor DNA templates, or repair templates for CRISPR/Cas9
genome editing. This allows for targeted gene knock-ins, knockouts, or
precise genetic modifications in various organisms.

PCR is often used to modify vectors by amplifying and cloning parts of
the vector backbone or inserting regulatory elements like promoters,
enhancers, or terminators. These modifications tailor vectors for specific
applications like gene expression studies or reporter gene assays.

PCR can amplify diverse sets of DNA fragments to create libraries,
such as cDNA libraries, mutant libraries, or synthetic libraries, which are
then cloned into vectors. These libraries are used for high-throughput
screening, protein engineering, or directed evolution experiments.

Now we learn about the numerous applications of PCR (Polymerase Chain
Reaction) in various fields of biology, medicine, forensics, and biotechnology.
Some key applications of PCR are:

1.

2.

Disease Diagnosis:

. Infectious Disease Detection: PCR is widely used to detect the
presence of pathogens (viruses, bacteria, fungi) in a patient's
sample by amplifying specific DNA or RNA sequences. This is
especially useful for early detection of diseases like HIV, hepatitis,
tuberculosis, and COVID-19.

. Genetic Disease Diagnosis: PCR can detect mutations or genetic
variations linked to hereditary diseases (e.g., cystic fibrosis, sickle
cell anemia, and muscular dystrophy).

. Cancer Diagnostics: PCR helps identify specific mutations or
genetic alterations linked to cancer, such as BRCA1/BRCA2
mutations in breast cancer.

Forensics and DNA Fingerprinting:

. Crime Scene Investigation: PCR is used to amplify small
amounts of DNA found at crime scenes (e.g., blood, hair, skin
cells) to create DNA profiles that can identify suspects or victims.

. Paternity Testing: PCR-based DNA fingerprinting is used to
establish biological relationships between individuals, such as
determining paternity.

. Disaster Victim Identification: PCR helps identify individuals in
mass disasters by amplifying DNA from degraded samples.
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3. Genetic Research:

Gene Cloning: PCR amplifies specific genes or DNA fragments
for cloning into vectors, enabling further study or protein
production.

Gene Expression Analysis: Quantitative PCR (QPCR or RT-
PCR) is used to measure gene expression levels by quantifying
MRNA in cells or tissues, aiding in the understanding of gene
regulation.

Mutation Detection: PCR is used to detect genetic mutations,
single nucleotide polymorphisms (SNPs), or other variations in
research or diagnostics.

4, Molecular Evolution and Phylogenetics:

DNA Sequencing: PCR amplifies DNA for sequencing, which is
essential for studying evolutionary relationships, biodiversity, and
the molecular basis of traits in different species.

Ancient DNA Analysis: PCR can amplify DNA from ancient or
degraded samples, such as fossils or historical specimens, to
study evolutionary history and population genetics.

5.  Prenatal Genetic Testing:

PCR is used in prenatal screening to detect chromosomal abnormalities
(e.g., Down syndrome) or inherited genetic disorders in the fetus by
amplifying DNA from amniotic fluid or fetal cells.

6. Environmental and Ecological Studies:

Microbial Ecology: PCR is used to detect and identify
microorganisms in environmental samples (soil, water, air), helping
to study biodiversity and ecosystem dynamics.

GMO Detection: PCR is used to detect the presence of genetically
modified organisms (GMOSs) in food or agricultural products by
amplifying specific DNA sequences introduced through genetic
engineering.

Endangered Species Monitoring: PCR helps monitor and track
endangered species by analyzing genetic material from feces, hair,
or skin left in their habitats.

7. Pharmacogenomics:

PCR is used to identify genetic variations in individuals that affect their
response to drugs. This information can be used to tailor treatments to
individuals, known as personalized medicine.
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10.

11.

12.

13.

14.

Viral Load Quantification:

Quantitative PCR (qPCR): This method is used to measure the amount
of viral RNA or DNA in a patient's sample, which is critical for managing
diseases like HIV, hepatitis, or COVID-19 by monitoring viral loads over
time.

Food Safety and Quality Control:

. PCR is employed to detect foodborne pathogens (e.g., Salmonella,
E. coli) or contaminants in food products. It can also detect
allergens or identify ingredients in processed foods to ensure
compliance with labeling requirements.

. PCR can detect the presence of adulteration in food products,
ensuring quality and authenticity (e.g., species identification in
meat products).

Gene Therapy and Genetic Engineering:

PCR plays a crucial role in creating constructs for gene therapy, where
healthy genes are inserted into patients’ cells to correct genetic
disorders. It is also used in genetic engineering to create transgenic
organisms or modify genes.

Agricultural Applications:

. PCR is used to study plant genetics, develop disease-resistant
crops, or introduce beneficial traits (e.g., improved yield or
nutritional value) into plants. It also helps detect plant pathogens
and diseases early.

. Marker-Assisted Breeding: PCR aids in identifying and selecting
plants with desirable traits by amplifying DNA markers associated
with those traits.

Vaccine Development:

PCR is used to clone and amplify antigens, which are then used to
develop vaccines. It has been crucial in developing vaccines, including
MRNA vaccines like those for COVID-19.

CRISPR/Cas9 Genome Editing:

PCR is often used to amplify target DNA regions or to screen for
successful editing in cells following CRISPR/Cas9-mediated genome
modification.

Molecular Diagnostics in Veterinary Medicine:

PCR is used to diagnose infectious diseases in animals, such as
detecting viruses, bacteria, or parasites in livestock, pets, and wildlife.
This helps in managing animal health and controlling disease outbreaks.
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PCR has broad applications across diverse fields, enabling advancements in
medical diagnostics, forensics, genetic research, agriculture, and
environmental science. Its ability to amplify small amounts of DNA has made it
indispensable in modern molecular biology and biotechnology.

6.7 MUTAGENESIS

Mutagenesis is a powerful method that involves engineering genome by
mutating genes for functional analysis. It helps to understand different
molecular mechanism at different levels of biological organisations. It also
serves as a method to produce models of human diseases. Mutagenesis
detection in vivo is key for testing the genome toxicity of mutagens produced
from industrial or medical applications. To test the impact of mutagenesis, both
prokaryotic and eukaryotic models are being used. Prokaryotic models are
simple, inexpensive, and frequently amenable to high throughout formatting
but detection is largely restricted to mutagens that induce point mutations and
frame-shifts. However, eukaryotic models are more labour-intensive and time-
consuming but are more sensitive and facilitate visualization of DNA damage.

PCR (Polymerase Chain Reaction) plays a crucial role in mutagenesis,
particularly in introducing specific mutations into DNA sequences.
Mutagenesis via PCR is a powerful tool for studying gene function, protein
structure, and evolutionary changes, as well as for creating variants of genes
with desired properties.

Insertion or deletion of nucleotides to a target gene sequence leads to a
change in the gene of interest and can be considered as Random
Mutagenesis. It opens a new realm of diversity that cannot be reached by
point mutation alone. There are other several methods of mutagenesis.

A specific DNA sequence can be inserted into a gene by designing primers
that contain the insertion sequence at their 5' or 3' ends. The amplified product
will contain the inserted sequence at the desired location. This is known as
Insertion Mutagenesis. In Deletion Mutagenesis PCR primers are designed
to flank the region to be deleted, excluding that sequence during amplification.
This allows researchers to delete specific regions of a gene or regulatory
element, helping to understand their functional roles.

The Site-directed mutagenesis is an invaluable tool to modify genes and
study the structural and functional properties of a protein, based on the
structure, function, catalytic mechanism, and catalytic residues of enzymes. It
is an in vitro method for creating a specific mutation in a known sequence.
When PCR is used for site-directed mutagenesis, the primers are designed to
include the desired change, which could be base substitution, addition, or
deletion. During PCR, the mutation is incorporated into the amplicon, replacing
the original sequence.

Another method is artificial induction of gene silencing by the use of RNA
interference to reduce the expression of a specific gene known as Gene
Knockdown. It includes the use of double-stranded RNA, such as small

117



Block 2

Formation of Recombinants

118

interfering RNA (siRNA), RNA containing hairpin loop sequence, and anti-
sense oligonucleotides.

The Gene Knockout method induces deletion of a gene leading to the loss of
function of that particular gene, caused by the manipulation of the organism's
DNA in a laboratory followed by breeding to produce a population of
organisms that are homozygotes for the changed gene. It is a widely used
technique for studying the function of a gene by removing that gene in normal
animal. Most of the time specific deletion of gene in specific tissue happens to
be of interest. This goal is achieved by a method called conditional
knockout. It is a refined knockout strategy termed conditional gene targeting
which permits the inactivation of the target gene to be restricted to a certain
organ and/or developmental stage using site specific DNA recombinase (Cre
or FLP) in mice in conjunction with two recombinase recognition sequences
(loxP or FLP recognition target (FRT)) into non-coding regions of the target
gene.

In some cases, multiple mutations need to be introduced in a gene in
successive rounds. This is termed as Sequential Mutagenesis. PCR allows
researchers to perform iterative rounds of site-directed mutagenesis, where
each cycle introduces a new mutation or modification, resulting in complex
changes across the gene.

Applications of PCR-Based Mutagenesis:

PCR-based mutagenesis techniques, including site-directed mutagenesis,
random mutagenesis, and overlap extension PCR, are essential tools for
modifying DNA sequences. These methods enable the study of gene and
protein function, protein engineering, and the development of novel
biotechnological applications. They are critical for advancing research in
genetics, biochemistry, drug development, and synthetic biology.

PCR based mutagenesis find applications in various fields such as:

. Protein Engineering: To create proteins with novel or improved
characteristics such as enhanced stability, activity, or resistance to
denaturation.

. Functional Genomics: To investigate gene function by introducing
mutations in regulatory regions, coding sequences, or splicing sites.

. Study of Genetic Disorders: To mimic disease-causing mutations and
study their impact on gene expression or protein function.

. Synthetic Biology: To modify existing biological systems or design
entirely new biological functions by altering DNA sequences.

. Vaccine Development: Mutagenesis can be used to modify antigens,
helping in the development of vaccines with improved immunogenicity.
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a) What is the primary difference between traditional PCR and real-time
PCR (QPCR)?

i) Real-time PCR requires less DNA template than traditional PCR

i) Real-time PCR is qualitative, whereas traditional PCR is quantitative
iii) Real-time PCR measures the amount of DNA after each amplification
cycle in real time

iv) Real-time PCR does not require primers

b)  Which of the following is commonly used to detect the accumulation of
PCR products in real-time PCR?

i) Gel electrophoresis

i) Fluorescent dyes or probes
iif) Restriction enzymes

iv) DNA ligase

c¢)  Which fluorescent dye binds to double-stranded DNA and is commonly
used in qPCR?

i) SYBR Green

i) Ethidium bromide
i) DAPI

iv) Alexa Fluor

d)  What is the primary purpose of reverse transcription in RT-PCR?

i) To amplify DNA

i) To convert RNA into complementary DNA (cDNA)
iii) To detect proteins

iv) To sequence RNA

e)  Which primer is commonly used during the reverse transcription step of
RT-PCR to target polyadenylated mRNA?

i) Random hexamers

ii) Oligo(dT) primer

iii) Gene-specific primer
iv) Poly(dA) primer

f) RT-PCR is most often used for which of the following applications?

i) Detecting DNA mutations

i) Studying protein-protein interactions

iif) Measuring gene expression levels

iv) Analyzing chromosomal rearrangements

g)  Which of the following describes the main difference between RT-PCR
and gRT-PCR?

i) RT-PCR detects proteins, while gRT-PCR amplifies DNA
i) RT-PCR is qualitative, while qRT-PCR is quantitative
i) RT-PCR requires DNA as a template, while gRT-PCR requires RNA 119
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h)

iv) RT-PCR uses Taq polymerase, while qRT-PCR uses reverse
transcriptase

Which of the following is a common challenge when working with RNA in
RT-PCR experiments?

i) RNA is more stable than DNA

i) Reverse transcriptase is highly error-prone
iif) RNA is prone to degradation due to RNases
iv) cDNA cannot be amplified in PCR

6.8 SUMMARY

Polymerase chain reaction is a laboratory technique used to amplify
small segments of DNA. It's commonly used in molecular biology to

create millions or even billions of copies of a specific DNA sequence
from a small initial sample, enabling detailed analysis or detection.

The PCR process involves three key steps: Denaturation, Annealing and
Extension or Amplification

Primers are short, single-stranded DNA sequences (usually 18-25
nucleotides long) that bind to the template DNA and serve as starting
points for DNA synthesis. Designing a primer for PCR is a critical step to
ensure efficient and specific amplification of the target DNA sequence.

RFLP is a molecular technique used to analyze the variation in DNA
sequences. It relies on differences in the lengths of restriction enzyme-
digested DNA fragments between individuals or organisms.

Cloning PCR products refers to the process of inserting the amplified
DNA fragment (obtained via PCR) into a cloning vector, such as a
plasmid, for further study, replication, or expression in a host organism
(often E. coli). This process is fundamental in molecular biology for gene
characterization, protein expression, and other applications.

Quantitative PCR (qPCR), also known as real-time PCR, is a technique
used to amplify DNA and simultaneously quantify the amount of target
DNA or RNA in a sample.

RT-PCR is widely used to analyze gene expression, detect RNA viruses,
and study RNA-based processes. The first step involves isolating total
RNA from a biological sample (e.g., tissue, blood, or cells). To perform
PCR, one has to convert the messenger RNA (mRNA) into two
complementary DNA (cDNA) by using the enzyme reverse transcriptase

Digital PCR (dPCR) is an advanced form of the polymerase chain
reaction (PCR) technique used for precise and sensitive detection and
quantification of nucleic acids (DNA or RNA). Unlike traditional PCR,
which amplifies DNA in bulk and provides semi-quantitative results,
digital PCR patrtitions the sample into thousands or even millions of tiny
individual reactions, allowing for absolute quantification.
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6.9

PCR (Polymerase Chain Reaction) plays a crucial role in mutagenesis,
particularly in introducing specific mutations into DNA sequences.
Mutagenesis via PCR is a powerful tool for studying gene function,
protein structure, and evolutionary changes, as well as for creating
variants of genes with desired properties.

TERMINAL QUESTIONS

1.

Explain the basic principle and steps of PCR. How does each step
contribute to DNA amplification?

What are the essential components of a PCR reaction, and what roles
do they play?

Describe the principle of gPCR. How does it differ from conventional
PCR?

Explain the process of Reverse Transcription PCR (RT-PCR) and its
significance in molecular biology. What are the main differences
between RT-PCR and gRT-PCR?

What are the applications of PCR in various fields of science? Provide
examples to illustrate its significance.

6.10 ANSWERS

Self

Assessment Questions

1.

a) DNA
b)  Taqg polymerase
c) denaturation

d) 94-98°C

e) Hydrogen

i  72°C
g)  20-40
h) 1825

i) 50°C and 65°C
)] 2-5°C
k)  secondary

)  40% and 60%

a) iii) Real-time PCR measures the amount of DNA after each
amplification cycle in real time

b) i) Fluorescent dyes or probes

c) )] SYBR Green
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d)
e)
f)
9)
h)

i) To convert RNA into complementary DNA (cDNA)

ii) Oligo(dT) primer

i)  Measuring gene expression levels

ii) RT-PCR is qualitative, while gRT-PCR is quantitative

i)  RNAis prone to degradation due to RNases

Terminal Questions

1.

2.

Refer section 6.2

DNA Template, Primers, Taq Polymerase, Deoxynucleotide
Triphosphates (ANTPs), Buffer Solution, MgCl, (Magnesium Chloride)
(Magnesium ions are crucial for stabilizing the DNA-polymerase complex
and aiding the enzymatic activity of Taq polymerase. The concentration
of Mg?* must be carefully optimized for efficient DNA amplification) and
Water. For details refer section 6.2

Refer section 6.5.1
Refer section 6.5.2

Refer section 6.6
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Structure

7.1 Introduction 7.5 Production of Recombinant
Protein by Eukaryotic cell

7.2 Vector for Expression of

Foreign genes in E. Coli 7.6 Fusion Tags and their Role in
) Purification of Recombinant
7.3 Lac, Trpand Tetre.lcycllne Proteins
Promoter and their
Applications 7.7 Summary
7.4 Challenges in Producing 7.8 Terminal Questions
Recombinant Protein in E.
coli 7.9 Answers

7.1 INTRODUCTION

The chapter will give you an introduction of expression vectors used for the
production of recombinant protein in various organisms. Operon such as Lac,
Trp will be discussed and their application in development of expression
vectors for heterologous protein production will be discussed. The chapter also
describes the problems encountered by prokaryotic cells in heterologous
protein production and the plausible solutions will be suggested.

Expected Learning Outcomes

After studying this unit, you should be able to:

« explain essential components of an expression vector;

+« describe various promoters used in the expression vector;
+ discuss expression vector for E coli and other eukaryotes;
+ learn about fusion tags and their role in purification; and

¢+ describe the production of recombinant proteins.
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7.2 VECTORS FOR EXPRESSION OF
FOREIGN GENE IN E COLI

The aim of most of the cloning experiments is the production of protein for
pharmaceutical, biotechnological, and many other applications. You may have
studied about several cloning vectors earlier however if the aim of a cloning
experiment is to produce the recombinant protein, then these vectors may not
result in the expression of the desired gene to protein. For expression of a
gene several transcriptional and translational signals are required which
regulate these processes. Specialized vectors are therefore created that
provide genetic elements for controlling transcription, translation, protein
stability, and secretion of the product of the cloned gene from the host cell.
These vectors are known an expression vector. The various elements of an
expression vector are:

. Promoter

o Ribosome binding site

o Multiple cloning site

o Transcription terminator

o Antibiotic resistance gene
o Origin of replication.

o Other Control gene

A typical expression vector has the promoter, ribosome binding site, Cloning
site and terminator site in the form of gene cassette.

Bacterial promoter (P)
and operator (0)
sequences

Polylinker with
unique sites for

several restriction
\( endonucleases
// (i.e., cloning sites)

Transcription
termination
sequence

Gene encoding
repressor that
binds O and

regulates P

Ribosome
binding
site

Selectable genetic
marker (e.g., antibiotic
resistance)

Fig. 7.1: Components of an expression vector (Image Source: Lehninger
Principles of Biochemistry 6" edition).
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The level of gene expression (i.e.the amount of protein produced) also depend
upon the host organism. A number of prokaryotic and eukaryotic host have
been used for the production of foreign protein. However many commercially
important proteins have been synthesized using E.coli as a host.. E.coli offers
several advantages as the host organism

e Well established system (A lot of research has been carried out on its
genetics, molecular biology, biochemistry, and physiology)

¢ It has very fast growth kinetics (doubling time is 20 minutes)
¢ High cell density cultures can be obtained easily

¢ Easy to manipulate

e Large variety of vectors, strains, methods

¢ Low-tech, safe and inexpensive to grow

¢ Transformation with exogenous DNA is fast and easy

A number of expression vectors containing all the signals required for
production of foreign protein are commercially available. For example, PuC
series of vector, PET series of vector etc

7.3 Lac, Trp AND TETRACYCLINE
PROMOTER AND THEIR
APPLICATIONS

For effective gene expression the promoter used in the expression vector
should be strong and regulatable. A strong promoter has high affinity for RNA
polymerase, and therefore gene downstream of the promoter is transcribed
frequently. The ability to regulate a promoter enables the cell (and the
researcher) to control the extent of transcription in a precise manner. If a
promoter is continuously active it will produce very high level of protein but it
will be detrimental to the host cell. Continuously high level of protein will cause
a energy drain in the host also the foreign protein may be toxic to the host cell.
Therefore, it is desirable to control transcription in such a way that a cloned
gene is expressed only at a specific stage in the host cell growth cycle and
only for a specified duration. The most widely used strong regulatable
promoters are those from the E. coli lac and trp (tryptophan) operons.

7.3.1 Lac Operon

Lac operon in Ecoli consists of 3 genes lacZ, lacY, and lacA that are arranged
adjacently. The expression of these genes is required to utilize lactose in the
medium as the alternate sugar. The lacZ gene encodes the enzyme 3-
galactosidase, which cleaves the sugar lactose into galactose and glucose,
both of which are used by the cell as energy sources. The lacY gene encodes
the lactose permease, a protein that inserts into the cell membrane and
transports lactose into the cell. The lacA gene encodes thiogalactoside
transacetylase, which rids the cell of toxic thiogalactosides that also get

transported in by lacY. The Lac promoter is located at the 5' end of lacZ, 195
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directs transcription of all three genes as a single mRNA. The lac promoter is
negatively regulated by the lac | repressor protein which prevent the lac
operon from being transcribed in the absence of lactose in the growth medium.
The lac promoter can be induced by the addition of lactose or isopropyl--D-
thiogalactopyranoside (IPTG, a synthetic inducer). Lactose in the cell gets
converted to allolactose. Both allolactose and IPTG can bind to Lac | and
prevent it from binding to lac operator, thereby allowing transcription to occur.

Regulatory Control

-— gene —* | =<+ sites > |<+—— Structural genes ———>

I P 0 Z Y A

A
Y

Lactose operon

Fig. 7.2: Genetic map of the E. coli lac operon (Image Source: Biochemistry
Voet and Voet, 4" edition).

Other than the negative regulation Lac operon is also positively regulated by
binding of catabolite activator protein (CAP) also known as cAMP repressor
protein (CRP) to CAP box upstream of promoter. CAP/ CRP acts as a glucose
sensor which is the primary energy source for the bacteria. The binding of
CAP/CRP to CAP box increase the transcription of downstream genes and
hence more expression of Lac operon genes. CAP in association with cAMP
(whose levels are higher in the cell when glucose in medium is low) has a
higher affinity for the promoter. Therefore when glucose is low in medium and
lactose is present the genes of lac operon are activated and increased
expression of these genes utilizes lactose as the energy source. If glucose
level are higher in the medium even in presence of lactose, CAP will not bind
the CAP box (CAMP are low) and high expression of Lac operon gene will not

occur.
Glucose Lactose cAMP Level of
concentration concentration concentration lac regulatory region transcription
lac repressor
CAP
Low Low High |CAPbox| Promoter | Operator |  Gene | Low
lac repressor
High Low Low [CAPbox| Promoter | Operator | Gene | Low
High High Low [CAPbox| Promoter | Operator | Gene | Low
RNA
CAD ) polymerase >
Low High High [CAPbox| Promoter [ Operator | Gene | High

Fig. 7.3: Effect of glucose concentration on expression of lac operon genes
(Image Source: Molecular Biotechnology: Principles and Applications
of Recombinant DNA, Glick et al., 4" edition).
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As Lac operon has a inducible strong promoter therefore the Lac promoter
have been utilized for the construction of expression vectors for E.coli. For eg.
PGEX and PUC series of vector

7.3.2 Trp Operon

In E. coli the trp operon codes for five contiguous trp genes which encode
enzymes of the tryptophan biosynthesis. When tryptophan is limiting in the
surroundings or in the culture medium the genes of trp operon are expressed
efficiently. When tryptophan is available in sufficient amounts it binds to Trp
repressor causing a conformational change it so that now it binds to operator
and inhibit the transcription of genes in trp operon. The trp promoter regulates
the transcription of genes necessary for the biosynthesis of tryptophan. The trp
promotor is a strong promoter and have been used in several expression
vector in E.coli. If a foreign gene is inserted downstream of trp promoter the
repression of gene can be done by providing tryptophan in the medium.
Derepression of the trp promoter is achieved either by removing tryptophan or
by adding 3-indole acrylic acid to the growth medium. E.g. of expression
vector using trp promoter is pLEX series of vector

Trp repressor g

! 1|

7 Attenuator
T i Leader (trpl)
ona [[mR [P © | trpE | trpD | trpC [ trpB [ tpA |

Regulatory region Regulated genes

trp mRNA lv 1 l l 1

(low tryptophan levels) ~ — - —~— - - e

Attenuated mRNA
(high tryptophan levels)

Fig. 7.4: Trp operon ((Image Source: Lehninger Principles of Biochemistry 6"
edition).

7.3.3 Tetracycline operon (Tet Operon)

Tetracycline is an antibiotic that inhibit bacterial synthesis and growth. Bacteria
have developed several mechanisms for tetracycline resistance. In gram
negative bacteria the tetracycline resistance is mostly mediated by efflux of the
drug by the membrane protein TetA and the TetA level is controlled by the
tetracycline-responsive repressor protein TetR. In the Tn10-encoded Tet
operon, the tetA and tetR genes are oriented in opposite direction and their
expression is regulated at the transcription level by a shared regulatory region.
When tetracycline is not present the Tet R form dimers and bind to tetO
elements, thus suppressing the activity of the P, and Pr promoters and
shutting off TetA and TetR production. When tetracycline(or doxorubicin) is
present it binds to Tet R inducing a conformational change so that it is unable
to bind to tet O operator and the transcription of Tet A occurs.
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Fig. 7.5: The Tet Operon ( Image Source: Afze T Das et al., Curr Gene Thr 2016;
June 16(3): 156-167).

The TetR and tetO components of the Tn10-encoded Tet operon can be used
to develop a regulatory mechanism for controlled gene expression in
mammalian cells.

7.4 CHALLENGES IN PRODUCING
RECOMBINANT PROTEINS IN E. COLI

E. coli is the first choice as a host for producing recombinant protein as it is the
most studied microorganism. However, when a eukaryotic protein has to be
produced, E coli may not be the best host. Eukaryotic proteins are modified
post translationally and these modifications are necessary for the biological
activity of the protein. Production of eukaryotic foreign proteins in E.coli may
pose several challenges, some of which can be resolved while others are
difficult to resolve. Some of the challenges faced by the researchers in
expression of eukaryotic proteins in E.coli are:

o Eukaryotic genes have introns in them. After transcription the premRNA
formed is spliced to produce mature mRNA. E. coli genes do not have
introns in them so the RNA splicing machinery is not there and hence
the foreign protein which will be produced in E.coli will not be similar to
native protein and may not be functional. One solution to this problem is
to use cDNA instead of genomic DNA for cloning.

o The foreign gene might have sequence which may be recognized as the
termination signal in the E. coli which may lead to premature termination
and therefore a shorter protein with no biological activity.

o There may be a codon bias in the E.coli. the codons present in the
foreign gene may not be preferentially translated in the E.coli hence little
production of foreign protein. The problem can be solved by artificially
synthesizing the gene for the required protein if the gene size is small
and adding the preferred nucleotide.

o The eukaryotic protein cannot be glycosylated by the E. coli system as
they do not have the required machinery. The non glycosylated protein
produced may not be biologically active.

o The protein may not be correctly folded by E.coli. Disulfide bond

formation do not occur in prokaryotic protein so any foreign protein
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which is stabilized by disulfide bond will not be correctly folded and may
results in inclusion bodies.

o The recombinant protein may be degraded by the E.coli.

$AQ1

a) Cloning Vector can be used to produce a recombinant protein (T/F)

b)  The promoter used in an expression vector should be

(i) Weak and constitutive

(i) Strong and Constitutive

(i) Strong and regulatable

(iv) Weak and Regulatable
c) Lac promoter can be induced by a synthetic inducer ......................
d)  Give an example of a plasmid vector based on Lac promoter
e) Challenges in producing recombinant proteins in E. coli include

(i) Low or no expression

(ii) Instability of RNA and/or protein

(i) Inclusion body formation

(iv) All the above

7.5 PRODUCTION OF RECOMBINANT
PROTEIN BY EUKARYOTIC CELLS

As we saw above that if we need to produce a eukaryotic protein by genetic
engineering then it might be difficult to use a prokaryotic host as the protein
produced might not be complete or may lack biological activity. Thus, a variety
of eukaryotic hosts can be used to produce recombinant protein. For
expression of protein in eukaryotic hosts a eukaryotic expression vector will be
used. The basic requirements of the expression vectors remain the same as
that of a prokaryotic expression vector. A eukaryotic expression vector will
have a eukaryotic promoter and eukaryotic transcriptional and translational
stop signals. If a eukaryotic expression vector is to be used as a plasmid, i.e.,
as extrachromosomal replicating DNA, then it must also have a eukaryotic
origin of replication. Alternatively, if the vector is designed for stable integration
into the host chromosomal DNA, then it must have a sequence that is
complementary to a segment of host chromosomal DNA to facilitate insertion
into a chromosomal site.
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Fig. 7.6: Generalized eukaryotic expression vector (Image Source: Molecular
Biotechnology: Principles and Applications of Recombinant DNA, Glick
et al., 4" edition).

7.5.1 Recombinant Protein Production in Yeast

For many years yeast systems have been used to produce large amounts of
proteins for industrial and biopharmaceutical use. Yeast is a unicellular
eukaryote and behave in many ways like bacteria. They can be grown easily in
large cultures. Yeast also possesses the post translational machinery and
therefore are suitable for producing protein of eukaryotic origin. A number of
expression vectors are available for the yeast. Yeast expression systems also
require an origin of replication or integration, a strong promoter, and a
selection marker. S. cerevisiae is the most common yeast system used to
express a foreign protein. Three main types of expression vectors are
available for S. cerevisiae.

Yeast episomal plasmid (Yep) Vectors. The YEp vectors are based on the
2um plasmid, which is a natural plasmid found in most strains of S. cerevisiae.
The plasmid is high copy number and replicates independently of the host
chromosome via a single origin of replication. Therefore the expression vector
uses the origin of replication from 2um and other signals required for efficient
expression of the recombinant protein. A number of inducible promoters such
as ADHII, GAL, PHO5 are used in the expression vector.

Yeast Integrative (Yip) Vectors: The Ylp integrative vectors are vectors that
do not replicate autonomously, but integrate into the genome at low
frequencies by homologous recombination.

YAC (Yeast artificial chromosome)

A YAC is designed to clone a large segment of DNA (100 kilobase pairs [kb]),
which is then maintained as a separate chromosome in the host yeast cell.
The YAC system is highly stable and has been used for the physical mapping
of human genomic DNA, the analysis of large transcription units, and the
formation of genomic libraries containing DNA from individual human
chromosomes. To date, YACs have not been used as expression systems for
the commercial production of heterologous proteins, although they have the
potential to produce large amounts of either a single protein from multiple
copies of the same gene or a heterologous protein with different subunits
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7.5.2 Cultured Insect Cell System

Baculoviruses are a large, diverse group of viruses that specifically infect
arthropods, including many insect species, and are not infectious to other
animals. Baculovirus expression vector (BEV) is a recombinant baculovirus
that can infect insect cells or larvae where high levels of recombinant proteins
are produced. Compared with prokaryotic expression systems, BEV provides
appropriate post-translational modifications. The specific baculovirus that has
been used extensively as an expression vector is Autographa californica
multiple n uclear polyhedrosis virus (AcMNPV). The most commonly used
cell line for genetically engineered AcCMNPV is derived from the fall armyworm,
Spodoptera frugiperda. In these cells, the polyhedrin promoter is exceptionally
active. Foreign gene is cloned into a transfer vector based on E. coli plasmid
that carries a segment of the DNA from AcNPV and co-transfected along with
ds- Baculovirus DNA into insect cells. The homologous recombination of the
transfer vector with insert DNA and with viral genome leads to the cloned gene
being transferred into the AcCNPV DNA. Heterologous proteins are synthesized
after 4-5 days

7.5.3 Mammalian Cells

Mammalian cells expression system is very good for the expression of
recombinant vertebrate proteins. Recombinant protein produced in
mammalian system have proper protein folding, post-translational
modifications, and have complete biological activity. The first approved
recombinant protein from a mammalian bioprocess platform was tissue
plasminogen activator (tPA), produced in 1987 by Genentech Inc.

Mammalian cell expression Vectors

A number of established mammalian cell lines have been developed as hosts
for heterologous-protein production. They contain an efficient promoter
element for high level transcriptional initiation. The mammalian cell expression
vectors also contain mMRNA processing signals, selectable markers and
plasmid sequences for propagation in bacterial hosts.

Most cloning vectors constructed for the expression of heterologous genes in
mammalian cells are based on the genomes of viruses that infect mammalian
cells. The first vector was based on a simian virus (simian virus 40 [SV40])
that can replicate in several mammalian species. Although many cloning
vectors are based on SV40 DNA, its use is restricted to small inserts because
only a limited amount of DNA can be packaged into the viral capsid.

Mammalian cell expression vectors are composed of

1. Eukaryotic origin of replication from an animal virus, e.g. Simian virus 40
(SVv40)

2. Origin of replication from E. coli

3. Promoter sequences that drive both the cloned gene and the selectable
marker gene

131



Block 2

Formation of Recombinants

132

4.  Transcription termination sequences - adenylation signals from animal
virus e.g. SV40

Mammalian expression vectors are versatile and effective. They are used for
the production of authentic recombinant proteins for research and clinical trials
but the industrial production using engineered mammalian cells is costly.

p 1 MCS pa TT p SMG pa TT

oricuk oriE

Amp"*
gene

Fig. 7.7: Generalized mammalian expression vector((Image Source: Molecular
Biotechnology: Principles and Applications of Recombinant DNA, Glick
et al., 4" edition).

The multiple cloning site (MCS) and selectable marker gene (SMG) are under
the control of eukaryotic promoter (p), polyadenylation (pa), and termination of
transcription (TT) sequences. An intron (I) enhances the production of
heterologous protein. Propagation of the vector in E. coli and mammalian cells
depends on the origins of replication oriE and orieuk, respectively. The
ampicillin resistance (Ampr ) gene is used for selecting transformed E. coli

7.6 FUSION TAGS AND THEIR ROLE IN
PURIFICATION OF RECOMBINANT
PROTEINS

Many a times when a heterologous protein is produced in a host cell the
expression of protein is very low. This may happen because the protein is not
efficiently translated by the host or the translated foreign protein is degraded
by the host. If the protein is produced it may not be purified as the soluble
protein and may form aggregates and is not biologically active. To overcome
this problem the DNA construct of the gene can be modified to have a host
gene sequence in frame with it. During translation a combined protein having
the sequence of both host and foreign protein will be synthesized. This
combined single protein is called a fusion protein and prevents the cloned
gene from attack by the host cell proteases. Fusion proteins are constructed at
the DNA level by ligating a portion of the coding regions of two or more genes.

In addition to preventing degradation of the foreign protein and increasing the
solubility and stability of protein, fusion proteins are very useful in purification
of recombinant protein. The fusion of a small protein or peptide (tag) to the
protein of interest is a commonly used method to aid purification of
recombinant proteins.
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Fusion tags could be short peptide sequences (such as PolyHis, PolyArg,
Streptag, etc.) or a large protein (such as GST, MBP etc). Some of tags used
as fusion tags are described below:

Poly His Tag: Poly His (nHis) tag is a short peptide sequence consisting of
several histidine residues which are added to the protein either at N or C
terminal of the recombinant protein. nHis is a small sequence that does not
influence the protein transfer and its folding within the cell and no effect on the
structure and function of the purified protein. The polyhistidine tag forms a
complex with chelating metal ions (such as Ni2+, Co2+, Cu2+, and Zn2+)
immobilized on a carrier (e.g. on nitrilotriacetic acid (NTA), carboxymethyl
aspartate (CMA)). The desired protein can be eluted from the sorbent by
introduction of imidazole or by lowering pH.

Streptavidin Binding tag

The streptavidin binding tag (Streptag) is a small protein that was first used as
an affinity tag in the early 1990s. Streptavidin or its modifications are used as
a sorbent, and they can be regenerated and used repeatedly. Elution is
performed under mild conditions using the competitive binding of biotin. It
works equally well on both the C and N ends of the recombinant protein.

Glutathione-S transferase (GST)

GST is another widely used affinity tag that increases solubility of the desired
protein. The 26 KDa protein has affinity for immobilized glutathione. The
protein is present at the N- terminal of the recombinant protein and is
frequently used for prokaryotic expression. Elution is performed under mild
non-denaturing conditions using reduced glutathione

Maltose binding protein.

Maltose binding protein (MBP) is one of the most popular fusion tags. MBP
has large molecular weight of 43 kDa. And is known to concurrently increase
both expression level and solubility of the expressed product. Location of MBP
on the N-end of the desired protein was shown to be more efficient than on the
C-end. To purify proteins fused with MBP, affinity chromatography on amylose
is used. For elution Maltose is used in non-denaturing conditions.
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Fig. 7.8: The use of affinity chromatography to purify a glutathione-S-transferase
fusion protein (Image Source: Gene Cloning and DNA Analysis, T A
Brown 6™ edition).

Combinatorial fusion tags —tandem tags

A combination of fusion tags can be used to maximise their functionality. A
popular method is to utilise a solubility tag (e.g. GST or MBP) and an affinity
tag (e.g. polyhistidine). This combination promotes soluble protein production
and provides multiple options for affinity purification.

The table 7.1 below shows commonly used fusion tags, their size, binding and
elution condition required for purification of recombinant protein using these
fusion tags.

Table 7.1: Some protein fusion systems used to facilitate the purification
of foreign proteins
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Fusion Tag Size Ligand Elution
Conditions
Polyhis tag 6-10 amino acids | Ni2+ Imidazole

Poly-arginine

5—6 amino acids

SP-Sephadex

High salt at pH

>8.0
Strep tag 10 amino acids Streptavidin Iminobiotin
GST 26 kDa Glutathione Reduced
Glutathione
MBP 40 kDa Amylose Maltose
c-myc 11 amino acids Specific MAb Low pH

7.6.1 Tag Removal

Many a times it is desirable to remove fusion tags as the purified fusion
proteins may not be suitable for the clinical use or for consumption as food
item. Removal of the tag is achieved by including a cleavage site between the
fusion tag and the gene sequence. Commonly used cleavage proteases
include Thrombin (cleaves adjacent to arginine residues), factor Xa (cuts after
the arginine of Gly—Arg), enterokinase, tobacco etch virus protease etc. After
cleavage additional purification step may be required to separate the
recombinant protein and the fusion tag. A number of challenges can be
encountered during tag removal, including:

Incomplete cleavage or cleavage at nonspecific sites
Difficulty in separating the protease and tag from the native protein
Loss of protein from the cleavage process

Loss of solubility following cleavage

$4Q2

a)
b)
c)
d)

e)

Yeast episomal plasmid vector has .................... origin of replication.
Baculovirus expression system is used for ...................

A promoter used in mammalian expression vector ....................

The ligand to which MBP fusion protein binds .........................

A cleavage protease used to remove fusiontag ...........c...........

135



Block 2

Formation of Recombinants

136

7.7 SUMMARY

Escherichia coli is one of the most popular prokaryotic host organisms
for the production of recombinant protein.

For production of recombinant protein an expression vector is required
which have all the signals required for efficient transcription and
translation.

A number of strong promoters as part of prokaryotic operon such as Lac
and Trp are used in the construction of expression vector. A strong and
regulatable promoter is more desirable for the production of recombinant
protein.

Producing a native, biologically active eukaryotic protein in E. coli may
present many challenges like Low or no expression, codon usage,
instability of RNA and/or protein, Degradation or premature termination,
Insolubility and inclusion body formation.

For production of eukaryotic recombinant protein, several eukaryotic
host systems can be utilized. Eukaryotic expression vectors are required
to produce recombinant protein in a eukaryotic host.

Baculovirus vectors are used to heterologously express proteins in
insect cells. Most widely used virus is Autographa californica nuclear
polyhedrosis virus (AcNPV), which is a lytic virus that infects
lepidopterans.

Mammalian cell expression Vectors contain an efficient promoter
element for high level transcriptional initiation. The mammalian cell
expression vectors also contain mMRNA processing signals, selectable
markers and plasmid sequences for propagation in bacterial hosts.

The fusion of a small protein or peptide (tag) to the protein of interest is
used commonly to increase solubility, stability of recombinant protein.
Fusion tags are very useful for the purification of recombinant protein.
Some of the commonly used fusion tags are PolyHis, GST, and MBP.

7.8 TERMINAL QUESTIONS

1.

What are the essential components of an expression vector? Give an
example of an expression vector.

Why a strong and regulatable promoter is desirable for the production of
foreign protein?

Discuss some of the problems faced in production of eukaryotic protein
in E.coli

Discuss the vectors used for the expression of foreign protein in yeast.

Explain the role of fusion tags in protein purification.
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7.9 ANSWERS

Self Assessment Questions

1. a F
b) (i)
c) IPTG

d)  PuC series of vector

e) (iv)
2. a) 2um plasmid

b) Insect
c) SV40
d) Amylose

e) Factor Xa/ enterokinase

Terminal Questions

1. Refer section 7.2
2. Refer section 7.3
3. Refer section 7.4
4. Refer section 7.5.1

5. Refer section 7.6
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