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Preface

The twentieth century had been a torchbearer of several seminal scientific
discoveries that revolutionized the world through cogent advances in technology
and biomedical sciences. It is simply intriguing to learn that identification of a small
plasmid DNA in the early 1950s led to a series of scientific explorations with the
consequential revelation of many important biomolecules, including restriction
endonucleases and ligases. These paramount discoveries helped germinate the
concept of engineering a gene simply inside a test tube. Introduction of genes that
encode “proteins of interest” into plasmid DNAs, followed by their expression in
any microorganism such as E. coli, and subsequent purification in vitro for research
and commercial purposes, gave birth to the field of recombinant DNA technology.
This steady journey since mid-twentieth century soon burgeoned exponentially over
the years to bring forth radical changes in the fields of agricultural, food, and
biomedical research. Furthermore, this technology has been successfully employed
to develop therapeutics such as antibodies and vaccines, thus uplifting the overall
quality of life.

This textbook has been envisaged to provide thorough information on this
important topic of biotechnology focusing on cloning, expression, and purification
of heterologous target proteins primarily in the bacterial system. This book is divided
into eleven chapters where each and every aspect of recombinant protein expression
and purification has been chronologically and lucidly elaborated. Apart from
providing a broad overview, the book annotates the recent developments in the
field along with vivid protocols and methodologies to enable researchers to apply the
knowledge in their own laboratory experiments. Furthermore, each chapter provides
easy understanding of various concepts through user-friendly flowcharts,
illustrations, troubleshooting tips, and problems. This textbook also aims at
providing up-to-date information with thorough discussions on current and potential
clinical applications.

I am indebted to all the contributing authors for their hard work and for sharing
their thoughtful insights on protein expression and purification. I also thank my other
lab members and friends who spent considerable amount of time proofreading and
giving invaluable inputs.

Mumbai, India Kakoli Bose
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A Brief Introduction to Recombinant DNA
Technology 1
Roshnee Bose and Kakoli Bose

Abstract

The discovery of plasmid DNA in the early 1950s marks the beginning of
recombinant DNA (rDNA) technology although there remained a big hiatus
between these two events. The versatility of the circular DNA plasmids enabled
them to carry foreign genetic material and multiply them in the bacterial systems.
Furthermore, Nobel winning discovery of restriction enzymes facilitated the
quantum leap in rDNA technology that aided in engineering of plasmids so as
to insert foreign genes encoding human proteins. The significant technological
advances in this field that eventually led to in vitro expression and production of
human proteins and their variants have taken biomedical science several steps
ahead with innumerable applications in basic and industrial research as well as
drug development. This chapter introduces rDNA technology with a brief over-
view of its historical landmarks, important discoveries, and path-breaking
applications.
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1.1 Overview: Recombinant DNA Technology

Recombinant DNA technology is a paradigm-shift discovery in the field of molecu-
lar biology and protein biochemistry [1]. This technique uses genetic engineering to
alter the chemistry of genetic material where two or more DNA molecules from
different organisms are adhered together and thereafter incorporated into the genome
of the host organism. These modified DNA molecules that are prepared using
laboratory methods bring about changes in the phenotype of the host and therefore
is called recombinant DNA (rDNA). The techniques involved in the formation of
rDNA and its integration into the host genome are collectively referred to as
recombinant DNA technology. This elegant process involves a plethora of biotech-
nical methods such as creation of rDNA, molecular gene cloning, and gene transfer
that have been elaborated in the subsequent chapters.

Developing an rDNA involves a series of sequential steps, which are briefly
discussed below:

• Isolation of genetic material from the organism.
• Cutting of vector DNA (plasmid DNA) and the gene of interest (foreign gene)

using the same restriction enzyme.
• Amplification of gene of interest using Polymerase Chain Reaction (PCR) [2].
• Adhering the foreign gene fragment with the cut vector using the enzyme ligase.

This leads to the formation of recombinant vector through a process called
ligation [3].

• Making host cell competent and introducing the recombinant vector into the host
through a process called transformation.

• Segregation of transformants and non-transformants through a screening process,
and consequently obtaining the desirable gene product.

1.2 Brief History of Recombinant DNA Technology

The idea of developing organisms with desired characteristics or simply the creation
of genetically modified organisms (GMO) has baffled mankind since the inception
of bioengineering and discovery of genetic material. From the early seventeenth
century, scientists started exploring the possibility of manipulating the genome of an
organism. They also pondered whether it is possible to insert traits of our choice into
an organism. In the 1960s, with the discovery of restriction enzymes, this idea slowly
turned into reality [4]. Further research and development in the subsequent years led
to the invention of other associated techniques pertaining to biotechnological and
molecular biology research, including gel electrophoresis, PCR, mutagenesis, and
microbiological culture [2, 5, 6]. With pioneering research and major breakthroughs,
today we cannot imagine our lives without this transilience in the field of
biotechnology.

Soon after the discovery of restriction enzymes, leading-edge research began in
the field of genetic engineering. In the late 1960s, enormous progress was made in
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understanding the architecture of cell, its genetic component, difference in its
composition between prokaryotic and eukaryotic systems, DNA replication, transla-
tion, and so forth. For the said purpose, the bacterium Escherichia coli has been
extensively studied [7]. This facilitated development of the process of transduction
that enabled transfer of infection from one bacterial strain to another by certain
viruses called bacteriophages that are capable of infecting and replicating within
bacteria [8–10].

The brief history of discovery of different methodologies pertaining to recombi-
nant DNA technology and its applications has been illustrated chronologically in
Fig. 1.1.

1.3 Tools in rDNA Technology

With the advent of rDNA technology, enormous efforts were directed toward
expansion in the fields of bioengineering and molecular biology. Several molecular
biology techniques were developed to cater to the increasing demands of production
of recombinant human proteins and enzymes in bacterial system both for industrial
use and for research purposes. A brief description of these important tools and their
applications are provided below.

1.3.1 Restriction Enzymes in Cloning

Restriction enzymes play a pivotal role in rDNA technology. Due to their specificity
and pre-defined cleaving patterns, restriction enzymes can be considered the back-
bone of rDNA technology. Their enzymatic properties are utilized to cut a plasmid
DNA at a particular site and insert the gene of interest for further expression and
characterization [4].

They are primarily divided into three categories:

• Exonucleases—Restriction enzymes that cleave nucleotides from 30 or 50 terminal
ends of the DNA strand.

• Endonucleases—Restriction enzymes that cut double-stranded DNA (dsDNA) at
any point but the terminal ends.

• Restriction Endonucleases—These enzymes recognize a particular sequence of
the DNA molecule and cleave only at specific positions. Endonucleases are
known as molecular scissors that are naturally present in bacteria as a part of
their defense mechanism. They were first discovered by Werner Arber in the late
1960s in E. coli [11]. Since, the endonucleases lacked specificity, they could not
be used in biotechnological applications until restriction endonuclease HindII
(from Haemophilus influenzae strain Rd) was discovered in 1970 [12].

1 A Brief Introduction to Recombinant DNA Technology 3



rDNA
TIMELINE

Mid 1960s
Stewart Linn and Werner 

Arber isolated 
endonucleases and 

exonucleases from E. coli. 
Inception of the idea of 

application of restriction 
endonucleases in 

modification of DNA

1966
Gellert, Lehman, 
Richardson and Hurwitz
discover DNA ligases that 
stich DNA segments/ 
strands together1969-70

Paul Berg and colleagues 
developed the first 
recombinant DNA 

molecule by ligating DNA 
fragments of two different 

organisms in vitro. This 
technique of gene splicing 

laid the foundation stone 
of genetic engineering 

1970
Har Gobind Khorana 
created world’s first 
synthetic gene  by 
chemically synthesizing 
oligonucleotides 1971

Douglas Berg and 
colleagues isolated the 

first plasmid bacterial 
cloning vector, λdvgal 120 
from phage λ. λdvgal 120 

is naturally found as 
circular DNA molecule

1971
Robert Pollack was the first 
to raise concerns regarding 
the development of rDNA. 
The apprehensions majorly 
revolved around the 
introduction of oncogenic 
promoter SV40 into E.coli, a 
bacterium that is found to 
reside in the human 
intestinal tract

1971
Daniel Nathans and 

collegues publish the first 
research article 

showcasing the use of 
restriction enzymes in

 cleaving DNA 1971-72
The in-vitro construction plan 
of SV40- λdvgal 120 rDNAs 
by David Jackson and 
colleagues, Peter Lobban, 
and A. D. Kaiser was made 
public. Enzymes were 
extensively studied and 
accordingly the architecture 
of the novel rDNA was 
designed 

1972
David Jackson and 

colleagues constructed the 
first chimeric DNA molecule 
in vitro by sequentially using 

a series of enzymes with 
known properties. He 

developed a novel protocol 
combining several enzymes 

and substrates to get 
optimal result

1972
Janet Mertz and Ronald 
Davis demonstrated a more 
effective way of joining rDNA 
by incubating EcoRI-cut 
linear SV40 DNA with DNA 
ligase I. Mertz discovered 
and later proved that EcoRI 
cleaves DNA to form sticky 
ends and not blunt ends

Fig. 1.1 An illustration depicting the important events chronologically in the history of recombi-
nant DNA technological advancements [10, 37–53]
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1973
Morrow et al., 
experimentally 
demonstrated the cloning 
of eukaryotic genes in E. 
coli. This experiment led to 
the conclusion that DNA
from any organism can be 
cloned and made to 
replicate in E. coli.

1979
Burrell, Mackay, 
Greenaway, Hofschneider, 
K Murray successfully 
performed and published 
the isolation and cloning of 
hepatitis B virus DNA in  
E. coli

1980
Milstein and co-workers 
employed recombinant 
DNA technology to 
engineer monoclonal 
antibodies 

1988
Waldmann et. al., 
developed Campath-1H 
(Alemtuzumab) which was 
the first clinically approved 
humanized IgG1 
(Immunoglobulin 1) 
monoclonal antibody that 
targets  B-cell chronic 
lymphocytic leukemia 
(CLL)

1994
Coller and Schoemaker
launched the first 
monoclonal antibody-
based therapeutic 

1972-73
Cohen S. et al., constructed 
the first interspecies rDNA. 

EcoRI cleaved pSC101 and a 
plasmid from gram positive, 

Staphylococcus aureus were 
ligated and propagated in E. 

coli. Unique antibiotic 
resistance of both parental 

plasmids were expressed in 
the recombinant host

1974
Stanford University and The 

University of California jointly 
filed US patent application 
citing Cohen and Boyer as 
the sole inventors of rDNA 

technology. This event 
fueled the establishment of 

several biotechnical 
industries and firms

1980
Ruddle and co-workers 
introduced foreign DNA 
into a mouse to develop 

the first genetically 
engineered animal- termed 

transgenic mice. This 
marked the beginning of 
studies of human genes 
and genetic diseases in 

animal model systems

1981
Griffin et. al., clone the 

complete DNA library of 
Epstein Barr Virus (EBV). 

The virus belongs to the 
herpesvirus family and is 
known to be associated 

with several malignancies

1988
Patent for Oncomouse 

that is also  popularly 
known as Harvard 

mouse was granted. It 
was a genetically 

engineered mouse 
created by Leder and 

co-workers of Harvard 
University to carry an 

activated oncogene

Fig. 1.1 (continued)
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Naming of restriction enzymes follows a defined nomenclature as discussed below:

• First three letters of their name is derived from Latin name of the organism that
produces them.

• First letter of their name is the first letter of the genus while next two letters are
derived from the first two letters of the species (e.g., Hin from Haemophilus
influenzae).

• In some cases, the strain is also included in the nomenclature (here, “d” from
strain Rd).

• The Roman numeral at the end denotes the number sequence at which the
restriction enzyme was discovered, therefore HindII was the second one to be
identified.

Specific sequences recognized by individual restriction endonucleases are known
as “recognition sequences.” These are palindromic sequences, i.e., they read the
same forward and backward. The recognition sequence for HindII is given below:

WhenHindII finds the above sequence in a DNAmolecule, it cleaves the covalent
bonds between pyrimidine (Py) (either T or C) and purine (Pu) (either A or G). This
particular type of cutting in the middle results in blunt ends with no overhangs that
cannot base pair with other nucleotide sequences [13]. Luckily for biologists, all
restriction endonucleases do not form blunt ends; many of them produce sticky ends
as well. Sticky ends are produced when single-stranded overhangs are left in the cut
recognition sequences that are capable of base pairing. For example, HindIII makes
staggered cuts to produce sticky ends as shown below:

When cut using the same restriction enzyme, the DNA fragment of interest and
vector DNA produce identical sticky ends that can be glued together with the help of
DNA ligase to form a rDNA [3].

6 R. Bose and K. Bose



1.3.2 Vectors

The vectors are engineered bacterial plasmid DNAs that are capable of self-
replication and have very high copy numbers [14–17]. With an origin of replication
(ori), a multiple cloning site (MCS), and an antibiotic resistance gene (e.g., Ampi-
cillin resistant, AmpR that can be used as a selectable marker), they act as a vehicle
carrying a foreign gene (passenger DNA). This introduction of foreign gene occurs
at MCS with the help of a restriction endonuclease. The first artificial vector,
pBR322 vector was constructed in 1977 by Boliver and coworkers [18]. The features
required to facilitate cloning into a vector are discussed below:

• Origin of Replication (ori)—Origin of Replication is the region in a DNA
molecule from where DNA replication process is initiated. Ori also controls the
copy number of the passenger DNA.

• Selectable Marker—A selectable marker is a gene present in the vector that
helps in identifying transformants and selectively eliminating non-transformants.
The most common selectable marker is antibiotic resistance gene such as Ampi-
cillin resistant, AmpR.

• Restriction or Cloning Sites—Restriction site codes for specific recognition
sequences. At this site in a cloning vector, the corresponding restriction
endonucleases make a cut enabling the introduction of passenger DNA. A cloning
vector may have several cloning sites. When an engineered vector contains 20 or
more restriction sites, they are collectively called Multiple Cloning Sites (MCS)
or polylinker. pBR322 vector has MCS encoding for over 40 major restriction
sites.

• Replication of Plasmid (ROP)—ROP codes for proteins that assist replication of
cloning vector.

Currently, different types of vectors are commercially available (for cloning and
expression) and are discussed at length in Chap. 3.

1.3.3 Competent Host Organism

These are the organisms (e.g., E. coli) into which the rDNA is inserted for further
replication and expression. The host takes in the plasmid vector with the desired
gene insert through a method called “transformation” [19]. However, it is to be noted
that the host cell does not readily take up the recombinant vectors unless it is made
competent. Depending on the cell type, various methods have been developed to
accomplish this task, such as gene gun, heat shock, and micro-injection [20, 21].

Post transformation, only the transformed bacteria survive on plates harboring the
same antibiotic. Thus, these antibiotic-resistant bacteria will form colonies on the
agar plates. These colonies are grown in appropriate growth medium for

1 A Brief Introduction to Recombinant DNA Technology 7



overexpression and production of proteins of interest from the genes inserted in the
plasmid [22, 23].

1.4 Protein Expression and Production in Bacterial Systems

The importance of the robustness of bacterial systems that aids in the production of a
large number of plasmid vectors is manifold. One of the most popular and routine
uses of this technology is overexpression and production of proteins of interest that
has revolutionized biomedical research and industries alike. Therefore, the bacterial
systems are aptly termed as “protein factories.” The steps for in vitro protein
expression and purification are briefly provided stepwise [22, 24, 25]. Furthermore,
a schematic representing the entire workflow of cloning of recombinant genes to
protein expression and purification is shown in Fig. 1.2.

• The bacterial colonies harboring the foreign gene-incorporated plasmid DNA is
grown in a suitable medium (Luria-Bertani or LB) at 37 �C in a temperature-
controlled shaker incubator.

• Once the log phase is reached, i.e., when the optical density at 600 nm (OD600) of
the culture is 0.6–0.7, the expression of the protein of interest is induced (e.g.,
using Isopropyl ß-D-1-thiogalactopyranoside or IPTG).

• The culture is grown for next 4–5 h or overnight at 30 �C followed by pelleting
down through centrifugation and cell lysis.

• The soluble slurry that is obtained post second-round of centrifugation contains
over-expressed recombinant protein as well as several other bacterial proteins. It
is to be noted that sometimes the recombinant protein is insoluble and requires
distinct protocol for its recovery as described later in the book in detail.

Therefore, it becomes imperative to purify the recombinant protein (>95%
purity) prior to its large-scale production commercially or for structural and func-
tional characterizations in a research laboratory. Several protein purification
techniques (ion-exchange, gel filtration, and affinity chromatography) that utilize
different inherent properties of the proteins have been developed in the past few
decades to fulfill the growing need of the recombinant proteins in industry and in
biomedical research.

1.5 Important Applications and Future Perspectives of rDNA
Technology

From unraveling the human genome to creating transgenic mice, rDNA technology
has established itself to be an integral part of biomedical research [26–28]. It has also
created a niche in the agricultural industry [29] through development of genetically
modified crops that are resistant to pests as well as adverse weather and soil
conditions [30]. This technology has been used in diagnostics as well such as

8 R. Bose and K. Bose



Cu�ng both using same 
Restric�on enzyme

Transforma�on
(inserts plasmid into 
competent bacterial 

cells)Gene of Interest

Vector DNA

rDNA

Ligase 
(Glues the vector and foreign 

DNA fragment together) 

Foreign DNA 
fragment 

Gene�cally Modified Organism

Host cell

(Recombinant bacteria)

rDNA

ori
rop

cells)

Cell Lysis

Bacterial Colonies

Bacterial 
Culture

Protein extrac�on

Chromatographic    
Purifica�on

Elu�on of 
pure protein

Protein of Interest

Impuri�es

Column matrix

Chrom
Pur

Fig. 1.2 Schematic representation of the overall workflow involving cloning, in vitro expression,
and purification of recombinant proteins. The figure is self-explanatory
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identification of hepatitis and human immunodeficiency (HIV) viruses [31, 32]. Fur-
thermore, plasmid vectors have been successfully employed to transfer a specific
gene to lung tissues in a clinical trial to study its effect in the treatment of cystic
fibrosis (CF). CF, which is a genetic disease that occurs due to a single mutation in a
gene named cystic fibrosis trans-membrane conductance regulator (CFTR), severely
affects lungs and digestive systems of the affected individual [33]. However, the
greatest breakthrough is associated with the development of protein-based therapeu-
tics such as vaccines and medicines (e.g., insulin for patients suffering from type
1 diabetes) [34, 35] as well as production of recombinant proteins for research and
industrial benefit.

Furthermore, introduction of CRISPR (Clustered Regularly Interspaces Short
Palindromic Repeats)-Cas9 technology in the past decade has given a new dimen-
sion to the field of biomedicine through better understanding of complex disease
processes such as AIDS and cancer [36]. With its ability to dissect the intricate
pathways and devise novel therapeutic strategies of life-threatening diseases using
CRISPR-based disease models, recombinant DNA technology and genetic engineer-
ing will become the game changers in medical biotechnology of this century.

1.6 Conclusions

This chapter is a prelude to the following sections of the book on protein expression
and purification. The book aims at providing a basic understanding of the techniques
and protocols involved in recombinant gene cloning in bacterial expression systems
so as to obtain pure proteins in optimum quantity and in their native conformations
for further research and desired applications. It also discusses the real-life difficulties
experienced by researchers in each and every step, and ways to overcome them in an
elaborate manner with specific examples.

Acknowledgments The authors thank Advanced Centre for Treatment, Research and Education in
Cancer (ACTREC) for providing necessary infrastructure and resources for successful completion
of the chapter. The authors acknowledge Ms. Chanda Baisane, Bose Lab, ACTREC for formatting
the manuscript.
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Cloning and Gene Manipulation 2
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Abstract

Gene cloning has continually been one of the many important discoveries in the
areas of molecular and cell biology. The advent of recombinant DNA technology
has revolutionized the field of biology in many ways, as it allowed the scientific
community to understand the functional and cellular aspects for a wide array of
essential genes. In brief, gene cloning involves inserting the DNA fragment of
interest in a suitable vector and amplifying this recombinant molecule in host
cells such as E. coli. However, the basic procedure also involves numerous steps
such as restriction enzyme digestion and ligation reactions to be carried out in
order to obtain a perfect recombinant DNA molecule. The purpose of this chapter
is to present an overview of the cloning process, with the details of various steps
involved and the techniques used in the identification of the recombinant clones.
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2.1 Introduction

The word “cloning” refers to the asexual reproduction required to obtain organisms
that are genetically identical to one another and to their parents. This process is in
contrast to the sexual reproduction where offspring are not identical. The cloning
method involves generation of large population of cells with identical DNA
molecules obtained from a single living cell by a process of replication of the original
single DNA molecule. The word “cloning” is also applied to genes, which is an
extension of this concept in molecular biology [1].

Gene or DNA cloning is a common practice used by researchers to create exact
copies (clones) of a particular gene or a DNA sequence using recombinant genetic
engineering techniques. Major breakthrough in the cloning experiments was
obtained by Herbert Boyer, Stanley Cohen, Paul Berg, and their colleagues in the
early 1970s [2]. The traditional technique for gene cloning involves transfer of a
target DNA or gene fragment from one organism to different cloning vectors
(described in Chap. 3) or autonomously replicating genetic element, such as bacterial
plasmids (small, circular piece of extra chromosomal DNA) and bacteriophages,
which serve as mediums to propagate the cloned DNA within the cell. Apart from
bacteria, plasmids are also naturally present in archaea and eukaryotes such as yeast
and plants. They provide additional benefits to the organisms by conferring
properties such as antibiotic resistance, virulence, and degradative abilities.
The plasmids also contain an origin of replication (ori), which helps in controlling
the host range and copy number of the plasmid within the host. For cloning purposes,
the plasmids have been designed artificially in such a way that DNA of interest can
be easily inserted into these vectors and propagated substantially for various
purposes. Apart from the ori site and antibiotic resistance gene, the lab-engineered
plasmids have a Multiple Cloning Site (MCS—short segment containing various
restriction enzyme sites required for easy insertion of the gene of interest), a
promoter region (allows transcription of the downstream gene, present especially
in expression plasmids), and a selectable marker gene (Fig. 2.1). These segments in a
plasmid help ease the task of modifying the plasmids based on different experimen-
tal requirements, thus making them an attractive tool for molecular cloning.

Further, the recombinant vector is transferred into suitable host cells such as
E. coli for production of multiple DNA copies. Plasmids that have an antibiotic
resistance gene are typically employed in DNA cloning or bacterial transformation.
The presence of the antibiotic resistance gene allows for the selection of bacteria
harboring the desired plasmid. Thus, bacteria with the recombinant plasmid will
thrive in an antibiotic-containing media while plasmid deficient bacteria will not be
resistant to the antibiotic and fail to survive (Fig. 2.2). This method helps the cells
containing the desired recombinant DNA to be distinguished from the others, and
their selection becomes possible [3].

Gene cloning technique is used for several downstream applications, such as
DNA sequencing, mutagenesis, genotyping, or heterologous protein expression.
However, precision in the development of the basic cloning steps plays key roles
behind all these applications. The recent technological advancements in molecular
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genetics have allowed scientists to study, develop, and explore various modifications
in the genomes for a wide range of organisms. Foreign DNA may now be introduced
in bacterial plasmids with the use of restriction endonucleases (described in Sect.
2.4.1) and can be replicated further. Bacterial cells transformed with this foreign
DNA can now express the genetic information and make suitable products encoded
by the desired genes. Thus, by molecular cloning, we can learn a lot about the
structure and modus operandi of different genes. Moreover, production of bulk
amount of specific gene products including unique as well as rare proteins has
become industrially feasible. We can also use such plasmids to transform the genetic
constitution of other organisms. In this chapter, we will discuss the general strategies
and principles of gene cloning as well as genetic engineering tools that can be used
for a wide range of research purposes with a focus on their applications in recombi-
nant DNA technology.

2.2 DNA Libraries

Acquiring the genetic information has become a major step for any field of biological
sciences. This requires navigation through the complete genomic sequence of a
specific organism, for either understanding the function of a particular gene of
interest or the relevance of the entire genome. A DNA or gene library is a compila-
tion of cloned DNA fragments that collectively represent the genes isolated from a
particular organism. This DNA fragment collection may then be utilized for the
identification of specific genes and other DNA sequences of interest, which is
analogous to selecting desired books from any conventional library. Specific DNA
fragments are generated by digesting the genome or genes with the help of specific
restriction enzymes. The generated fragments are further cloned into specific plas-
mid vectors, and then transformed into suitable host cells [4]. The total number of all

MCS

Promoter

Selectable 
Marker

Antibiotic 
Resistance 

Gene
ori

Fig. 2.1 Generalized plasmid
map. A plasmid contains an
ori (origin of replication) site,
an antibiotic resistance gene
(required for selective
propagation of only plasmid-
containing cells), and a
selectable marker. The
promoter region is present
upstream of the MCS
(multiple cloning site) where
the gene of interest is inserted
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DNA molecules of a particular genome/field of interest makes up that particular
library. The target or specific DNA from the library is further screened with a
molecular probe. Once prepared, the library can be propagated indefinitely in the
host cells and can be readily retrieved whenever a new probe is available to seek out
a particular fragment from the entire library.

Recombinant 
DNAVector

Transformation

Bacterial cell with 
recombinant DNA 

molecule 

Division of host cells

Insert
(Gene of 
interest)

Competent Host cell
(Bacteria)

Increase in 
plasmid copy 

number due to 
self-replication of 

plasmid

Selective growth of cells 
containing the plasmid clones

Antibiotic containing media

Fig. 2.2 Steps in gene cloning. The gene of interest is inserted into a suitable vector at the MCS site
and this recombinant DNA molecule is then transformed into a compatible bacterial host. The ori
site promotes the replication of recombinant plasmid inside the host. After numerous divisions of
the transformed cells, the recombinant clones are obtained on the selective media supplemented
with the antibiotic. Cells transformed with the recombinant plasmid will only grow on the selective
medium
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There are two types of DNA libraries that can be used to isolate specific DNAs:
(1) genomic library and (2) cDNA library. The choice of the particular type of gene
library depends on factors such as protein production from a specific gene and
studying genetic architecture.

2.2.1 Genomic Library

A genomic library is a collection of clones that contain DNA fragments representing
the total genomic DNA of a specific organism of interest. Depending upon the
organism and size of its genome, this library can be prepared either in bacterial
plasmids, phage vectors, cosmids, bacterial artificial chromosome (BAC), or a yeast
artificial chromosome (YAC). Chapter 3 of this book elaborates on different vectors
and discusses the importance of choosing them for distinct cloning purposes. A
detailed outline of the construction of genomic library is schematically represented
in Fig. 2.3. The steps involved in construction of a genomic library are:

1. Isolation and purification of genomic DNA:
The first step in construction of any genomic library requires isolation of com-
plete genomic DNA from the organism of interest (bacteria, virus, plants, or
animals). Depending on the type of organism, the procedures engaged in the
isolation of genomic DNA vary widely. In eukaryotes, genomic DNA can be
prepared either from nuclear DNA or any organelle-specific DNA. Nuclear
genomic library is prepared by specifically isolating the DNA from the nucleus.
The eukaryotic cell nuclei are purified by digestion with protease and organic
(phenol-chloroform) extraction. In case of organelle genomic library, first the

Isola�ng and purifying genomic DNA from the desired source 

Fragmenta�on of genomic DNA using restric�on endonucleases

Inser�on and liga�on of the above generated fragments into 
suitable vectors

Screening of library for recombinants  

Fig. 2.3 Preparation of a
Genomic library. Genomic
DNA is isolated from the
organism of interest using
methods such as Phenol-
Chloroform extraction [7]. It
is further subjected to random
fragmentation using either
physical (sonication) or
enzymatic (restriction
endonucleases) methods. The
fragmented DNAs are cloned
into suitable vector and the
transformed recombinants are
then selected under
appropriate selection pressure
conditions. The target DNA is
screened from the
recombinant clones using
methods such as
autoradiography and PCR
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respective organelle is purified and then the DNA is isolated only from that
particular purified organelle. Organelle separation procedures vary for different
organelles.

2. Fragmentation and restriction digestion of genomic DNA:
The isolated genomic DNA is very long and needs to be cut into fragments of ideal
sizes. This can be achieved either by fragmentation or by enzymatic digestion.
Physical methods include pipetting the DNA molecule or applying intensified
ultrasound waves (sonication), whereas the enzymatic method involves the use of
restriction enzymes as described in Sect. 2.4. Generation of DNA fragments of
various sizes depends on the distribution probability of specific restriction enzyme
site within a gene. Therefore, complete digestion of the genomic DNA generates
very short fragments of variable sizes depending on the presence of the restriction
enzyme site in the entire sequence. As a consequence, the desired gene of interest in
its complete form might not be represented within a library. Therefore, partial
restriction enzyme digestion is usually employed to generate overlapping fragments
containing one or more gene [4]. The generated fragments are then purified by
either gel electrophoresis or density gradient centrifugation techniques, which are
then further cloned into a suitable vector.

3. Ligation of the DNA fragments:
The third step is to insert the generated DNA fragments into a suitable vector as
shown in Fig. 2.3 below. Different vectors such as plasmids, λ phage, YAC, and
BAC (described in Chap. 3) are used for cloning the DNA fragments. YAC (up to
2000 kb) and BAC (up to 300 kb) are considered suitable vectors for cloning
larger DNAmolecules [5]. However, it is difficult to clone a large insert into these
vectors; therefore, bacteriophage λ or cosmid vectors are usually employed for
generating genomic libraries. Since a larger insert size (up to 40 kb) can be
accommodated by these vectors compared to plasmids (~10 kb), there is a greater
chance of cloning a gene sequence with both the coding sequence and regulatory
elements in a single clone. T4 DNA ligase is typically used for ligating the
selected DNA sequences into the vectors. Details about the steps involved in
ligation are discussed in the Sect. 2.5.

Selection of the number of clones required for construction of a genomic
library is the most important step. One should ensure that the constructed library
is a representative of the entire genome. However, since any genomic insert
generated by a particular restriction enzyme has an equal chance of being in the
library compared to any other insert, the number of clones to be pooled depends
on the size of the organism’s genome “f” and the average insert size. The
probability (P) of including any DNA sequence in a random library of (N)
independent recombinants is represented by Eq. ((2.1):
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N ¼ ln 1� Pð Þ= ln 1� fð Þ ð2:1Þ
where
f ¼ total genome length/average insert size.
N ¼ necessary number of recombinants.
P ¼ desired probability that any fragment in the genome will be present.
f ¼ fractional proportion of the genome in a single recombinant.
Thus, bigger the library, greater is the chance of finding a gene in that particular

library. On the contrary, increasing the insert size would allow fewer clones that are
needed to represent a genome.

4. Library screening:
A common method employed to screen the library is colony hybridization. Each
transformed host cell of a library will have just one vector with one insert of
DNA. First colonies of host cells carrying the plasmid or phage libraries are
plated onto an agar plate with a suitable antibiotic such as ampicillin. This will
ensure growth of only those cells that are transformed with vectors containing
antibiotic resistance gene. The colonies are then transferred onto a nitro cellulose
membrane for further processing. Once the cells are attached to the membrane,
they are lysed, deproteinized (to avoid protein contamination), and the released
DNA is denatured by alkaline treatment. Later, hybridization is performed
between the target DNA and labelled DNA probe (complementary sequence to
the target DNA). The target DNA can then be identified by autoradiography.
Polymerase chain reaction (PCR) and immunological screening can also be used
as alternatives to colony hybridization [6].

PCR screening is generally used to identify uncommon DNA sequences among
diverse cocktails of molecular clones by increasing the quantity of a specific
sequence. The library is plated as plaques or colonies on agar plates and individually
these colonies are inoculated into the wells of the multi-well plate. PCR reactions are
performed with primers flanked by a unique target sequence to identify the clone of
interest. This method is applicable upon availability of detailed gene sequence for
designing of typical primers.

Immunological screening includes the use of antibodies that identify antigenic
determinants on polypeptide specifically. It does not depend on the function of the
foreign protein produced, instead requires a protein-specific antibody. This screen-
ing technique is similar to colony hybridization; however, instead of using labelled
DNA probe, antibodies are used to specifically detect the target protein (Table 2.1).

2.2.1.1 Applications
Genomic libraries can be used for many purposes:

• The whole genomic sequence of an organism can be produced.
• Serves as a repository for genomic sequences for the development of transgenic

animals.
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• The structure of a given chromosome can be investigated.
• Genomic libraries from higher eukaryotes are important to study untranslated

regions (regulatory elements) of a gene, including promoters or introns.
• In prokaryotes, genomic libraries are used to clone relatively smaller gene

fragments.

2.2.2 cDNA Library

cDNA library is a collection of complementary DNA (cDNA) fragments which have
been cloned individually into separate vector molecules. In cDNA libraries, DNA
copies complementary to the transcribed RNA sequences (usually the mature
mRNA) of an organism are produced by the reverse transcription of RNA by the
reverse transcriptase enzyme [8, 9]. Thus, these cDNA libraries contain only the
coding sequences generated from the fully transcribed and spliced mRNA produced
from the expressed genes (exons). Unlike the genomic library, these cDNA libraries
lack repetitive sequences, introns (non-coding regions), regulatory regions, and
enhancers of the gene. Hence, cDNA libraries are prepared primarily from the higher
eukaryotes and not from the lower eukaryotes or prokaryotes, which lack these
regulatory elements.

Table 2.1 List of vectors used for generation of DNA libraries

Vectors Origin

Insert
size
(kb) Properties and applications

Plasmid Naturally occurring multicopy
Circular DNA

10 2–6 kb size, commonly used for
molecular cloning, contains origin
of replication, reporter and
antibiotic resistance genes

Phage Bacteriophage λ 10–20 Genome size is 47 kb, contains
double-stranded DNA (dsDNA)
and infects E. coli, efficient
packaging system, used to study
individual genes

Cosmid Plasmid containing a bacteriophage
λ cos site

40 Contains a λ phage cos site, which
allows packaging, transmits as
plasmids in E. coli, helpful for
subcloning YAC, BAC, PAC, etc.

BAC E. coli F factor plasmid 300 Circular DNA molecules, up to 7 kb
length, have F-plasmid, high-
capacity vectors used for
investigation of bulky genomes

YAC Yeast (Saccharomyces cerevisiae)
centromere, telomere, and
autonomously replicating sequence

2000 Linear DNA, have properties of a
yeast chromosome, contains
selection markers for identification
of successful transformants that are
used for analysis of large genomes
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2.2.2.1 Construction of a cDNA Library
A detailed outline for construction of a cDNA library is described below:

(a) Initial extraction and purification of mRNA:
This step involves the isolation of total mRNA from the cells. Eukaryotic
mRNA consists of 50–250 adenylate residues (poly-A tail) at the 30 end,
which facilitates simple separation of mRNA through affinity chromatography
using oligo(dT). Chromatographic column or Magnetic beads coupled with
oligo(dT) are usually used to purify mRNA from the much more prevalent
rRNAs and tRNAs in a cell lysate. The poly-A tail at the 30 end of the mRNA
enables its efficient binding to the oligo(dT) beads. After providing sufficient
washes to remove the impurities, these mRNA can then be eluted using strong
magnetic force or low salt buffer; the bound mRNA is isolated from the total
RNA content (Fig. 2.4). The recovered mRNA is then analyzed by agarose gel
electrophoresis, before using it as a template for cDNA synthesis [10].

(b) Production of cDNA:
Once mRNA is extracted, the complementary DNA strand is synthesized using
reverse transcriptase enzyme to make mRNA:DNA duplex. Herein, a short oligo
(dT) primer with free 3’-OH is annealed to a poly-A tail of mRNA and the
primer is extended by reverse transcriptase to generate the complementary DNA
strand (Fig. 2.5). Now, the mRNA template from the mRNA:DNA hybrid is
removed by alkaline hydrolysis using an RNAse H enzyme and this generates a
single-stranded cDNA (ss-cDNA). By producing a short hairpin loop at its 30

Speci�ic cell type

Extract total RNA content

Wash with high salt
containing buffer

Bind to Oligo
(dT) cellulose

resin 

Elution 
containing rRNA 

and tRNA

Elution
containing pure

mRNA

mRNA

rRNA

tRNA

Elution of the mRNA using
low salt containing buffer

Removal of
bound mRNA

Fig. 2.4 Isolation of mRNA from total RNA content. The poly(A) region at the 30 end of the
eukaryotic mRNA allows its selective isolation from total cellular RNA content. It is loaded on an
oligo(dT) affinity chromatography column under high salt conditions that promotes hybridization
between the 30 poly(A) tails of the mRNA and the oligo(dT)-coupled matrix. The rRNAs and tRNAs
are washed out of the column after hybridization and the mRNA is then eluted with a low salt buffer
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mRNA

Oligo (dT) 
Primer

Add oligo (dT) Primer

Add Reverse Transcriptase enzyme, 
dNTPs and other components of PCR

Double 
strand 
duplex

mRNA:cDNA
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First cDNA strand

Digest RNA template using RNAase H 

Single 
stranded 
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Add DNA Polymerase and dNTPsActs as a primer

Double 
stranded 

cDNA
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Fig. 2.5 cDNA synthesis. In the presence of dNTPs, the first strand of cDNA is synthesized by
reverse transcriptase and oligo (dT) primer. A hybrid mRNA-cDNA is generated, followed by
digestion of the mRNA template by alkaline hydrolysis and the enzyme ribonuclease H. The natural
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end, ss-cDNA acts as its own primer. Due to the hydrophobicity of the bases,
ss-nucleic acid molecules have a tendency to form such secondary structures.
The free 3´-OH in the hairpin loop is essential for the generation of the
complementary DNA strand. Thus, the ss-cDNA is converted into a double-
stranded (ds) cDNA with the help of DNA polymerase. The generated ds-cDNA
initially has a hairpin loop at one end. This is then removed by S1 nuclease
treatment and the final product is blunt-ended ds-cDNA molecule [4].

(c) Ligation of cDNA into the vector:
The generated cDNAs are cloned into plasmid and bacteriophage vectors;
however, plasmids are extensively used for cloning and isolation of the desired
cDNAs. These ds-cDNAs are ligated into appropriate vector either by using a
blunt end ligation or by adding linkers to ds-cDNA ends. Due to the inefficiency
of blunt-end ligation, small restriction-site linkers are initially ligated to both
ends before cloning into any suitable vector. In this method, 10–12 base pair
(bp) long hybridizing complementary oligonucleotide linkers with a restriction
enzyme site is ligated to the ds-cDNA ends using T4 DNA bacteriophage ligase.
The resulting ds-cDNAs with linkers at both ends are digested with the respec-
tive restriction enzyme to generate cDNAs with sticky ends. Restriction diges-
tion of cDNAs with internal restriction site can be overcome by efficient
modification of ds-cDNA with the methylases before adding linkers. This
methylation step ensures the protection from the action of restriction enzymes.

(d) Library screening:
Screening of colonies with cDNA is similar to genomic library. The most
common methods used are hybridization methods and immunological assays,
which are elaborated in the previous sections.

2.2.2.2 Applications of cDNA Library
cDNA libraries can be used for many purposes:

• Unlike the genomic DNA libraries, cDNA can be directly expressed in prokary-
otic organisms.

• Discovery of Novel genes.
• Storage of less information as a result of elimination of the non-coding regions.
• cDNAs are used for in vitro study of gene function.
• A cDNA library is useful for isolating genes that code for specific mRNAs.
• cDNA libraries are also useful to identify the tissue-specific mRNAs, where

certain genes are expressed only in one cell type but not in the other.
• cDNA libraries are important in reverse genetics, where more genomic informa-

tion obtained from genomic libraries is of less use.

⁄�

Fig. 2.5 (continued) hairpin of the first cDNA strand acts as a primer for the synthesis of the second
strand. Using a self-priming method, DNA polymerase I catalyzes synthesis of the second strand
and further the hairpin is cleaved using S1 nuclease. Double-strand cDNAs corresponding to the
many different mRNAs extracted from the cell are formed at the end of this reaction
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2.2.3 Difference Between Genomic and cDNA Library (Table 2.2)

2.3 Polymerase Chain Reaction (PCR)

2.3.1 Background

PCR is a comparatively straightforward technology that amplifies the DNA template
for producing specific DNA fragments in vitro. Practically, the conventional ways to
clone a DNA sequence into a vector and to replicate it can involve days or weeks,
while amplifying the DNA sequences using PCR just takes hours. While a large
volume of biological materials are required for most of the biochemical analysis
including nucleic acid detection with radioisotopes, the PCR method takes relatively
less number of reagents and effort. In a reduced amount of time, PCR is able to
accomplish higher sensitivity for detection and amplification levels of particular
sequences. The technical characteristics make it highly helpful for use in fundamen-
tal as well as commercial research and also in genetic identification testing,
forensics, industrial quality control, and in vitro diagnostics. Basic PCRs are widely
employed in many molecular biology laboratories where DNA fragments are
amplified and DNA or RNA sequences are detected from a cell or a particular
environment sample. Furthermore, PCR has expanded well ahead of basic amplifi-
cation and detection, and several extensions were recently made to the original PCR
method [4].

Table 2.2 Difference between genomic and cDNA library

Genomic library cDNA library

Prepared directly from the genomic DNA Prepared using mRNA as a template

Represents entire genome of the organism Represents only those genes of genome which
express under specific conditions or tissues

Restriction endonucleases and ligases are
important for its construction

Reverse transcriptase enzyme plays an
important role in its construction

They carry introns, non-coding regions, and
other regulatory elements

They lack introns and contain only the coding
regions

Represent the DNA of both eukaryotic and
prokaryotic organisms

Represent the DNA of only eukaryotic
organisms

They are not capable of expression in
prokaryotes (such as bacteria) because they
carry introns, and prokaryotes do not have
machinery to process non-coding regions

They are capable of expression in bacteria
because they do not contain the non-coding
regions
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2.3.2 Components of PCR

DNA template: The double-stranded DNA (dsDNA) sample containing the specific
target sequence for amplification.

DNA polymerase: It is an enzyme that synthesizes new strands of DNA complemen-
tary to the target sequence. Of the different types of DNA polymerase enzymes, the
first and most commonly used are Taq DNA polymerase (from Thermis aquaticus)
and Pfu DNA polymerase (from Pyrococcus furiosus). The latter is currently being
used widely because of its higher fidelity in copying DNA. These enzymes may be
slightly different, yet each possesses two key features that put them pertinent for
PCR:

1. They can amplify new DNA strands from a DNA template using specific primers.
2. They are susceptible to higher temperatures.

Primers: These are small ss-DNA sequences that are complementary to the target
sequence. The polymerase begins synthesizing new DNA from the 30 free hydroxyl
group of the primer.

Nucleotides (dNTPs or deoxynucleotide triphosphates): The four single units of the
nucleotide bases, viz., A (Adenine), T (Thymine), G (Guanine), and C (Cytosine)
that are essentially the “building blocks” of new DNA strands.

2.3.3 PCR Protocol

Following steps are to be included in a particular PCR experiment (Fig. 2.6):

DNA 
Template

DNA 
Polymerase

dNTPs

Primers

5’ 3’

3’ 5’

5’ 3’

3’ 5’

Denaturation Annealing Extension

2nd Cycle nth Cycle1st Cycle

PCR Product

1 2 3
Repeating 

steps 1 to 3

-2n Copies

Fig. 2.6 Basic steps of PCR. The dsDNA is denatured into two ssDNA and the respective primers
bind at their 30 ends in the annealing step. Extension of the new strand occurs with the help of DNA
polymerase and dNTPs. The resulting DNA fragments are again denatured in the next cycle and the
three steps are repeated for specific number of cycles to obtain the amplified PCR product
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1. Initial denaturation: The initial step of PCR includes denaturation of the target
DNA by heating it to 95 �C for 5 min. It involves separation of the two
intertwined strands of DNA to produce the essential single-stranded DNA
(ssDNA) templates.

2. Annealing: In the second step of PCR, the reaction temperature is decreased to
~40–60 �C for 15–60 s so that the oligonucleotide primers can bind to the
denatured specific target DNA by forming stable and specific associations.
Further, these primers serve as the docking site for the DNA polymerase.

3. Extension: During this step of PCR, the DNA polymerase synthesizes new
complementary DNA strands by binding to the primer. The temperature in
extension is usually raised to 72 �C as this is an optimum temperature for most
of the DNA polymerases such as Taq or Pfu that is present in the reaction mixture.
Instead of two, a total number of four DNA stands are obtained after the
extension step.

4. Amplification: During this step, the temperature is increased to 95 �C again. Each
of the ds-DNAmolecules, comprising one strand of the original molecule and one
newly synthesized strand of DNA that were obtained from the previous step,
again get denatured into single strands. This begins the second cycle of
denaturation–annealing–extension, at the end of which there are eight DNA
strands that are obtained.

However, it is to be noted that for every template and primer permutation, each
step of the cycle should be optimized individually. If the temperature is comparable
between annealing and extension, these two steps can be merged in one step in which
both primer annealing and extension can be done. The amplified products may be
evaluated for sizes, quantities, and sequences after 20–40 cycles and subsequently
employed in other experimental methods.

2.4 Restriction Digestion

Gene cloning requires the recombinant DNA molecule to be cut in a very precise
manner such that insertion of the new DNA fragment is only at one particular site.
Restriction digestion is a procedure where DNA is cut in appropriate sites using
restriction endonucleases [3]. These sites are present only at a particular region in the
entire vector (called MCS region) to avoid any unnecessary cuts that would generate
various fragments of the same DNA molecule. The target DNA molecule is mixed
under specific reaction conditions with restriction enzymes for digestion. These
enzymes distinguish and attach to the particular DNA sequences, then cleave at
specified nucleotides sequence. Restriction digestion may lead to formation of blunt
ends (ends of a DNA molecule that finish in a base pair) or sticky ends (ends of a
DNA molecule that have a nucleotide overhang) (Sect. 2.4.1). Restriction digestion
is usually the step preceding insertion of a foreign gene into a vector via a process
called ligation. The results of a restriction digestion can be analyzed by gel electro-
phoresis, a process wherein the digested products are separated on the basis of their
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molecule length in a polymer-based gel (agarose). The gel is run against an electric
field, where the negatively charged DNA molecules are allowed to travel from the
anode to cathode and thus the separation occurs (Fig. 2.7). Visualization of the DNA
is done with the help of a fluorescent dye such as ethidium bromide (EtBr) that
intercalates into the DNA major grooves and fluoresces under UV light.

The constituents required for a restriction digestion are a DNA template, suitable
restriction enzyme, a digestion buffer, and at times bovine serum albumin (BSA) to
avoid sticking of enzymes to the tube surfaces and for stabilizing enzymes in
overnight reactions [11]. At a certain temperature the reaction is incubated for the
optimal activity of the restriction enzyme and after desired time the reaction is
stopped by heat deactivation.

2.4.1 Restriction Enzymes (Endonucleases)

Many molecular biology methods are ingrained upon the skill to digest DNA
molecules in a precise and predictable way (also known as “cutting” or “cleaving”).
The advancement of this technology relies upon the discovery of bacterial restriction
enzymes or endonucleases. Bacterial species contain restrictive enzymes that detect
“nucleotide” patterns of DNA called palindromic (inverted repeat) sites of restriction
[12]. Restriction sites are usually 4 to 8 base pairs (bp) long. The enzymes recognize
and cleave at this site, generating a 50 phosphate and a 30 hydroxyl group at cleavage
point. The restriction enzymes are usually named after the bacteria of which they are
isolated. The initial letter of the genus is used, followed by the first two letters of the
species. The type of strain or sub-strain sometimes follows the species designation in
the name. Roman numerals are usually used to show if the specific enzyme was the

Agarose gel (0.7%-2%) 
pre-casted with Ethidium

bromide (~ 0.2-0.5 μg/mL)

Gel electrophoresis in
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Fig. 2.7 Separation of DNA by Agarose gel electrophoresis. An agarose gel matrix (depending on
the DNA size to be separated) containing ethidium bromide (EtBr) is pre-casted on a plastic tray.
The DNA samples are mixed with the tracking dye (to determine the extent of DNA migration) and
loaded into the wells of the gel. When visualized under UV transilluminator, the intercalated
ethidium bromide fluoresces and the molecular weight can be determined from extend of migration
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first, the second, the third, etc. For example, the first enzyme extracted from
Escherichia coli strain RY13 is named EcoRl. So far, hundreds of restrictive
enzymes accessible commercially have been discovered and isolated [12].

Restriction enzymes are of mainly three types—Type I, Type II, and Type III
[12, 13], Type I and III being the complex ones having only limited role in
recombinant DNA technology. Despite the fact that Type I and Type II both identify
particular restriction sites, there is a significant variation between them. Type I
restriction enzymes cleave ds-DNA at random locations away from their restriction
recognition sites, resulting in indistinguishable restriction fragments. As a result,
Type I restriction enzymes are of no use in molecular genetics. On the other hand,
Type II restriction enzymes produce distinct and predictable restriction fragments by
digesting the ds-DNA inside (or very near to) their restriction sites. Type II restric-
tion enzymes can be further classified based on the type of cuts they make in the
DNA leading to generation of either a sticky or a blunt end [13].

Some restriction enzymes digest DNA asymmetrically along their recognition
sequence, leading to a single-stranded overhang on the digested end of the DNA
segment. These overhangs, called “sticky ends,” consist of unpaired nucleotides that
are produced at both the 5’and 30 ends. Cohesive ends are the ones produced by
longer overhangs. The sticky overhangs are usually palindromic sequences, those
that read the same from both 50 to 30 and 30 to 50 directions. The sticky ends make it
possible for the vector and the insert to bind together. When the sticky ends are
compatible, i.e., when the base pairs are complementary on the vector and the insert,
the two parts of DNA are joined by a ligation process. Another advantage of sticky
end generating enzymes is that less amount of enzyme is required when ligating the
vector and the insert while cloning [14]. EcoRI, for example, identifies the sequence
5’GAATTC 30 and makes a staggered cut, resulting in sticky ends with base pair
overhangs. The formation of sticky overhangs is schematically explained in Fig. 2.8a
below.

The second class of Type II restriction endonucleases (depending on the type of
cut) includes the “blunt end” (also termed as the non-cohesive ends) generating
restriction enzymes. These types of ends are generated when the enzyme gives a
straight cut, thus terminating both strands into base pairs. This means there are no
unpaired DNA strands or overhangs generated at the ends. Also, more amount of
ligase enzyme as well as DNA is required for ligating the blunt-ended DNA
molecules efficiently since there are no complementary ends produced [15]. For
example, enzyme SmaI recognizes the sequence 5’GGGCCC 30 and cuts both
strands of the DNA between the same nucleotide pairs to produce blunt ends
(Fig. 2.8b). However, for ligation purposes (described in Sect. 2.5), more amounts
of ligase enzyme as well as DNA are required for ligating the blunt-ended DNA
molecules efficiently [8]. One may also use additional tools such as adaptors
(explained in Sect. 2.5.3) for efficient ligation of blunt end DNA.
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2.4.2 Steps and Tips for Restriction Digestion

General instructions:

1. The DNA for restriction digestion must be pure and devoid of impurities like
EDTA, ethanol, and phenol, which are usually used to purify DNA.

2. Restriction enzymes should always be stored in a freezer. During the laboratory
work, they can be kept in a benchtop cooler only for a limited amount of time.

3. To ensure optimal activity, restriction enzymes are used with appropriate buffers
that are provided by the manufacturers. Some restriction enzymes, in addition to
the buffer, require bovine serum albumin (BSA) for their optimal activity. BSA is
usually supplied by the manufacturers at 100� concentration, which is then
diluted to 10� in autoclaved distilled water before use.

4. The incubation temperature for most restriction enzymes is 37 �C. However,
carefully read the reagent datasheet before incubating the reactions. Set the
incubator or water bath at 37 �C or the recommended temperature for the
restriction digestion reaction.

5. Incubation time varies depending on the amount of the enzyme used and the
source of the DNA template. Usually 45 min to 3 h incubation is sufficient to
digest any viral or bacterial DNA under the optimal conditions of incubation;
however, eukaryotic DNA requires an overnight incubation.

6. Double digestion is a common procedure in restriction digestion, during which a
piece of DNA is digested by two enzymes at the same time (Fig. 2.9). By using

5’-ATCTGACTGATGCGTATGCT-3’
3’ TAGACTGACTACGCATACGA-5’

Restric�on enzyme cleavage

5’-ATCTGACT             +  GATGCGTATGCT-3’
3’-TAGACTGACTACG  CATACGA-5’

The overhangs are complementary 
that can pair with each other

GATGCGTATGCT-3’
5’-ATCTGACT  CATACGA-5’
3’-TAGACTGACTACG

5’-CCCGGG-3’
3’-GGGCCC-5’

Restric�on enzyme cleavage

5’-CCCGGG-3’
3’-GGGCCC-5’

5’-CCC  GGG-3’
3’-GGG  CCC-5’

Blunt ends with no 
overhangs

a b

Fig. 2.8 Types of restriction enzyme cuts. (a) Generation of sticky or cohesive. Digestion of the
DNA with a sticky end-generating restriction enzyme results in the formation of complementary
staggered ends that have the capacity to pair up with each other. (b) Generation of blunt ends.
Digestion of the DNA with a blunt end-generating restriction enzyme results in straight-cut
cleavage and terminates both the strands in a base pair. There are no unpaired bases at the 50 and
30 prime ends

2 Cloning and Gene Manipulation 29



one enzyme, the vector gets linearized and a single band is observed. However,
digestion with two restriction enzymes (in a sequential manner) releases the insert
and two bands corresponding to vector backbone as well as insert are observed. In
double digestion, it is essential to choose a buffer that ensures optimal activity for
both the enzymes used. Furthermore, if BSA is required for either of the enzymes,
it must be added to the double digestion reaction. The advantage of using BSA is
that it will not inhibit the activity of the other enzyme that does not require it. The
information regarding suitable buffer for setting the double digestion reaction can
be obtained from the website of the manufacturer. In a case where no single buffer
is found for a double digestion reaction, the digestion must be done sequentially.
First, the reaction is digested with one enzyme + buffer combination, followed by
a second digestion step with the second enzyme + buffer combination.

Protocol: Setting restriction enzyme digestion

1. Thaw all reagents on ice.
2. Prepare the reaction mixture of about 50 μL in a microfuge tube.
3. Add reagents in following order: molecular grade nuclease-free water, buffer,

BSA (if mentioned), DNA template, and restriction enzyme.
4. Gently mix by tapping the tube. Briefly centrifuge to settle the contents of

the tube.

Fig. 2.9 Analyzing digested
product-size on a gel. The
generalized expected results
after restriction enzyme
digestion of the recombinant
DNA product are depicted
above. An appropriate
molecular weight standard is
used as a reference to
determine the correct size of
the vector and insert. A single
digestion should result into
linearization of the vector
(linear DNA travels slower
than supercoiled plasmid in
the uncut lane), while a
successful double digestion
should result in the release of
a lower molecular weight
insert
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5. If required, prepare positive control reaction with DNA template of known
restriction site corresponding to the respective restriction enzyme of your choice.

6. Typical incubation time and temperature is 37 �C for 1 h, though the time and
temperature may vary depending on the restriction enzyme used.
Note: Incubation time and temperature will vary depending on the enzyme as well
as the concentration of the DNA template taken.

7. Restriction enzymes are then inactivated by incubation at high temperature
(65–70 �C for 10–20 min).

8. Analyze the results of your restriction digestion using agarose gel electrophoresis
(Fig. 2.9).

9. Typical restriction digestion reaction conditions are:

10� buffer 2 μl (1�)

DNA template 10 μl (2–4 μg)
Restriction enzyme 1 unit 1 μl
Autoclaved distilled water 7 μl
Final reaction volume 20 μl
Note: 10� denotes the concentration of the stock solution of any reagent; it is generally 10 times the
concentration of the reagent that is supposed to be used in a particular reaction

2.5 Ligation

2.5.1 Introduction

Ligation of DNA is an important and final step in the construction of a recombinant
plasmid. It involves joining of the DNA fragments (insert) to a compatible vector
backbone that is digested with proper restriction enzymes. Both the insert and the
vector need to have complementary overhanging base pairs or sticky ends (generated
with the use of restriction enzymes during digestion) for the ligation reaction to take
place (Fig. 2.10). Usually, digestion using two different restriction enzymes (one at
the 50 end and the other at the 30 end) is preferred before ligating an insert into a
vector. The pair of restriction enzymes used for the digestion should be the same for
the vector as well as insert digestion so as to generate complementary overhangs.
This allows the insert to be joined in the correct orientation to the vector and it also
prevents the vector from self-ligating during the ligation process.

Apart from its application in cloning, Non-Cloning Ligation reactions have also
found some popularity in other techniques. This form of ligation is basically adapted
in Library preparation for Next Generation Sequencing (NGS) wherein a ligation
step is typically incorporated to add bar-coded adapters to fragmented DNA [11]. It
is also used in many novel detection or diagnostic methodologies, where the ligation
of DNA probes followed by PCR amplification (Ligase Chain Reaction – LCR) has
been used to detect single nucleotide polymorphisms (SNPs) [11].
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In both the forms of ligations, cloning as well as non-cloning, the ligation
reactions are primarily been catalyzed by enzymes called DNA ligases. However,
this chapter will focus mainly on ligation pertaining to cloning genes of interest for
producing recombinant proteins mainly in the bacterial host system for their further
characterization in a laboratory setup.

2.5.2 DNA Ligases

For decades, DNA ligases have been studied for their role in joining the gaps that
form DNA replication, recombination, and DNA repair. DNA ligases catalyze the
formation of a phosphodiester bond between the 30 hydroxyl and 50 phosphate of the
adjacent nucleotides resulting in the concomitant hydrolysis of ATP to AMP and
inorganic phosphate [16]. A ligation reaction proceeds in three stages, where initially
there is a transfer of an adenylyl group (AMP) from ATP to the ε-amine group of a
lysine residue in the ligase enzyme. This results in the formation of an
enzyme-nucleotide intermediate, with the release of pyrophosphate from ATP. In
the second step, the adenylyl group is transferred from the enzyme to the 5-
0-phosphorylated end of the “donor” DNA strand, thus activating the enzyme. The
third step involves a nucleophilic attack of the 30 hydroxyl group of the acceptor
DNA to the adenylated donor end of the other DNA strand resulting into the
formation of the phosphodiester bond between the two strands with concomitant
release of AMP (Fig. 2.11). However, DNA ligases can only form this covalent

Fig. 2.10 Ligation reaction. The vector and insert are digested with the same pair of restriction
enzymes prior to setting a ligation reaction. The complementary overhangs in both the DNA
molecules, in the presence of the DNA ligase T4 enzyme, help in efficient ligation of the insert
into the vector in correct gene orientation
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linkage in a duplex molecule (i.e., when joining a nick in dsDNA or joining of an
RNA to either a DNA or another RNA in a duplex form), but will not join single-
stranded nucleic acids. For decades, molecular biologists have been exploiting DNA
ligases for their efficiency in ligating DNA. T4 DNA Ligase, derived from bacterio-
phage T4, is the most commonly used DNA ligase and is found to be 400-fold more
active than the bacterially derived E. coli DNA ligase. Hence, it is the enzyme of
choice for most of the molecular cloning experiments [16].

2.5.3 Ligation Using Linkers and Adaptors

Although E. coli DNA ligase is an extremely popular enzyme for pasting a foreign
gene into a vector, its application is somewhat limited by its inability to join a
blunt-ended DNA cuts. To circumvent this problem, very large concentration of
recombinant DNA molecules was used earlier. The presence of a highly
concentrated DNA insert would increase the probability of its interaction with the
ligase enzyme and hence ligation. This phenomenon, also known as “molecular
crowding” [14, 17], however did not provide any promising solution to the problem
that researchers encountered for ligating blunt-ended DNA molecules.

P

O

O-

O-O-3’OH   + 

DNA strand

5’

DNA strand

DNA ligase 
(ATP or NAD+) AMP

2Pi

DNA strand

P

O

O-

O-O- 5’

DNA strand

3’   

New phosphodiester bond made by DNA ligase to seal the nick

Step 1 shows the transfer of AMP from ATP onto the ligase enzyme leading to the forma�on of
enzyme nucleo�de intermediate

Step 2 shows the forma�on of a phosphodiester bond between the two strands with the release of a
pyrophosphate moiety

Fig. 2.11 Phosphodiester bond formation by DNA ligase. AMP is transferred from ATP to the
ligase enzyme, resulting in the release of pyrophosphate from ATP. A nucleophilic attack of the 30 –
OH group of the acceptor DNA strand to the adenylated donor strand results into the formation of
the phosphodiester bond
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Eventually, with the advancement in the recombinant DNA technology, a better
approach to this problem was formulated where a linker sequence is attached to the
blunt-ended DNA molecule (Fig. 2.12). This linker has a recognition site for a
restriction enzyme that would produce sticky ends when cleaved. Once sticky ends
are produced, ligation becomes easier [14, 15].

Another popular method of blunt-ended ligation is the use of adaptor molecules.
Unlike linkers, adaptors are pre-formed cohesive-ended DNA fragments that are
attached to the ends of blunt-ended DNA molecules, thus easing the ligation reaction
[14]. Adaptor molecules with a free 50 hydroxyl (-OH) group (Fig. 2.13) are used
initially while ligating them to the DNA. Since the free 50 phosphate end is a trigger
for self-polymerization of DNA, it is replaced with -OH group. Once they are ligated
to the DNA, 5’phosphate group is added to the adaptor ends in order to facilitate the
next step of ligation reaction. The phosphate moiety is then added with the help of an
enzyme polynucleotide kinase that uses phosphate group from ATP [18].

Homopolymer tailing is another approach that can be used for blunt end ligation.
Polymeric tails of the same nucleotides are added to the population of DNA
molecules. If there are two different populations of DNA molecules to work with,
opposing homopolymer tails are added (for example, poly d(A) tailing on one set of
molecules and poly (T) on the other), thus facilitating the annealing of DNA

Fig. 2.12 Schematic representation showing attachment of linkers to DNA. A decameric linker
molecule containing a site for restriction enzyme EcoRI is attached to a blunt-ended DNA insert.
Upon individually digesting the vector and insert with EcoRI, it produces cohesive ends in both.
The compatible overhanging ends of insert and vector facilitate the ligation required to produce the
recombinant clone
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molecules [14]. For synthesizing homopolymeric tails or extensions, the 3’-OH
group of the DNA molecule is first exposed by cleavage with an exonuclease
enzyme. This exposed DNA molecule then acts as a substrate for deoxynucleotidyl
transferase (often purified from calf thymus), an enzyme that continuously adds
specific nucleotide to the exposed 3’-OH end of DNA (Fig. 2.14).

Fig. 2.13 Schematic representation showing attachment of adaptors to DNA molecule. The ends
of the adaptor molecules contain a 5’-OH group instead of a 50-phosphate group to avoid self-
polymerization. Once the adaptors are linked to the insert, 50-phosphate groups are added back with
the help of polynucleotide kinase and ATP. For ligation reaction, the vector molecule is digested
with the restriction enzyme that generates same compatible sticky ends as that in the adaptor
molecule
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2.5.4 Standardizing the Ligation Reaction

The most important step in a ligation reaction is to optimize the amount of cut insert
and vector to be used for the reaction. The vector to insert ratio used for a particular
ligation reaction depends on the types of vectors used such as cDNA and genomic
cloning vectors, as well as on the size and concentration of the vector and the insert
used. For most standard cloning and ligation reactions (where the insert is smaller
than the vector), a molar ratio of 1:3 of the vector to the digested insert DNA is
usually recommended; however, one can also work with 1:1 and 1:2 molar ratio of
vector to insert. In case of complicated cloning, where these ratios are not working,
the amount of insert and vector can be optimized to improve the ligation efficiency
[19]. For a standard ligation reaction of DNA fragments with blunt or sticky ends,

Fig. 2.14 Schematic representation of homopolymer tailing. When the gene insert is treated with
exonuclease enzyme, it exposes the 3’-OH group of the insert. This region then is acted upon by
deoxynucleotidyl transferase that adds specific nucleotides to generate homopolymer tails. Vector
and insert consists of opposing homopolymer tails required for compatible blunt end ligation [14]
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about 100 ng of digested vector is recommended, and the following formula is used
to calculate the amount of insert to be used:

Amount of vector ngð Þ � Size of insert kbð Þ
Size of vector kbð Þ �Molar ratio of

insert
vector

¼ Amount of Insert ngð Þ
For example,
The amount of insert DNA of 1 kb size required for the ligation with a 4 kb

digested vector (50 ng) in 1:3 vector to insert molar ratio will be as shown in
Eq. ((2.2):

50ng vector � 1kb insert
4kb vector

� 3
1
¼ 37:5ng insert ð2:2Þ

One can also use different ligation calculators such as NEBioCalculator [11] to
calculate the molar ratios and estimate the amount of DNA to be used.

2.5.5 Steps Involved in Ligation

1. Assemble the following reaction (20 μl) in a sterile microfuge tube kept on ice.

T4 DNA Ligase Buffer (10�) 2 μl
Vector DNA (50 ng/μl) 2 μl
Insert DNA Appropriate amount depending on the concentration and

molar ratio

T4 DNA ligasea (20 NEB units/
μl)

1 μl

Nuclease-free water Add to a volume of 20 μl
aNOTE: T4 DNA Ligase is usually supplied in concentrated solutions (e.g., 400,000 units/ml, from
New England Biolabs—NEB) by most manufacturers. Therefore, initially, it should be diluted in
T4 DNA ligase dilution buffer and stored at a concentration of 20,000 NEB units/ml (60 NEB units
corresponds to 1 Weiss unit) as aliquots at �20 �C. As described by Bernard Weiss, Charles
Richardson, and his colleagues, one Weiss unit is defined as the amount of enzyme required to
catalyze the ATP-PPi exchange in the ligation reaction [20]. It is important to note that, while
setting up the reaction, the aliquot should be kept in a benchtop cooler to prevent damage due to
rapid freeze/thaw and should only be added at the end in the reaction mixture

2. Gently mix the contents by pipetting the solution and microfuge briefly for a few
seconds.

3. Incubate the reaction according to the following conditions or according to the
manufacturer’s instructions:

16 �C overnight or room temperature for 10 min Cohesive (sticky) ends

16 �C overnight or room temperature for 2 h Blunt ends or single base overhangs
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4. Heat-inactivate the reaction at 65 �C for 10 min, if required.
5. Proceed with transforming 1–5 μl of the reaction mixture into competent cells of

choice.

General tips:

1. It is always preferable to have appropriate controls for each of the ligation
reactions as tabulated in Table 2.3 below.

2. T4 DNA ligase buffer contains ATP to drive the ligation reaction. To avoid
degradation of ATP due to multiple freeze/thaw cycles, dispense the buffer into
smaller aliquots of 5–10 μl and use one aliquot at a time. The whole step is to be
performed on ice.

3. Polyethylene glycol (PEG) is usually known to promote ligation of blunt-ended
fragments through macromolecular crowding [21]. Addition of about 2 μl of 50%
(w/v) PEG 4000 in a 20 μl ligation reaction can be considered for blunt-ended
ligations. However, while cloning cDNAs, one has to be careful with the
concentrations used, as PEG can lead to formation of undesirable concatemers
as well as residual PEG can be inhibitory to lambda packaging reactions (in vitro
reactions used in the construction of cDNA libraries and genomic cloning of
methylated DNA into λ-phage or cosmid vectors).

2.6 Ligation Independent Cloning (LIC)

2.6.1 Background

Conventional cloning steps such as restriction enzyme digestion and the subsequent
ligation can become tedious at times. Ligation Independent Cloning (LIC) is a form
of a cloning method that helps preclude the usage of ligase enzyme and thus evades
the need for performing the tricky ligation step as involved in the abovementioned
traditional cloning steps. The ligation-independent cloning method was developed in

Table 2.3 Different controls used in ligation reaction

Control Ligase Requirement

Uncut vector � To check the viability of competent cells and to verify the
antibiotic resistance of the plasmid as well as the quality of
antibiotic used in the medium

Cut vector � To compare the background (number of colonies) obtained due
to uncut vector

Cut vector + To compare the background obtained due to vector
re-circularization—mostly useful in case of phosphatase treated
vector (used for blunt end ligation strategies)

Insert or nuclease-
free water

+ To recognize the contamination of the intact plasmid used in
ligation or in the transformation reagents
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the early 1990s, and since then it serves to be a quick, easy, and relatively cheap
method for producing protein expression constructs [22].

The primary aim of this method is to generate long complementary overhangs at
the ends of the template/insert DNA. These overhangs are required for establishing a
stable and stronger association between the two fragments of interest without any
external use of ligase enzyme. This method makes use of the T4 DNA polymerase
enzyme for this purpose. The 30 exonuclease activity of this polymerase occurs in the
presence of only a particular dNTP. Because of this property, it can create overhangs
of varying length (typically 10–12 bp) in a sequence-specific manner. However, at
the site of the first occurrence of the nucleotide (same as the added dNTP), equilib-
rium between 30 ! 50 exonuclease and 50 ! 30 polymerase activity is reached. The
polymerase then stalls at this particular position and now the 50 ! 30 polymerase
activity of the T4 DNA polymerase takes over its 30 exonuclease activity (Fig. 2.15).
Thus, long well-defined single-stranded DNA overhangs are produced at the ends of
the plasmid as well as the gene of interest. Further, the annealing happens by simply
incubating the complementary overhangs-containing vector and insert together. Due
to the long length of these overhangs, the annealing reaction between the template
DNA and PCR-generated insert becomes highly specific and the recombinant
product is quite stable for subsequent transformation without any prior need for
ligation. The assembled DNA construct, however, remains nicked at the junction site
of the individual pieces. This issue gets resolved inside the transformed bacterial
cells, wherein the bacterial ligases quite efficiently repair the nicked sites of the
assembled product during replication cycle.

2.6.2 Protocol for LIC

The LIC cloning method involves the following major steps:

1. Preparation of Vector DNA.
(a) For linearization of the empty vectors used for LIC, typically type II restric-

tion enzymes (e.g., BsaI) are used. These enzymes cleave the vector at a
specified distinct position with respect to its recognition sequence (...5-
0-GGTCTC(N1)/(N5)-30..) [23] as shown in Fig. 2.15.
For linearization of the LIC vector by BsaI digestion, the following
components are added:

Reagent Amount

10� buffer (for restriction enzyme) 5 μl
LIC vector DNA 5 μg
BsaI (10 units/μl) (to be added at the end) 2.5 μl
Nuclease-free water Add to a volume of 50 μl

Incubate the digestion mixture at 50 �C for 1 h. The linearized vector generated
upon digestion will then be separated from the reaction mixture by agarose gel
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electrophoresis. The digestion of the vector will remove any part of the MCS or any
other portion of the vector if two BsaI sites are present. When visualized after
agarose gel electrophoresis, there will be one band representing the linearized vector
and the other will be the segment having two BsaI site at the ends. This is followed
by extraction of the linearized vector by carefully excising the vector band only and
performing gel purification using a DNA extraction kit.

NOTE: It is preferred to elute the purified DNA product in nuclease-free water
instead of TE (Tris-EDTA) buffer, to avoid any interference of high salts in the
subsequent reactions

The concentration of the vector DNA can be determined using the absorbance at
260 nm. When measured using a spectrophotometer having 1 cm pathlength, the
optical density for a 50 μg/mL solution of any dsDNA at 260 nm (OD260) equals 1.0
[24]. Thus, we can calculate the vector DNA concentration using the following
equation:

dsDNA concentration ¼ 50 μg=mL� OD260� dilution factor

The purity of the nucleic acid is estimated by calculating the OD260/OD280 ratio.
The OD260/OD280 ratio of pure DNA is around 1.8, while that for pure RNA the
ratio is around 2.0. Lower ratios could be because of protein (in case of genomic/
plasmid DNA extraction) or phenol contamination used during gel extraction.

(b) For creating overhangs at the end of the linearized vector, it is treated with T4
DNA polymerase, and a free nucleotide (e.g., dGTP) is added in the reaction
(remember to exclude all the other nucleotides from the mixture of polymerase
reaction). The enzyme chews back the sequence of the vector backbone until it
encounters the first G nucleotide in the sequence. As the polymerase reaction is
preferred over the exonuclease reaction in the presence of the dGTP, the
polymerase will add back the guanosine residue and the exonuclease activity
will stall. This is the state where the equilibrium between the two reactions is
reached, as shown in Fig. 2.15.

For this type of T4 DNA polymerase reaction (40 μL mixture) in the LIC
protocol, the following components are added [23].

Reagent Final concentration Volume (μL)
10� buffer (for polymerase) 1� 4

Gel extracted vector DNA 10–50 ng/μl 20–30

dGTP (100 mM) 2.5 mM 1

DTT (100 mM) 5 mM 2

BSA (10 μg/μl) 0.25 μg/μl 1

T4 DNA polymerase (to be added at the end) 0.075 units/μl 1

Nuclease-free water Add to a volume of 40 μl
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Mix these components and incubate the reaction at 22 �C (or room temperature)
for about 30 mins. After incubation, end the reaction by heating to 75 �C for 20 mins
for inactivating the polymerase. Measure the final vector concentration through
absorbance (the concentration obtained should be around 10–20 ng/μl) and store at
�20 �C or lower until further use.

2. Preparation of the Insert DNA.
(a) For amplification of the insert DNA, PCR is performed using suitable

forward and reverse primers that are designed complementary to the 50 and
30 ends of the gene of interest, respectively. Before proceeding to the next
step of overhang generation, it is essential to remove all the free nucleotides
from the PCR amplified product, as they may interfere in the exonuclease
activity of the T4 polymerase in the following step.

(b) For generating overhangs in the insert DNA, T4 DNA polymerase is used.
Unlike in case of the vector, here the polymerase reaction is performed in the
presence of dCTPs. Thus, the T4 DNA polymerase exhibits the exonuclease
activity only till it encounters the first C (cytosine) nucleotide in the
sequence.

3. Annealing of the insert and vector.
The complementary overhangs that are created in the vector (step 1) and insert
(step 2) are long enough for very strong and specific, enzyme-free annealing of
the two DNA fragments.

2.6.3 Advantages

1. LIC serves to be a sequence-specific, ligase-free cloning method that is simpler
and time-saving.

2. It is cost-effective and works efficiently over a broad range of DNA
concentrations, even when the individual DNA fragments are not present in
equimolar concentrations or in a particular ratio depending on their molecular
sizes.

3. It is highly sequence specific and there is no issue of self-ligating plasmid or
ligation in wrong orientation, as observed in the conventional ligation protocols.

4. It does not require the usage of T4 DNA ligase but depends on the strong
interaction between the long complementary overhangs of insert and plasmid,
as well as on the specific bacterial DNA ligases for joining of the remaining nicks.

2.7 Choice of Host Cells

After all the labor-intensive steps of cloning have been carried out, one needs to
decide a suitable host organism that would replicate this newly designed plasmid
clone. The gram-negative, rod-shaped Escherichia coli bacteria have been the
commonly used lab organism for a variety of experiments since ages. Majority of
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the common and commercially available lab strains of E. coli used today have
descended from two individual isolates, the K-12 [25] and the B strains [26]. The
K-12 strain led to the common lab strains MG1655 and its derivatives DH5α and
DH10b (alternatively known as TOP10), while the host cells used for protein
expression such as BL21 strain [27] and its derivatives are obtained from the
E. coli B strain [28]. For cloning, a number of different commercial strains of
E. coli are currently available that can be chosen based on their characteristics for
selection of suitable clones. The commercial strains are marketed with specialized
properties such as fast growth, routine cloning, high-throughput cloning, maximum
DNA yield, cloning of unstable DNA, preparing unmethylated DNA, and much
more. For making these features possible, many mutations/genetic changes are made
to improve the plasmid yield and DNA quality, confer resistance to any antibiotic,
and improve uptake of foreign DNA. Thus, each strain is described by its “genotype”
that suggests the particular insertions and deletions that the strain carries and this
helps in determining its usage for the desired cloning application. Table 2.4 provides
the details of some of the popular strains derived from E. coli K-12 and their primary
uses in the lab.

More details about the other host cells used for cloning and protein expression has
been described in Chap. 4.

2.8 Transformation

Once the process of cloning is successful, one needs to propagate the recombinant
DNA molecule into suitable host systems such as bacteria, so as to obtain ample
amount of the cloned DNA required for further studies. Transformation is the
method by which exogenous DNA is transferred into the host cell. The idea of
inducing the bacterial cells to take up the external DNA molecule and replicate as its
own has revolutionized various aspects of molecular genetics [36]. Transformation
refers to the uptake of DNA into bacterial, yeast, or plant cells, whereas transfection
is typically used in mammalian cells. Prior to performing any transformation
method, the host cells are made competent (able to take up exogenous DNA) with
the help of different methods [37]. The concept of competence and the different
methods used to prepare competent cells are described in detail in Chap. 4. Classi-
cally, the procedure for introducing a DNA construct into a host cell by transforma-
tion is either by chemical method or electroporation or by particle bombardment.
Chemical transformation involves treating cells with divalent cations such as cal-
cium chloride (CaCl2) or rubidium chloride (RbCl), which makes the bacterial cell
wall more permeable to DNA. Heat shock is used to create temporary pores in the
cell membrane, allowing exogenous DNA to be transferred into the cell. A mild
electrical pulse is used in electroporation to make the bacterial cell temporarily
permeable. Particle bombardment is generally employed for the transformation of
plant cells where the DNA construct coated gold or tungsten particles are forced into
the cell physically by using gene gun. Herein, we discuss the method of chemical
transformation used for bacterial cells.
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Table 2.4 Popular strains of E. coli used in cloning

Strain Description Resistance Usage

MG1655 Wild type K-12 strain – First published sequence of
an E. coli K-12 strain.

DH5alpha Derived from E. coli K12 – Most commonly used for
general routine cloning and
storage of common plasmids,
used for blue/white screening
[29]

HB101 Hybrid of E. coli K12 and
E. coli B strains, with
maximum part (98%) of K12

Streptomycin Common lab strain for
cloning and storage of
pBR322 and many other
plasmids [30]

DB3.1 HB101 derivative, strain
with a specific mutation in
the DNA gyrase

Streptomycin Used for propagating
plasmids expressing the ccdB
gene (lethal gene that targets
DNA gyrase) [31, 32]

MC1061 Parent of DH10B/TOP10
and other derived strains

Streptomycin Common lab cloning and
storage strain, leucine
auxotroph, galactose, lactose,
arabinose nonutilizing strain
[33]

TOP10 MC1061 derivative Streptomycin General cloning and storage,
blue/white screening, leucine
Auxotroph [33]

DH10B MC1061 derivative Streptomycin General cloning and storage,
blue/white screening, leucine
Auxotroph [33]

JM109 Partly restriction-deficient Good strain for cloning
repetitive DNA, can be used
for plasmid maintenance and
blue/white screening [34]

JM110 Allows for methylation
sensitive restriction enzymes
to cut the plasmid after
preparation.

Streptomycin For storing plasmids that
should not be Dam (DNA
adenine methylase mutation
(GATC)) or Dcm (DNA
cytosine methylase mutation
(CCWGG)) methylated [35]

NEB
Stable

Strain from NEB Used for cloning into and
storage of lentiviral and
retroviral vectors; cloning of
repeated sequences with the
potential to recombine [35]

XL1 blue Nalidixic acid resistant
(antibiotic that inhibit a
subunit of DNA gyrase and
topoisomerase IV)

Tetracycline Blue/white screening and
routine cloning.

XL10
gold

Tetracycline and
Chloramphenicol

Hte phenotype provides high
competency required for
cloning and propagation of
large plasmids, ligated DNA,
and libraries [34]
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2.8.1 Protocol for Transformation

1. Remove cells from �80 �C freezer and thaw on ice.
Add 1–5 μl containing 1 pg–100 ng of plasmid DNA to the cell mixture. The
concentration of DNA used depends on the competency of the cells used; more
competent the cells are, lesser is the DNA used. Carefully flick the tube 4–5 times
to mix the cells and DNA. Do not vortex.

2. Place the mixture on ice for 30 min. Do not mix.
3. Heat shock at exactly 42 �C for precisely 60–90 s. Do not mix.
4. Post heat shock, immediately place the tube on ice for 3 min. Do not mix.
5. Add 700 μl of room temperature growth media into the transformation mixture.

Allow the cells to grow by incubating the tube at 37 �C for 40–60 min.
6. Harvest the cells by centrifuging at about 5000 rpm for 5 min.
7. Resuspend the cell pellet in about 50–100 μl of the same media. Immediately

spread plate onto a selection medium plate and incubate overnight (14–16 h) at
37 �C.

NOTE: The choice of antibiotics, other than ampicillin, may require some
outgrowth before plating on selective media. Colonies develop more quickly at
temperatures over 37 �C, although certain constructs at high temperatures may be
unstable.

Details about the other methods of transformation and the troubleshooting
involved have been provided in Chap. 4.

2.9 Colony Screening

After the steps of ligation and transformation, one needs to identify the colonies that
have been successfully transformed with the recombinant DNA product. Antibiotic
selection is one of the crude ways of identifying the plasmids that may carry the gene
of interest. However, at times, self-ligated plasmids may also produce false positive
results for the cloning, as the antibiotic resistance gene is present in the plasmid and
not the gene of interest (insert). Hence, one needs to utilize more specific methods for
screening the bacterial colonies transformed with the end product of the cloning
reaction as described below:

2.9.1 Blue-White Colony Screening

2.9.1.1 Background
Blue-white colony screening method has been a classic way to detect the colonies
that contain plasmid with an insert. It is an effective molecular biology tool that is
widely used as a primary step in screening the final recombinant bacteria obtained
from the cloning experiments. It is a negative selection system wherein bacterial
lactose metabolism is used to indicate successful cloning.
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This technique relies on the enzymatic activity of β-galactosidase, a tetrameric
enzyme encoded by the lacZ α gene present in the well-characterized bacterial lacZ
operon of E. coli. When lactose or its functional analog IPTG (isopropyl β-D-1-
thiogalactopyranoside) is present in the cellular environment, it triggers the lacZ
operon either by inducing the operon (lactose) or by inactivating the lac operon
repressor (IPTG). Activation of the lac operon results in the generation of a fully
functional β-galactosidase enzyme that metabolizes lactose into glucose and galac-
tose. However, if the lacZ gene is been mutated or a part of it is deleted,
β-galactosidase is not produced and the substrate remains intact [38].

Most plasmid vectors used for cloning purposes contain a short segment of lacZ α
gene that codes for the first 146 amino acids of β-galactosidase, while the E. coli host
strains used contains deletion mutation of the same segment, called lacZΔM15,
which results into a nonfunctional β-galactosidase enzyme. Hence, when plasmid
vector containing the lacZ α gene segment is taken up by such E. coli host strains,
α-complementation occurs. Herein, the lack of lacZ α gene segment in the mutant
bacterial cells is complemented by the α-peptide section present in the plasmid,
resulting in the production of a functional enzyme. The plasmid vectors specifically
used for cloning purposes also contain a multiple cloning site (MCS) present within
the lacZ sequence (Fig. 2.16). Therefore, when an insert DNA is ligated into the
plasmid vector, it disrupts the lacZ α gene segment, alpha complementation cannot
occur upon transformation, and a functional β-galactosidase does not form. If the
gene of interest is not inserted into the vector or is inserted at a different location
other than MCS, the lacZ gene in the plasmid vector remains intact and this promotes
the α-complementation process producing a functional enzyme.

For visualization of the β-galactosidase enzyme activity, a chromogenic
dye-linked substrate called x-gal (5-bromo-4-chloro-3-indolyl-β-D-galacto-pyrano-
side) is added to the agar plate, along with the inducer IPTG. Production of
β-galactosidase results into break down of x-gal into galactose and an insoluble
blue pigment (5,50-dibromo-4,40-dichloro-indigo) [39]. Thus, as mentioned earlier, if
the plasmid vector contains the insert, β-galactosidase is not produced and the
resultant colonies are of whitish-cream color of standard E. coli. If cloning reaction
is unsuccessful, the α-peptide remains intact and functional β-galactosidase enzyme
is produced. X-gal in the medium is hydrolyzed by these non-recombinant cells to
form 5-bromo-4-chloro-indoxyl, which spontaneously dimerizes to produce the blue
pigment. Thus, the colonies formed by non-recombinant cells appear blue, which
can be well distinguished from the recombinant ones that appear white.

2.9.1.2 Protocol for Blue-White Colony Screening
After performing the steps of ligation and transformation, the cells are plated onto
media containing suitable amount of chromogenic substrate and IPTG. Different
chromogenic substrates such as X-GlcA, X-Gal, and S-Gal are commercially avail-
able and the methods for addition of such products into the media differs; some are
spread directly on LB (Luria-Bertani) agar plates along with IPTG, while others are
incorporated into the medium before autoclaving and then agar plates are prepared
[39, 40].
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NOTE: The chromogenic substrates are light and temperature sensitive. They
need to be prepared in the form of stock solutions and added to media only after
autoclaving or according to the manufactures’ protocol. If spread on top of LB
plates, it should be evenly distributed and sufficient drying time should be provided
before use.

In both cases, appropriate concentration of selected antibiotic is added to the
medium and the following steps are followed:

1. Spread approximately 10–100 μl of the transformed E. coli cells onto the LB agar
plates (containing IPTG and chromogenic substrate) using a flame-sterilized glass
spreader.
NOTE: Besides the recombinant product, transform empty plasmid vector (with-
out insert) and spread plate. This plate serves as a good control indicating the
quality of IPTG and chromogenic substrate.

2. Incubate the plates overnight at 37 �C for 24–48 h depending on the type of
cells used.

Fig. 2.16 The lac operon in E. coli. The three structural genes lacZ, lacY, and lacA are under the
control of a single promoter (P) and are together transcribed as a continuous mRNA. The repressor
protein is produced constitutively by the lacI gene (through the upstream promoter PlacI) and its
function is to bind to the operator region (O). In the presence of inducers such as lactose (or its
functional analog, Allolactose), repressor binding is prevented and the structural genes are tran-
scribed. The gene product of lacZ is β-galactosidase—enzyme that cleaves lactose into glucose and
galactose. lacY encodes permease—a membrane channel protein that allows the transport of lactose
into the cell at an increased rate, and lacA encodes transacetylase that acetylates galactosides other
than lactose and prevents their cleavage by β-galactosidase
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3. After incubation, blue and white colonies appear on the agar surface. Select the
recombinant cells in the white colonies to culture for DNA isolation and
sequencing.
NOTE: Presence of only white colonies is also not a reliable result. It is important
to provide enough incubation for any intact β-galactosidase to be expressed and
process the substrate into blue pigment (16–20 h).

2.9.1.3 Limitations
1. This technique is only a visual screening method and not a selection technique.

Hence, it should be used in combination with other selection methods.
2. Due to the incorporation of some mutations in the lacZ gene of the vector while

cell maintenance, the gene may sometimes be nonfunctional. Thus, the resulting
colony may appear white, but will not be recombinant.

3. Blue-white colony screening only indicates the presence of an insert, which may
not necessarily be the insert of interest. Disruption of the α-peptide DNA by any
cloning artifact will also lead to false positive white colonies.

4. False negative cases are rare. However, if a small fragment is inserted in-frame,
read-through can occur and lead to a functional β-galactosidase enzyme, giving
rise to a blue colony.

2.9.2 Other Screening Methods

2.9.2.1 Positive Selection System
This method follows similar principle as that of the blue-white screening. Here, the
positive selection vectors encode a lethal gene, such as any restriction enzyme that
digests the host genomic DNA. Inserting the cloning fragment inserted into the
center of this gene (present in the MCS) disrupts the lethality, and thus only the
recombinant clones survive. Antibiotic selection can also be used in combination
with this method to ensure that positive colonies do contain the plasmid with the
lethal gene.

2.9.2.2 Screening by Plasmid Miniprep and RE (Restriction Enzyme)
Digests

This method involves isolating the recombinant plasmid DNA from the clones and
checking the presence as well as orientation of the insert by restriction enzyme
digestion. The colonies obtained after transformation of the ligated product are
inoculated in LB media supplemented with suitable antibiotics, and grown over-
night. Plasmid DNA isolation is carried out from these miniprep cultures using the
protocol, as described in Fig. 2.17. For high-copy plasmids, one can obtain 4–10 μg
plasmid DNA per purification (1–5 ml). For low-copy plasmids, one needs to grow
more amount of culture (10 mL) and can obtain 1–3 μg plasmid DNA per
purification [19].

After isolating the plasmid DNA from the expected recombinant clones, the
purified plasmid DNA is digested using restriction enzymes. Before using this
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method for screening, one needs to perform restriction site mapping to identify
restriction enzymes that can be particularly used to release the insert from the
recombinant plasmid. Once the DNA is purified, about 0.5–1 μg of plasmid can be
used for restriction enzyme digestion. The digested product can then be run on
agarose gel to verify whether the vector backbone and insert are of the expected
sizes.

2.9.2.3 Colony PCR
Colony screening with PCR is the most rapid and cost-effective screening test that
helps determine the presence of insert DNA. It involves lysing the bacteria and
amplifying a portion of the plasmid with specific primers. The most important step of
this method is designing primers and determining their combinations to be used for
PCR. There are three approaches for primer design depending on the requirement:
(1) insert-specific primers, (2) backbone-specific primers, and (3) orientation-
specific primers (Fig. 2.18) [41].

Insert Speci�ic Primer Backbone Speci�ic Primer Orientation Speci�ic Primer

P
o
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ti

v
e

 C
lo

n
e

N
e

g
a

ti
v

e
 C

lo
n

e

Anneals to insert speci�ic 

sequence; gives band after 

PCR ampli�ication

No PCR product, as there are no 

sites available for the 

primers to anneal

Vector only

Vector + Insert Vector + Insert Vector + Insert

Vector only Vector only

PCR product smaller than the 

expected clone

Anneals to sites �lanking the site of 

insert; larger sized PCR product; 

con�irms that the insert is cloned 

within the vector

Gives information about the 

orientation of the insert; mix-and-

match of the insert-speci�ic and 

back-bone speci�ic primers

No PCR product, as there is no site 

for annealing of the 

insert speci�ic primer

Fig. 2.18 Types of primers used in colony PCR. Designing specific primers is the most important
step in colony PCR. Orange-colored box indicates the insert and the arrows indicate the primers.
Depending on the need of the experiment, the specificity of the primers can be designed and the
results may vary. Different combination of these primers can be used to detect the presence and
orientation of the insert in a recombinant clone
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In most cases, PCR can be performed either by using vector-specific primer or
insert-specific primer or both. If one is doubtful about maintaining the orientation of
the insert during cloning steps (especially for blunt end cloning), they can use
orientation-specific primers for colony screening.

Once the primers are obtained, a standard PCR reaction (primers, dNTPs, and
polymerase) is set up using a portion of the overnight grown culture of the
transformed cells. Briefly the protocol comprises the following steps:

1. Lyse the cells to release the plasmid DNA by briefly boiling the sample and using
the supernatant, or by directly adding the sample to the PCR master mix. The
initial heating step of the PCR reaction helps in the lysis.

2. For amplification of the desired plasmid region, a standard Taq polymerase is
sufficient.

3. Run the obtained PCR product with the specific controls on a 1% agarose gel to
analyze the exact product size and the success of cloning.

This method allows screening of several colonies at a time and eliminates the
need to first purify the plasmid DNA required for using as a template for PCR.

2.9.2.4 Sanger Sequencing
The final step in most of the cloning strategies is to verify whether the sequence of
the insert, insert orientation, and the sequences of the junctions between the plasmid
and insert DNA are correct. This can be achieved by sequencing the plasmid DNA
using Sanger sequencing (also called as chain termination or cycle sequencing)
[42, 43]. In addition to the reagents used in a standard PCR, four fluorescently
labelled dideoxynucleotide triphosphates (ddNTPs: ddATP, ddGTP, ddCTP, and
ddTTP) are also added in low ratio. Random addition of these distinctively labelled
ddNTPs terminates the synthesis reaction. Due to the absence of hydroxyl group in
ddNTPs, polymerase fails to form the phosphodiester bond with the next nucleotide
and the reaction terminates. The basic steps involved in Sanger’s sequencing are
briefly described in Fig. 2.19. This method acts as a confirmatory step that allows
one to identify any mutations that have been inadvertently incorporated in the
cloning product. The sequencing is performed manually, or more commonly, in an
automated fashion using a sequencing machine.

The sequencing data obtained is in the form of a color-coded electropherogram or
chromatogram, which shows the fluorescent peak of each nucleotide along the length
of the template DNA [44]. This can then be converted to nucleotide sequence by the
computer. One can then use alignment tools like ClustalW to check the correct
sequence of the insert or for the presence of any mutation in the insert.

2 Cloning and Gene Manipulation 51



D
NA

 T
em

pl
at

e

D
NA

 
Po

ly
m

er
as

e

dN
TP

s
Pr

im
er

s

5’
3’

3’
5’

5’
3’

3’
5’

D
en

at
ur

at
io

n 
&

 
Pr

im
er

 A
nn

ea
lin

g 
D

en
at

ur
at

io
n 

of
 th

e 
sy

nt
he

si
ze

d 
st

ra
nd

s

1
2

4

PC
R 

 re
ac

ti
on

Ex
te

ns
io

n 
of

 th
e

D
N

A 
te

m
pl

at
e 

3

Ra
nd

om
 a

dd
it

io
n 

of
 d

dN
TP

s 
st

al
ls

 th
e 

ex
te

ns
io

n

Si
ze

   s
ep

ar
at

io
n

by
   C

ap
ill

ar
y 

  G
el

El
ec

tr
op

ho
re

si
s

5

La
se

r

La
rg

er
 

fr
ag

m
en

ts

Sh
or

te
r 

fr
ag

m
en

ts
t

A T G C T A C T G C T G

6

Se
qu

en
ce

 
An

al
ys

is

O
ut

pu
t 

Ch
ro

m
at

og
ra

m

dd
N

TP
ddd

NNNN
TTTTTTTTTPP s

Fi
g
.2

.1
9

B
as
ic
st
ep
s
of

au
to
m
at
ed

S
an
ge
rs
eq
ue
nc
in
g.
T
he

ds
D
N
A
is
de
na
tu
re
d
in
to
tw
o
ss
D
N
A
an
d
th
e
re
sp
ec
tiv

e
pr
im

er
s
bi
nd

at
th
ei
r
30
en
ds
.E

xt
en
si
on

of
th
e
ne
w
st
ra
nd

oc
cu
rs
un

til
a
te
rm

in
at
io
n
nu

cl
eo
tid

e
(d
dN

T
P
)i
s
ra
nd

om
ly
in
co
rp
or
at
ed
.T

he
re
su
lti
ng

D
N
A
fr
ag
m
en
ts
ar
e
ag
ai
n
de
na
tu
re
d
in
to
ss
D
N
A
an
d
th
es
e

ar
e
fu
rt
he
r
se
pa
ra
te
d
by

ge
le
le
ct
ro
ph

or
es
is
fo
r
de
te
rm

in
at
io
n
of

th
e
se
qu

en
ce

52 A. L. Parui et al.



2.10 Troubleshooting for Subcloning Experiments (Table 2.5)

2.11 Conclusions

In this chapter, we have seen how we can clone a gene of interest into a suitable
vector and produce large copies of recombinant clones. One can generate gene
libraries using either the genomic DNA or cDNA, utilize different restriction
enzymes to cut the gene of interest and ligate it in a compatible vector using the
ligase enzyme. These recombinant clones can be further used for the sequence
analysis study, understanding the functional relevance of the gene by performing
protein expression as well as for developing probes that are used for studying its
expression within cells. The next two chapters (Chaps. 3 and 4) describe the nature
of the vectors that can be used for different cloning purposes and the techniques
employed for introducing the recombinant DNA molecules into suitable host cells in
detail.

Acknowledgments The authors thank Advanced Centre for Treatment, Research and Education in
Cancer (ACTREC) for providing necessary infrastructure and resources for successful completion
of the chapter. The authors acknowledge Ms. Chanda Baisane, Bose Lab, ACTREC for formatting
the manuscript.

Table 2.5 Alternative strategies to be used for solving cloning errors

Problem Reason Solution

Host cells do not
contain plasmid
after transformation

1. Less antibiotic used
2. Satellite colonies that are
very small in size are chosen

1. Add adequate amount of antibiotic
and use freshly made media and
antibiotics
2. Selection of well-established
bigger colonies is important

Host cells contain
the wrong construct

1. PCR amplification was
incorrect
2. Recognition site of restriction
enzyme used for digestion site
present in the gene
3. Mutations are present in the
cloned DNA

1. Standardize the protocol for PCR;
purify correct PCR product2. Check
for the presence of restriction
digestion site in the coding region of
the gene by using certain software
like Snapgene
3. Repeat sequencing of the clone;
use a high-fidelity DNA polymerase
in PCR reaction

No ligation product
obtained

1. Insufficient ligation reaction 1. Temperature used for incubation of
the reaction was not optimum
2. Ligase enzyme has been
inactivated due to improper storage
3. Ratios of insert and vector need to
be varied
4. Contaminants such as EDTA in
DNA purification buffers need to be
removed
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Problems

Multiple Choice Questions
1. In lac operon, repressor molecules bind to __________

(a) Enhancer
(b) Promoter
(c) Hormone Receptor
(d) Operator

2. In Sanger sequencing, separation of the different sized templates is done
through ___
(a) Agarose gel electrophoresis
(b) Capillary gel electrophoresis
(c) SDS- PAGE
(d) Electrophoretic mobility shift assay

3. Which of the following statements is false?
(a) The competent cells with no recombinant plasmids are drug resistant
(b) Plasmid replication is independent of cell division
(c) The competent cells that take up recombinant plasmid molecules

become drug resistant
(d) The competent cells are originally drug resistant

Subjective Questions
1. A plasmid vector and gene under study were digested with the same

restriction enzyme. The vector and the insert were ligated using DNA
ligase. The ligation product was used to transform the host E. coli. The
colonies were obtained on a suitable selection medium. What possible
products are expected after isolating DNA from the colonies. What are
the ways to determine these different products obtained?

2. Digestion of an insert with a restriction enzyme produces blunt ends. In
order to ease the process and ensure that the insert ligates with the vector,
what modifications can be made to the blunt-ended insert?
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Selection of Cloning and Expression
Plasmid Vectors 3
Rucha Kulkarni, Roshnee Bose, and Kakoli Bose

Abstract

Purification of proteins using recombinant DNA technology is crucial for study-
ing its structure, function, and interactions with other ligands/macromolecules as
well as for therapeutic purposes. Thus, the need for purified proteins has been
increasing day by day both in basic research labs and at the industrial level. Major
developments in the field of recombinant DNA technology have been focused on
improving the process of protein purification. However, the very first step in this
process is cloning and expression of isolated protein coding genes through
engineered plasmid molecules (self-replicating extrachromosomal circular DNA
molecules) called vectors. Therefore, with the increasing demand for purified
proteins, the need for more efficient and robust vectors was perceived. Today, a
wide array of vectors for both cloning and expressing the gene of interest are
being engineered that suit almost every requirement of the researcher. However,
the challenge lies in choosing the correct vector for a specific requirement, and
hence a thorough knowledge of all the available vectors used for different
purposes becomes imperative. This chapter aims at guiding the researchers
toward choosing appropriate vectors to cater to their various cloning
requirements. It also provides troubleshooting tips and discusses latest
advancements in this technology.
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3.1 Introduction

Gregor Mendel, the father of genetics, had put forth the concept of genes as carriers
of phenotypic information and also described the different attributes of genetic
inheritance [1]. Genes are the basic units of heredity and hence are responsible for
passing on the traits from parents to offspring. They carry instructions for production
of proteins that they encode. Molecular biology that deals with study of genes and
their products has traveled a long way since the discovery of genetic material.
Significant advances in this field over past several decades have enabled scientists
to isolate a single gene, make copies of it, and express it in a different system all
together for its characterization in detail.

The study of the human genome from its structural and functional perspectives
provided a detailed insight into many of the human genetic disorders. In most of
these diseases, either the protein product of a gene is faulty or the gene fails to
express and produce the encoded protein. To repair such flaws in the genome, either
the gene should be replaced with the original one prior to its expression or the final
protein product of that gene should be introduced into the cells. This dire need, along
with the demand of pure proteins for research and industrial use, has led to heterolo-
gous protein production inside another living system (host) such as bacteria. A host
is any suitable non-pathogenic, fast growing living system that helps in replicating
the cloned gene and expressing the protein in large amounts. Examples of different
host systems including bacterium Escherichia coli, yeast, insect, fungi, and mam-
malian cells are used for production of recombinant proteins [2]. E. coli, however,
has been the first choice to produce enzymes and other proteins for their in vitro
characterization in research labs as well as for commercial use. Few best examples
are large-scale production of human hormone insulin (treatment of diabetes), human
growth hormone, and clotting factors [3–5]. The advantages of recombinant expres-
sion over obtaining therapeutic proteins from other animal sources are manifold; this
technique ensures unlimited supply as well as safety and purity [6].

To study human proteins in vitro, a system that would carry the isolated protein-
encoding gene to the host system, often known as carrier molecule or vehicle, is
required. However, the caveat is that these carrier molecules should enable the host
to make copies of the foreign gene using its own DNA replication machinery. Such
carrier molecular entities that act as vehicles for the recombinant genes are termed as
plasmids [6]. Plasmids are circular and self-replicating extrachromosomal DNA
molecules, distinct from host cell’s chromosomal DNA, that naturally exist in
bacterial cells. Plasmids vary to a great extent in length from a few thousand base
pairs to more than 100 kilobases. With the advancement of recombinant DNA
technology, the innate properties of plasmids have been harnessed to produce an
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engineered version of these molecules to cater the needs of efficient cloning of
foreign gene. Different varieties of these molecules with distinct properties are
commercially available as plasmid vectors or plasmids. Therefore, the term plasmid
or plasmid vector will be used henceforth in this chapter instead of vector to avoid
confusion. In a nutshell, the plasmid vector and the host are manipulated genetically
to replicate and optimally express the foreign gene for large-scale production of the
recombinant protein.

Since recombinant proteins are produced in research laboratories for different
purposes, plasmid vectors encoding their genes need to have specific properties to
fulfill such research requirements. For example, proteins need to have certain tags
(such as histidine tag (His6), Glutathione S-transferase (GST) and Maltose binding
protein (MBP)) at the extreme C- or N-terminus for ease of purification using affinity
chromatography or for protein-protein interaction studies [7, 8]. Therefore, with
various plausible combinations of plasmid components including replicons, selec-
tion markers, multiple cloning sites, and protein purification tags, the variety of
available plasmid vectors has significantly increased. This certainly provides the
researchers with the flexibility to opt for the plasmid vector that best suits their
needs. Furthermore, plasmid vectors can be re-engineered to make them tailor-made
for some specific experiments using molecular biology tools. This chapter elabo-
rately discusses plasmid vectors used for cloning and expressing genes encoding
proteins primarily in the bacterial host system, and categorizes them based on their
types, important features, distinct behaviors, and applications in biological and
industrial research. Furthermore, it provides relevant cloning protocols and cues
for overcoming hurdles one faces during gene cloning.

3.2 Classification

Vectors can be classified under two categories:

• Cloning vectors: for cloning a gene to make its copies.
• Expression vectors: for expressing a gene to obtain its protein product.

There are certain important differences in these two types of vectors, which are
quite evident from their names. While cloning vectors would only replicate and
make copies of the insert, the expression vectors have certain elements engineered
into them that help in expressing the insert gene to produce an optimum amount of
desired proteins.

Thus, cloning vectors that are devoid of the necessary elements required for gene
expression are capable of making only multiple copies of the target gene without
giving the protein product [9]. Expression vectors, on the other hand, have necessary
elements for transcription and subsequent gene translation [9].
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3.3 Cloning: An Overview

The process that went into the creation of recombinant DNA molecules is termed as
molecular cloning, the basics of which have been described in the previous chapter.
Briefly, cloning is a process of generating identical copies, be it a single gene, a cell,
or an organism [10]. This process, since its time of inception, has been extensively
used and constantly standardized. Cloning emerged as a technique with the discov-
ery of “restriction endonucleases” and “ligases”—the enzymes that are very specific
in cutting and joining the DNA, respectively [11]. Discovery of these enzymes made
the technique more sophisticated as well as yielded powerful tools for generating
recombinant molecules. Thus, cloning using various vectors and their diverse
features has become a common lab technique that helps devise strategies to answer
critical biological research questions.

As a first step, it is necessary to isolate the specific protein-encoding gene from
the source organism. Sometimes, if the available sample of desired DNA (gene) is
limiting, performing a polymerase chain reaction (PCR) becomes necessary to
amplify the gene so as to obtain sufficient amount of DNA [12]. The gene of interest
is then cloned or inserted into plasmid molecules that provide necessary sequential
elements for maintenance of the exogenous DNA as well as regulatory elements
recognizable by the host for gene expression. Finally, the recombinant plasmid DNA
is transformed into a suitable host system such as E. coli. The basic steps in cloning
have been described and illustrated in the previous chapters of this book.

3.4 The Need to Choose a Plasmid Vector

For robust expression and purification, it is important to understand the intrinsic
properties of the recombinant proteins of interest. The expression of foreign mam-
malian proteins in a microbial host further puts forth certain challenges before the
scientists that need minute attention prior to cloning in a plasmid vector. For
example, lack of post-translational modifications in bacterial systems often makes
the expressed protein unfold, remain insoluble and unstable [13]. This has led to
modification of purification protocols of these proteins with “special needs” that
have been elaborated in the later chapters of this book. In addition, for ease with
purification, certain affinity tags are genetically introduced at the extreme ends of the
recombinant proteins through the plasmid vectors. Majority of the plasmids are
suited for use in E. coli host since it is the most preferred host for protein production
on a large scale. The bacterial strains have been modified such that they produce
recombinant protein which accounts for almost 20% of their total cellular proteins.
Thus, a researcher should have a thorough knowledge of the available plasmid
systems for cloning and expressing proteins so as to prudently choose a system for
best results.

The common important features of all plasmid vectors are described below as
well as in Fig. 3.1.
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(a) Ori:
It stands for “origin of replication” that is required for replication and propaga-
tion of the insert inside the host. This is the site in a plasmid where replication
machinery assembles and the process of replicating the entire plasmid initiates.
It is a crucial component of the plasmid system without which the plasmid
would get lost during cell division. Thus, ori sequence ensures that the plasmids
replicate and are distributed or partitioned during cell division [14].

(b) Promoter:
Promoters play a pivotal role in gene expression. They are ~100–1000 base pairs
in size and are located upstream of the gene of interest. The promoter sequence
modulates binding of the RNA polymerase as well as other transcription factors,
and hence choosing a proper promoter for a plasmid vector is crucial. It is
important to ensure that the promoter is compatible with the plasmid vector as
well as with the transcription machinery of the host system in which it is later
introduced for expression. Bacterial promoters are less complex and distinct
from their mammalian counterparts. For tight control of expression, synthetic
promoters have been created that do not allow leaky expression of toxic
proteins. Although constitutively active promoters are available, inducible
promoters have gained tremendous popularity as they can be turned on or off
(through heat, light, chemical, etc.) based on the individual experimental
requirements [15]. A commonly used constitutive promoter is T7 (from T7
bacteriophage), which requires T7 RNA Polymerase for activation. A modified
version of T7 is T7lac in which the RNA Polymerase is controlled by lac operon,
thus making it an inducible promoter [15].

A routinely used negatively inducible promoter includes the pLac promoter.
Although this promoter is constitutively active, it can be repressed by LacI
repressor from E. coli bacterial system. The functioning of this promoter has
been described extensively in the colony screening section of Chap. 2. Briefly,
under normal conditions when lactose is absent from the medium, the operon is
in the repressed state. This is due to the binding of the repressor protein onto the

Fig. 3.1 Important features
of a basic plasmid: the figure
shows (a) ori element which is
origin of replication sequence
recognized by host replication
enzymes; (b) promoter for
gene expression; (c) selection
marker which is mostly an
antibiotic coding gene
required for the selection of
transformants; and (d) MCS
which has many recognition
sites for various restriction
enzymes to clone any gene of
interest
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promoter such that genes of the operon are not expressed. In the presence of
activators such as lactose or IPTG (Isopropyl β-D-1-thiogalactopyranoside—an
analog of lactose), the repression on the promoter is eliminated. Binding of the
activator induces conformational change in the repressor, and thus the operon is
expressed. Lac inducible system has been widely exploited by many bacterial
expression vectors [15]. One more example of a negatively inducible promoter
includes the pBAD promoter, which is the promoter for arabinose operon and
works on the same principle as that of pLac operon [16].

(c) Selection Marker:
This component is required for maintenance of the plasmid inside the host as it
imparts a special characteristic phenotype such as resistance against an antibi-
otic, e.g., ampicillin, kanamycin, or chloramphenicol resistance genes. This aids
the researchers in specifically selecting bacterial colonies harboring the
recombinants that are capable of growing on an antibiotic resistant plate [9].

(d) Multiple Cloning Site (MCS):
MCS, also known as a polylinker region, is an important component of a
plasmid that contains recognition sequences for several restriction
endonucleases for cutting the plasmid and inserting the genes of interest.
Multiple restriction enzyme sites present in a plasmid gives ample choice or
flexibility to use different enzymes for cloning the insert. Moreover, these
enzyme sites are unique to the MCS region, as they are not present elsewhere
in the vector. This is done to ensure that the cut would be introduced only in the
MCS leaving the rest of the plasmid intact that otherwise would have been
fragmented into pieces [17].

3.5 Types of Plasmid Vectors

3.5.1 Plasmids Used for Cloning

A cloning plasmid self-replicates inside the host organism to produce identical
copies, also known as clones. Since cloning vectors are only capable of making
copies of the desired inserts, they do not harbor the regulatory elements needed for
transcription and translation of the insert into its protein product [11]. Thus, the aim
of cloning plasmids is maintenance and amplification of the inserted gene so as to
obtain large number of pure copies for further manipulations and studies.

At its inception, cloning was done with naturally occurring plasmids such as
ColE1 and pSC101 [11]. ColE1 is named after the gene colicin E1 that it encodes.
pSC101 was one of the first bacterial vectors used for cloning by Boyer and Cohen in
1973 [18]. Although they were capable of carrying out cloning experiments, they
failed to provide the flexibility to the researchers for cloning in a specific way.

To fulfill distinct cloning requirements, several engineered plasmid vectors came
into existence. pBR322 is one such plasmid vector. It is one of the oldest and most
widely used cloning vectors due to its robustness and ability to provide a wide
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spectrum of choices. A large number of other plasmids (such as pUC) have been
tailor-made on pBR322 skeleton for specialized cloning needs [11, 19].

Multi-copy plasmids are the most suitable ones to be used for cloning, as they
enable synthesis of large copies of insert (e.g., pUC19). Some of the desirable
properties that a plasmid to be used for cloning should have are:

1. The molecular weight of the plasmid should be low for both efficient transforma-
tion of the host and DNA delivery.

2. Plasmids must be able to confer on its host a selectable phenotype or selectable
advantage, which would distinguish the plasmid-bearing host from other
organisms that do not contain the plasmid.

3. Plasmid vectors must have a site where large number of restriction enzyme
recognition sites are located for ease of cloning the gene of interest. However,
it is crucial to ensure that these sites are not located elsewhere on the plasmid. In
short, it must contain a unique multiple cloning site or MCS region with wide
choice of restriction enzymes.

3.5.1.1 Criteria for Choosing a Plasmid for Cloning
There are certain important properties of plasmids, as mentioned below, that need to
be taken into consideration before choosing one for cloning:

Size of Insert
Every vector has its own capacity with respect to foreign DNA (insert) uptake, which
is termed as the “insert size.” If the insert size is beyond the capacity of the vector,
possibility of defects arises in the efficiency of plasmid replication, especially in case
of plasmids that have a high copy number. Certain plasmids that are capable of
taking up very large insert size are generally used for constructing genomic libraries
as discussed in the Chap. 2 [20].

Copy Number
One of the desirable properties of a cloning plasmid would be able to produce large
number of plasmid copies. This yield of plasmid from its host depends on the
number of copies the plasmid has inside the host system. This is termed as the
“plasmid copy number.” Copy number of a plasmid depends on control of replica-
tion initiation at ori sequence. For cloning vectors, a high copy number is always
desirable to get a good plasmid yield [21]. However, sometimes, a very high copy
number proves to be undesirable as it might unnecessarily burden the host replica-
tion machinery. Moreover, there are several low copy number plasmids that have
been engineered for cloning some genes with distinct characteristics that might
otherwise be toxic to the host system [22].

Cloning Sites (MCS region)
Cloning usually involves digesting the plasmid and the insert DNA with the same set
of restriction endonucleases for generating compatible sticky ends followed by
ligation of the generated compatible ends (as mentioned in Chap. 2). The plasmids
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that are generally used today consist of a multiple cloning site (MCS) or the
polylinker region on their backbone in which all the restriction enzyme sites are
concentrated. It is also ensured that these sequences are not found elsewhere on the
plasmid backbone. For choosing a proper restriction site at the MCS for insertion of
the foreign gene, it is important to confirm that the entire target gene sequence does
not contain the recognition sequence of the restriction enzyme to be used. Any of the
restriction enzymes that fulfill this criterion can hence be used for cloning [9].

3.5.1.2 Types of Cloning Plasmids
Although there are several types of cloning vectors, this chapter will describe the
most popular ones and their variants.

(a) pBR Plasmids
pBR, named after their discoverers—Bolivar and Rodriguez, are a group of
plasmids that are widely used for cloning [11, 19]. Since the plasmid has been
completely sequenced, it allows confirmation of the presence of cloned insert by
sequencing. Moreover, the exact length of every inserted fragment can be
calculated. Some of the important features of these plasmids are provided
below with an illustrative representation as shown in Fig. 3.2.
• pBR322 is the most common vector of the pBR series. The small size (4362

base pairs) of the plasmid allows easy entry inside the cells, thus increasing
the chances of plasmid uptake by the host cells.

Fig. 3.2 Representative map for plasmid pBR322. Important features of pBR322 plasmid such as
the rop gene for controlling the copy number of the plasmid, ori, which acts as an important
recognition sequence for plasmid replication enzymes, tetR gene that confers resistance against the
antibiotic tetracycline, ampR gene also called as bla (for β-lactamase) gene, which confers resistance
against the antibiotic ampicillin. The MCS is distributed in the tetR and ampR regions and is
represented by several restriction endonucleases
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• The plasmid consists of ori from another plasmid pMB1, which is required
for the replication of plasmid. This oriworks only in E. coli system and not in
any other organism.

• Presence of Rop protein (encoded by the rop gene within the plasmid) helps
in the formation of a stable complex between RNA polymerase I and II. It is
also responsible for controlling the plasmid copy number.

• The plasmid also contains genes for antibiotic resistance; the bla gene that
encodes for β-lactamase provides resistance against β-lactam antibiotics such
as ampicillin. The tetR gene confers resistance against the antibiotic
tetracycline.

• There are many sites for restriction endonucleases to act upon, within the
antibiotic resistance genes. Whenever, any of these sites are used for cloning,
there is insertional inactivation of the antibiotic resistance gene, aiding in the
selection of recombinant plasmids [11]. Cloning elsewhere in the plasmid
would be of lesser use as none of the antibiotic resistance gene would be
inactivated; hence selection of recombinants would become difficult.

• The number of restriction enzyme sites in the pBR genome is around 40. Out
of these, 11 sites are within the tetA (tetracycline resistant or tetR) gene and
six are contained within the ampR gene. This gives flexibility in cloning an
insert and choosing a suitable antibiotic resistance.

• There are three promoters P1, P2, and P3. Both P1 and P3 are for the
β-lactamase gene. While P3 is the natural promoter, P1 has been engineered
to create pBR322. P2 is located in the same region as P1 but on the opposite
strand. It plays the role of transcription initiation in the direction of tetR

gene [23].
• pBR327 is one of the derivatives of pBR322 wherein there is deletion of

nucleotides from 1427 to 2516 to reduce the size of this vector further. This
deleted stretch was found to interfere with the insert expression in case of
pBR322. The other features like ampR and tetR genes remain the same in both
the vectors [24].
Thus, pBR plasmids can take up an insert size of 4–5 kB which does not
enable the cloning of very large inserts. The copy number of these plasmids is
around 20–30 copies per cell. This copy number is lower as compared to
many derivatives of pBR plasmids available today and that is the reason these
derivatives are much more preferred. Some of the advantages of these
plasmids are that since they are small in size, their transformation efficiency
increases. Furthermore, there are also derivatives of these plasmids with
increased copy number. Hence, a large amount of cloned DNA can be
obtained. The two antibiotic resistance genes present with restriction enzyme
sites for cloning increases the flexibility of cloning. Thus, pBR plasmids are
more suitable for cloning or subcloning a moderate-sized insert but is not
suitable for cloning large inserts, as the transformation efficiency and the
copy number of plasmids are hampered if the cloned insert is beyond the
capacity of the plasmid [25].

(b) pUC Plasmid Vectors
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These plasmids were prepared for the first time at the University of California
from where they derive their name, pUC (Fig. 3.3) [26]. They are considered to
be the derivatives of pBR322, which were engineered further to fulfill certain
special cloning requirements as mentioned below:
• They are smaller in size (2686 bp) but have the capacity to carry a larger

insert size up to 10 kb.
• They generally have a high copy number (500–700 copies per cell) as

compared to pBR322 plasmids (20 copies per cell). Thus, they can produce
large number of copies of the cloned fragment of DNA inside the host.

• They contain the selectable marker gene for ampicillin resistance and ori
sequence both derived from pBR322.

• The vector contains the lacZ gene, which is derived from E. coli. The lacZ
region encodes for the lac operon that produces the beta-galactosidase
enzyme for lactose metabolism. A short stretch of lacZ gene (up to
146 amino acids) is present within the MCS region where the foreign gene
is introduced. Post cloning of the foreign gene, when the plasmids are
transformed inside a suitable host, functional beta-galactosidase enzyme
cannot be produced due to the disruption of lacZ gene. On the other hand,
failure in the cloning procedure would lead to synthesis of the functional
enzyme [27]. This method helps in the selection of recombinant host cells
through a method called the blue white screening where a chromogenic
substrate X-gal is added to the agar plate whose hydrolysis by the functional
enzyme gives blue coloration [9, 27]. This technique has been discussed
elaborately in Chap. 2.
Thus, a pUC series plasmid is used when a large insert size needs to be cloned
but at the same time a high yield of plasmid is desired without compromising
the transformation efficiency.

(c) Bacteriophage vectors
Another option of cloning is through bacteriophages (M13 and λ phage)
[28, 29]. M13 is one of the filamentous bacteriophages that belongs to the

Fig. 3.3 Representative map
for plasmid pUC—the
plasmid consists of an ori,
which is the origin of
replication sequence
recognized by the replication
enzymes, ampR that confers
resistance against the
antibiotic ampicillin and lacZ
gene inside the MCS region
for cloning gene of interest
and selection of clones as
described in the text above
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family of Inoviruses [30]. They have a thread-like capsid architecture that
packages a circular single-stranded DNA (ssDNA) genome. M13 has been
engineered by deleting a part of its genome to make space for the inserts and
thus restricting its use only with smaller size inserts. However, it provides a lot
of flexibility in terms of position and number of inserts (within its size limit), it
finds immense use as a scaffold in creating nanostructures [31].

In λ phage, since there is a limit to the length of DNA to be packaged (circa
53 kb), it has been engineered by deleting non-essential lysogeny gene so that
larger target DNA can be accommodated [32]. However, it is important to note
that, although ~40% of the wild-type λ phage genome is redundant for its
survival, it cannot maintain its integrity if more than 25% of its wild-type
genome is modified. Therefore, only foreign genes within certain size limit
can be inserted [33].

λ phage vectors can be classified into two types:

(a) Insertion vectors
These are the basic types of lambda cloning vectors and considering the size
constraints, can accommodate between 5 and 11 kb of foreign DNA inserts.
However, to prevent non-specific cleavage, they are modified through mutagen-
esis to contain a unique restriction site where the target gene is cloned. However,
the major limitation of this vector is its small insert size capacity.

(b) Replacement vectors
To circumvent the issue of small insert size, a modified version of the λ vector
was developed where 40% of the vector genome is made up of artificially
introduced “stuffer sequence” leaving rest 60% of the wild-type plasmid DNA
intact. This method enables easy insertion of foreign DNA fragment by replace-
ment of the stuffer element. Therefore, larger gene inserts (~10–20 kb) can be
introduced through this method [11].

However, it is important to note that there is also a minimum size limit for
inserts (~5 kb), since too tiny inserts do not get properly inserted and the cloning
often remains unsuccessful. This unique characteristic has been harnessed for
selecting recombinant plasmids from the ones that are empty (without inserts)
[9, 33]; the latter might not effectively propagate.

(c) Cosmid vectors
Cosmids are types of hybrid plasmid vectors that contain a section of bacterio-
phage λ DNA with cohesive end site (cos), which has elements to incorporate
DNA into λ phage vector. Cosmids are usually chosen to clone large gene
inserts (~28–45 Kb) [33]. These vectors are then packaged into viral particles
that subsequently infect E. coli where the cosmid vector self-replicates using the
ColE1 origin of replication. An illustration of the entire process is shown in
Fig. 3.4. This process can very successfully incorporate large foreign DNA into
host system, which is otherwise not possible through transformation [11].
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Fig. 3.4 Schematic representation of important features of a cosmid vector: The cosmid vector
comprises ColE1origin for plasmid replication, polylinker or MCS region for cloning foreign DNA,
AmpR selectable marker for selection of recombinants, and Cos site for packaging the DNA into
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(d) Bacterial artificial chromosome
When there is a requirement of a huge gene to be cloned and expressed, a
plasmid specialized for this purpose becomes necessary. Bacterial artificial
chromosomes (BACs) as shown in Fig. 3.5 are designed in a way to propagate
~1 MB-sized inserts in E. coli. However, the caveat is that the plasmid is
maintained at a very low copy (1 copy per cell) within the host system so that
it does not pose burden on the host replication machinery [33]. PAC is another
similar carrier that is based on the P1 bacteriophage [34]. Although it can carry
>100 kb gene insert, it has not gained popularity as BAC. These vectors are
introduced within the host system through electroporation, i.e., high voltage
pulse [20].

BACs have been used extensively for sequencing the human genome for the
Human Genome Project. The F-plasmid, which is responsible for the process of
conjugation between bacteria, has the ability to integrate itself into the bacterial
chromosomal DNA. Thus, when a large fragment of foreign DNA is cloned into
BAC, it gets incorporated into the bacterial chromosome. As the bacterial
chromosome replicates, it subsequently leads to generation of copies of the
insert DNA. The reason for BACs popularity is the stability of the insert without
loss of any information. This is due to the fact that the fragment is maintained as
a part of the genome rather than an extrachromosomal entity. BACs have been
extensively used for cloning large fragments from the mouse and the human
genome to prepare genomic libraries.

The first BAC vector that was constructed was pBAC108L. Derivatives of
pBAC108L have been constructed, namely, pBeloBAC11 and pECBAC1. In
these vectors, the cloning site has been replaced with lacZ gene with multiple
cloning sites [35].

Table 3.1 summarizes the important features of the cloning vectors with respect to
three important aspects—insert size, copy number, and applications.

3.5.2 Expression Plasmid Vectors

Post cloning, the foreign gene needs to be expressed for production of proteins and
hence has to be cloned into an expression plasmid vector. Unlike cloning plasmids,
these expression vectors contain appropriate regulatory sequences for transcription
and translation of the gene of interest. Since the main aim is to express the gene
product rather than obtaining large copies of the cloned gene, a common expression
vector should comprise the following:

⁄�

Fig. 3.4 (continued) phage head. The steps including introduction of foreign gene, packaging into
viral particles, and infection of E. coli cells have been depicted as described in the text
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1. Regulatory sequences to transcribe and translate the gene of interest.
2. Origin of replication.
3. Multiple Cloning Site (MCS).
4. Selectable marker for selection.
5. Tag for the separation and purification of expressed protein using affinity

chromatography.

Thus, expression vectors are provided with the regulatory elements like the
promoters for expressing the insert DNA. The promoters are usually under the
control of an inducer, a molecule that when added to the culture system helps in
expression of the insert DNA. In the absence of an inducer, the gene would fail to
express. Such promoters that need an inducer for gene expressions are termed as
“inducible promoters” and the ones that do not are called “constitutive promoters”
[36]. The use of inducible promoters is recommended because constitutive expres-
sion of the insert DNA might interfere with bacterial growth as well as the protein
product might damage the host cell due to toxic effects [37]. Common example of an

Fig. 3.5 Schematic representation of BAC vector derived from F plasmid. The unidirectional
replication of the F plasmid is maintained by the repE and oriS elements. parA and parB elements
help in maintaining the copy number of plasmid up to 1 or 2 copies per genome; the CmR gene
codes for chloramphenicol resistance that acts as a selectable marker; the cosN and loxP sites help in
recombination; MCS consists of the HindIII and BamH1 sites for cloning the gene of interest; the
two promoters T7 and SP6 that flank the MCS also help in making RNA probes apart from gene
expression [11]
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inducer is isopropyl β-D-1-thiogalactopyranoside (IPTG), the mechanism of which
has been described above.

In addition to the above features, an expression vector also contains different tags.
These tags are oriented in such a manner inside the vector that, when the protein of
interest is produced, the tag is attached and expressed as a fusion extension—often a
protein. Thus, the tag and the insert DNA are next to each other in the same
orientation inside the vector. The tag can be attached either at the N- or
C-terminus of the expressed protein. These tags are required for purification of the
expressed protein through affinity chromatography using an appropriate resin that
has an affinity toward the tag. Some of the commonly used tags include His6,
Maltose Binding protein (MBP), and Glutathione S-transferase (GST) tags [38, 39].

A few important bacterial expression plasmids and their applications are
discussed below:

(a) pET Vectors
One of the most powerful systems developed for the purpose of cloning of genes
of interest and expression of recombinant proteins in E. coli is the pET vector
system [40]. This system of vectors is basically a derivative of the pBR322
series of plasmids. It has been engineered to make the best use of T7 bacterio-
phage and its features. The target gene that is cloned in this system of vectors is
under the transcriptional and translational control of bacteriophage T7 RNA
polymerase expression signals. The greatest advantage of using T7 RNA poly-
merase is its extremely high specificity for T7 promoter. Furthermore, the
polymerase possesses a high level of activity and efficiency of translation
through the translation initiation signals. Since the T7 promoter is not
recognized by the host RNA Polymerase, the basal expression of the insert
gene can be avoided. The expression is further controlled by conveniently
adding an inducer (IPTG) when the bacterial culture reaches its log phase of
growth [40].

Table 3.1 Important attributes of the cloning vectors

Plasmid
Insert
size Copy number Applications

pBR322 4–5 kB Low (~20) Cloning, subcloning, highest transformation
efficiency due to small size

pUC 19 ~10 kB High (~500–700) Cloning, subcloning, moderate efficiency of
transformation due to large insert size
capacity and high copy number

λ
replacement
vectors

~10–
20 kB

Vector with insert
packaged into viral
particles

Cloning large fragments of insert

Cosmids ~20–
50 kB

Vector with insert
packaged into viral
particles

Enables the cloning of very large inserts

BAC ~1 MB Very low (~1) Used for human genome sequencing and for
preparing genomic libraries
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Two different variants of the pET system are available—transcriptional and
translational vectors. The genes that carry their own ribosome binding site and
the ATG start codon are often cloned in the transcriptional vectors. These types
of vectors are usually used for the cloning and expression of prokaryotic genes.
The vectors that carry a ribosome binding site from phage T7 are termed as
translational vectors. Generally, these vectors are used for cloning and expres-
sion of eukaryotic genes [41].

(b) pBAD system.
This is another example of a controlled protein expression system that is based
on the araBAD operon that is responsible for controlling the arabinose metabo-
lism in E. coli. This operon is induced on addition of L-arabinose. Thus, in the
pBAD vector, the gene of interest is cloned downstream of the araBAD pro-
moter so that its expression can be induced by the addition of L-arabinose in the
culture medium [16].

Some of the advantages of using pBAD vectors are:

1. Tight control on expression: The basal protein expression in the absence of the
inducer is extremely low in this expression system as compared to that of pET
plasmids. Therefore, it might be useful for expression of proteins that are toxic to
E. coli systems.

2. Strongly inducible promoter: The expression of the insert increases manifold as
soon as the inducer L-arabinose is added to the culture medium.

3. Inexpensive protein production: Since the inducer for these plasmids that is L-
arabinose is inexpensive, large-scale protein production is possible in a very cost-
effective way.

3.5.3 Affinity Tags for Protein Purification in Expression Plasmids

The pET expression vectors provide an option for tagging the protein with tags such
as His6, MBP, or GST. Tags are of importance, as they enable labeling of the protein
of interest so that it can be separated from rest of the cellular proteins through affinity
purification. To separate the tag from the protein after expression and purification,
there are enzyme cleavage sites present between the protein gene cloned and the tag
sequence. Enzymes such as TEV (Tobacco Etch Virus) protease are often used for
optional tag separation [42]. The amino acid recognition sequence for the TEV
protease is EDLYFQS, whose codon is introduced between the tag and the protein
sequence. Apart from TEV, there are other protease recognition sites, viz., Factor
Xa, Thrombin, and PreScission [43].

Certain vectors in the pET system can be modified such that they have two
different tags on both sides of the cloned insert, e.g., His6 tag and MBP tag. This
is of importance when the larger tag such as MBP has to be cleaved off from the
protein after first round of purification. Thus, pure protein can be obtained in the
second round of purification using the His6 tag, from a mixture that consists of
cleaved MBP and his-tagged protein. A detailed manual can be obtained from [44].
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There are two types of tags that can be engineered into plasmids.

1. Peptide tags
• Since these tags are small in size (His6 or S-tag), they are less likely to interfere

with the biological activity of the cloned protein and hence need not be
separated from the expressed protein.

• Plasmids with such peptide tags are often preferred for cloning and expression
when the protein is to be crystallized for determining its three-dimensional
structure. It is always desirable to have the target protein to be crystallized in
its pure form without any other interfering protein from tag.

• Some of the pET series of vectors (e.g., pET-14b-19b) encode His6 tag that
expresses either at the N- or C-terminal end of the recombinant protein.

• Expression of the encoded genes is usually under the control of T7 (pET-14b)
or inducible T7lac promoters (pET-15b-19b).

• Some of the pET vectors have more than one tag. For example, pET30b (+)
encodes S tag and His6 tag; pET41b(+) encodes S tag and His6 tag as well as
GST tag.

• There is usually a protease cleavage site between tag and the protein of interest
for optional tag removal.

• The target protein is later purified using immobilized metal affinity chroma-
tography (IMAC) technique discussed in Chap. 6 of this book.

2. Fusion protein tags
• These tags are bigger in size and are often independent proteins, e.g., Maltose

Binding Protein (MBP) and Glutathione S-Transferase (GST).
• Plasmids with these tags would often have an enzymatic recognition site

between the insert and protein. These tags need to be separated as they may
interfere with the downstream processing of the protein.

• The plasmids with these tags are mostly used when the protein is known to be
insoluble or unstable and thus forms inclusion bodies [45]. Purification of
proteins from inclusion bodies is discussed in detail in Chap. 10. Such unstable
proteins are often stabilized by tags such as MBP and GST, the exact mecha-
nism of which is largely unknown. However, these tags are thought to have
intrinsic chaperone activity that might aid in folding and stabilization of the
insert protein [45].

• The pMAL and pGEX series of plasmids have MBP and GST tags, respec-
tively. Amylose and GST resins are available for purifying the inserts cloned
in pMAL and pGEX series of vectors [38, 39].

3.5.3.1 pGEX Plasmids with GST Tag for Protein Expression
Important features of pGEX plasmids are provided below:

• The protein gene cloned into this plasmid system is tagged with GST and
expressed as a fusion protein.
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• The expression of the fusion protein is under the control of the tac promoter
(Ptac), which is an IPTG-inducible promoter that maintains a tighter control on its
recombinant protein expression.
GST-tagged proteins are also found to stabilize and solubilize certain unstable
and insoluble proteins and thus can be an option for cloning and later purifying
such difficult proteins

• Commercially there are 13 pGEX vectors available, the details will be available in
the Sigma-Aldrich pGEX vector manual [46]. These plasmid vectors subtly differ
from each other in terms of choices of restriction as well as protease cleavage
sites. Nine of these plasmid vectors have recognition sites for different proteases
(e.g., Thrombin, PreScission, Factor Xa) between the protein gene and the GST
tag [43]. This site enables separation of the GST-tag from the protein after
purification.

A representative pGEX vector and its fused gene product are shown in Fig.3.6.

3.5.3.2 pMAL Plasmids with MBP Tag for Protein Expression
Important features of pMAL plasmids are provided below:

• The site for cloning the insert is located downstream of the gene encoding the
MBP tag (malE gene). Thus, induction of protein expression, which is majorly
done using IPTG, produces the fusion protein (tag + protein of interest).

• The yield of the protein obtained by using pMAL vectors is very high and this is
due to the use of a very strong promoter Ptac, which is an inducible promoter and
the inducer used is IPTG [47]. The obtained protein is then purified using amylose
resin that has affinity toward MBP tag.

• Fusion of protein gene with MBP is known to stabilize the protein and is also
found to solubilize certain insoluble proteins. Thus, cloning some of the difficult-
to-purify proteins in these plasmids can be of help in certain cases [48].

• Similar to pGEX plasmid vectors, several variants of pMAL vectors are commer-
cially available with a variety of different restriction sites and protease recogni-
tion sites such as thrombin and Factor Xa. A detailed description of the types of
the plasmid vectors with their minute details will be obtained at New England
BioLabs pMal vectors manual [49] (Fig. 3.7).

Furthermore, proteins are cloned with tags sometimes to perform protein-protein
interaction studies through pull-down assays. GST-, MBP-, and His6 pull down
assays are routinely used to identify interacting partners of proteins in the biochemi-
cal pathways [50].

3.5.3.3 Duet Vectors
Duet vectors are a type of expression vectors recently developed for the
co-expression of two genes together. This is mostly desirable when the interaction
between the two proteins needs to be studied and characterized. The host system
used is E. coli and the origin of replication used is mostly from the ColE1 plasmids.
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The copy number of Duet vector is up to 40 copies per host cell. The selectable
marker gene is Ampicillin for selection of recombinants. These vectors contain two
MCS with different tags (e.g., His tag and S tag). The commercially available S-tag
system [51] comprises N-terminal 15 residues of the S-peptide and immobilized
S-protein on agarose beads for purification of the protein of interest. Like most of the
tags, S-tag vectors also encode a protease cleavage site for removal of the tag if
desired by the end-user. T7 promoter controls the expression of the cloned genes.
Some Duet vectors contain two different inducible promoters to specifically express
one protein at a time [52].

3.5.3.4 Cell-Free Expression Systems
A very efficient and fast method of recombinant protein expression has been made
possible by the development of cell-free protein production system [53]. In this
in vitro procedure, cell lysate of E. coli comprising the essential cellular components

Fig. 3.6 Map of pGEX plasmid vector. The figure depicts the important features of a pGEX
expression plasmid that produces GST-fused protein of interest. The labeled figure is self-
explanatory
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for transcription and translation are necessary for production of the target protein.
This method bypasses the lengthy cell culture step, thus significantly speeding up
recombinant protein expression and production. Regular plasmid vectors as well as
specially designed ones are used in this system. The major limitation of this system is
that it is quite expensive.

3.5.3.5 Other Expression Systems
Apart from the abovementioned expression plasmids, there are other specialized
mammalian vectors for primarily expressing mammalian proteins such as adenoviral

Fig. 3.7 Map of pMAL plasmid vector. The figure depicts the important features of a pMAL
expression plasmid that produces MBP-fused protein of interest. The labeled figure is self-
explanatory
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systems, retroviral vectors, the pSV and pCMV series of vectors as well as the
baculovirus [54]. All of these systems generally adopt promoters for cytomegalovi-
rus and SV40 for expression of the gene of interest [54]. They all have their
advantages and disadvantages and are usually used in mammalian host systems or
cell lines, which is beyond the scope of this book.

3.5.4 Conclusion

With the exponential surge in rDNA technology research, introduction of newer and
better plasmid vectors for optimal cloning of foreign genes and subsequent expres-
sion of target proteins has also gained importance. The availability of this wide array
of vector-host combination has allowed researchers to hand-pick plasmids that best
suit their specific needs and purpose. However, wider spectrum of choices also
comes with the necessity to have precise knowledge of these plasmids, their pros
and cons as well as their effective combination with the most suitable variant of the
host system. This chapter, therefore, provides a detailed review on the types of
plasmids to be used in the bacterial host system along with routine
troubleshooting cues.

Troubleshooting:

Problem Reason Solution

1. No protein obtained
after using the pET series
of expression vectors

The protein might be unstable
and insoluble

The insert must be cloned in
pMAL or pGEX series of
vectors as the MBP or GST tags
help in stabilizing the expressed
protein

2. Low amount of plasmid
obtained after cloning the
insert in a cloning plasmid

The copy number of the
plasmid is low

Use a high copy number
plasmid (e.g., pUC series of
plasmids)

3. Failure to clone the
insert into the vector

Insert size is too large for the
plasmid

Use a plasmid with a high
capacity for insert (e.g., cosmid
vectors)

4. Tag not separated from
the protein

a. Absence of TEV enzyme
recognition site between the
tag and the protein sequence or
the recognition site is faulty;
confirm through DNA
sequencing
b. The tag might stick to the
protein

a. Introduce a TEV enzyme
recognition site between the
insert and the tag and confirm
through sequencing
b. Use a different protein tag
that would help stabilize the
cloned protein and
simultaneously would easily get
separated from the protein. (Use
GST tag instead of MBP which
might easily separate post TEV
cleavage)
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Problems

Multiple Choice Questions
1. The site on an expression plasmid where transcription factors bind is

known as:
(a) Ori
(b) Promoter
(c) Polylinker
(d) rop

2. The most suitable vector for constructing genomic libraries would be:
(a) Cosmids
(b) λ replacement vectors
(c) BAC
(d) pET vectors

3. The protein that binds to the pLac promoter to prevent the expression of
lacZ gene is known as:
(a) Lactose
(b) IPTG
(c) X- gal
(d) Repressor

Subjective Questions
1. A gene encoding protein X was cloned into a plasmid containing 6�-His

tag. After induction of gene expression, the protein was found to be
expressed. When the protein was purified using an appropriate resin, it
was found to be unstable and insoluble. Suggest a way in which such a
protein can be stabilized and purified.

2. A gene 50–60 kB in size needs to be cloned in an appropriate vector for
further study. Which cloning vector would be suitable for cloning such a
moderately large fragment without loss of the gene and at the same time
ensuring efficient host transformation?
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Transformation and Protein Expression 4
Shubham Deshmukh, Rucha Kulkarni, and Kakoli Bose

Abstract

Transformation is an important step in recombinant DNA technology that allows
transfer of genetic material inside cells. Often, this transfer accompanies a change
in trait of the cells depending upon the genetic material used. Together, the
transfer of genetic material and change in trait of cells is defined as transforma-
tion. Since its discovery, this technique is credited with countless profound
findings in biology and holds an important position in a biologist’s toolbox for
manipulating DNA and cells. In this chapter, fundamental information essential
for in vitro transformation, together with a series of principles and protocols that
are routinely used in transforming bacterial cells, are discussed. Dedicated
sections have been provided to preparation of competent cells, in vitro cellular
transformation methods, and posttranslational protein modification in bacterial
expression systems. Further, acknowledging the popularity of bacteria as “pro-
tein-production factories,” special sections have been devoted to using different
types of bacteria and optimizing gene expression in them. Additionally, discus-
sion on approaches to troubleshoot difficulties and standardize experimental
protocols provided comprehensiveness to the chapter. Several fundamental
problems related to this topic have been discussed at the end of the chapter for
the readers to further enhance their understanding on the topic by actively
involving themselves in an experience that resembles the routine experimental
protocols pertaining to recombinant protein expression.
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4.1 Introduction

A groundbreaking discovery that revolutionized the field of molecular biology is the
ability to modify the genetic material of cells. Genetic alteration requires that the
recipient cells allow entry to foreign genetic material, its successful incorporation,
and stable expression so as to bring changes in cellular behavior. Let us imagine that
a geneticist wants to investigate the functions of a gene that he thinks might be
responsible for a particular behavior of a cell or a tissue. In particular, the geneticist
is inquisitive about the role of this gene in a human disease. He also wants to
understand the design (nucleotide sequence), regulation, and mutations that contrib-
ute to the distinct functions of the gene! To address the abovementioned questions,
the geneticist should not only find a way to obtain this gene in sufficient amount in
the genome, but also be able to artificially introduce it into the cells to express it so as
to study and manipulate its functions. Interestingly, the technique of in vitro trans-
formation solves this problem by allowing transfer of naked fragments of foreign
genetic material inside target cells by artificially permeabilizing the cell membrane.
In most cases, the genetic material is a plasmid harboring complementary DNA
(cDNA) or a gene that is inserted in target cells using chemical, physical, or
biological methods. As a result of the transformation process, the genotype of the
recipient cells is modified.

Historically, the discovery of natural genetic transformation was one of the key
events in biology that stems from the work on Streptococcus pneumoniae in 1928 by
Frederick Griffith. This work laid the foundation for the identification of DNA as the
genetic material in most living organisms [1]. As the field advanced, transformation
was demonstrated to be a frequently occurring natural process and was soon
accepted to be a common mechanism for generating and maintaining genetic
diversity in bacteria. With advancement of research in this area, this naturally
adept molecular biology tool was soon introduced into biomedical and industrial
applications. The scope of this technique for manipulation of genotype was further
increased by inspecting eukaryotic cells for transformation. Since the genetic code is
fairly conserved across the three domains of life, protein coding genes from
eukaryotes can be expressed in prokaryotes and vice versa. The oldest published
report on artificial transformation of animal cells comes from the injection of DNA
from the tissue of one bird into an individual of the same species by Benoit et al. in
1957 [2]. It should be noted that the term “transformation” in the context of
mammalian systems is generally used to describe the transition of a cell from normal
to cancerous phenotype [3]. Hence, in mammalian systems the term “transfection” is
coined for the addition of exogenous DNA to the cell. However, this chapter will
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confine itself toward understanding of “transformation” into the bacterial hosts for
recombinant protein purification in a laboratory setup.

Recombinant DNA technology coupled with transformation/transfection
provides us the opportunity to express proteins in bacterial, archaeal, yeast, mam-
malian, and plant cells for a multitude of purposes that include studying the
functional implications of proteins in specific diseases, and large-scale production
of enzymes for therapeutic and industrial use. In view of the fact that several
different organisms have been adopted as hosts for expression of genes, the choice
of the expression system depends on multiple factors. Prime considerations while
selecting an appropriate host include the quantity of the protein required, size of the
protein, and any disulfide bonds or posttranslational modifications of the protein. For
example, the use of E. coli for protein production is a simple and economical method
of producing bulk quantities of proteins that do not require posttranslational modifi-
cation (PTM) for functioning; however, proteins that require PTM to function should
be expressed in a eukaryotic host system. In this chapter, we discuss the different
methods of transformation and the types of expression systems that can be used for
protein production, however focusing majorly on the bacterial host systems.

4.1.1 Competence and Competent Cell Preparation

Before a cell could undergo transformation, it has to be “competent.” Competence in
terms of genetic transformation is defined as the inducible trait of cells for both
importing and processing foreign genetic material [4]. The second component in
the definition of competence is essential to generate new genotype because the
internalized foreign DNA faces three fates inside a recipient cell, which decide the
success of transformation. Firstly, the DNA might be rejected and degraded by
nucleases; secondly, it might be inserted into the chromosome; and lastly, it might
co-exist with chromosome. Competence in most naturally transformable organisms
is genetically regulated by dedicated proteins that cause the uptake and processing of
DNA. These proteins known as competence-specific proteins are a collection of
membrane-embedded DNA-binding proteins, various nucleases, DNA importer
enzymes, methylases, and recombinases [5, 6]. The molecular machinery involved
in regulating competence might perhaps not be constitutively active inside bacteria
but instead can respond to specific extracellular or intracellular signals in order to
develop competence. Such a form of competence is termed as spontaneous transfor-
mation. On the other hand, some bacterial species could lack transformation-specific
DNA-uptake and processing genes and thus might not be naturally transformable.
However, both bacterial and eukaryotic cells can be artificially forced to enter a
transient state of competence along with introduction of the desired DNA in the
growth medium to enable in vitro genetic transformation [4]. Competence is thus a
transient opportunity for gene introduction (Fig. 4.1). Extracellular DNA that is
impure, often damaged, and in trace concentrations is not a rare sighting in a cell’s
natural environment, where it has naturally evolved. The probability of transforma-
tion in natural conditions is thus reduced by natural barriers such as adsorption of
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DNA by particles in soil and suboptimal temperature, pH, osmolarity, and shear
force [7, 8].

In contrast, optimization of the abovementioned parameters in laboratories
provides much higher transformation efficiencies. Having appreciated the key
importance of cellular competence in transformation, let us now explore how cells
could be made competent artificially.

4.1.2 Competent Cell Preparation

In cloning step, the most commonly used bacterial species for transformation is
E. coli. The history of artificial bacterial transformation began with the thought that
E. coli, a commonly used laboratory organism, was resistant to transformation.
However, in 1970, Mandel and Higa demonstrated that after treatment with calcium
chloride (CaCl2), E. coli might be induced to take up DNA from bacteriophage λ
without the use of a helper phage [4]. Two years later, another group of scientists

Fig. 4.1 Cellular competence and its role in transformation. (a) A cell such as a bacterium might
not be naturally able to import and process foreign DNA. Such a cell is termed non-competent. (b)
DNA could be imported and processed by a competent cell, leading to change in its trait(s).
Competence could be artificially generated
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showed that CaCl2 treatment is also effective for transformation using plasmid DNA
[5]. The original method was further improved by Douglas Hanahan.

Since then, numerous methods involving chemicals have been used to make cells
competent such as by using other monovalent and divalent cations, polyethylene
glycol (PEG) or dimethyl sulfoxide (DMSO) [9]. Other than these chemical
methods, electroporation has also been extensively developed and used to induce
competency [10–12]. However, the requirement of special equipment has limited the
popularity of this method. Nonetheless, the use of cations has proven to be the most
effective chemical treatment to bring about bacterial transformation. Among various
cations, use of Mn2+, Ca2+, Ba2+, Sr2+, and Mg2+ has proven to be effective [13].

Although the factors that regulate competence differ among various genera and
remain as the key for the process, a simple procedure to acquire cells of reasonable
competency using the chemical method is described below.

4.1.3 Chemical Method

Principle: High polarity and an overall negative charge of DNA pose a barrier for its
transfer across the cell membrane. Hence, to facilitate the entry of DNA inside
bacteria, its charge must be neutralized. Additionally, the cell membrane of bacteria
must be transiently modified to neutralize charges as well as create pores using
cations followed by a brief pulse of heat. This method is known as the heat-shock
method of transformation [9]. Therefore, prior to exposure of cells to DNA and
varying temperatures, they must be made competent using chemicals such as
calcium chloride. Other key component in this protocol is Glycerol. The process
of calcium chloride-based competence generation encourages rapidly growing bac-
terial cells to uptake DNA from the surrounding environment. The exact mechanism
of how this process works is still largely unknown, but there are hypotheses on the
different aspects of the procedure. The main role of calcium ions in the cell
suspension is hypothesized to be a cation bridge that reduces repulsion between
the phosphate backbone of foreign DNA and phosphorylated lipid A in
lipopolysaccharide (LPS) of bacterial cell, owing to the negative charges on both.
While the calcium ions neutralize the charge, they can also serve to cause folding of
DNAmolecule into a ball-like structure that enters cells easily. Glycerol brings DNA
close to the surface of the cell due to molecular crowding, and also protects cells
when stored at freezing temperatures. During the subsequent heat-shock transforma-
tion procedure, the heat pulse at 42 �C is believed to cause temporary pores in lipid
membrane through which foreign DNA enters a cell. 105 to 107 colonies of
transformed E. coli per μg of DNA generated by this method is more than enough
for routine work such as mass-producing plasmid DNA or protein production
[14]. However, for special purpose of cDNA library creation that includes environ-
mental DNA sample, a higher number of transformed colonies are desirable.

Based on this method, we shall now discuss the protocol for generating compe-
tency in bacteria using E. coli as an example.
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Protocol
This protocol for competence generation in bacteria is based on the original protocol
published by Hanhan et al. [14]

Materials
• 2 mL of E. coli starter culture grown overnight
• 100 mL of sterile fresh Lysogeny Broth (LB) medium, pre-warmed to 37 �C
• 500 mL of sterile ice-cold Transformation Buffer 1 (TfB1)
• 100 mL of sterile ice-cold Transformation Buffer 2 (TfB2)

Equipment
1. 37 �C shaking incubator
2. Spectrophotometer/Colorimeter at 600 nm wavelength light
3. Centrifuge

Methods
1. CaCl2 Buffer preparation

(a) Transformation buffer 1 (TfB1)
• Potassium Acetate 30 mM
• Potassium Chloride 100 mM
• Calcium Chloride 10 mM
• Glycerol 15% (v/v)
• Manganous Chloride 50 mM
Make up the volume to 500 mL using deionized water (dH2O) and autoclave.

(b) Transformation buffer 2 (TfB2)
• MOPS 10 mM
• Potassium Chloride 10 mM
• Calcium Chloride 75 mM
• Glycerol 15% (v/v)
Make up the volume to 100 mL using dH2O and autoclave.

2. Growing cultures overnight
Inoculate 2 mL of LB with a single colony of E. coli and incubate at 37 �C and
200 rpm in a shaker incubator for 12–16 h.

3. Subculturing overnight culture
• Add 2 mL of overnight grown culture to 100 mL of fresh LB with no

antibiotics.
• Shake incubate at 37 �C and 200 rpm for 3–4 h until the optical density (OD) at

600 nm wavelength light reaches 0.5–0.7.
4. CaCl2 wash (generating competency)

• Stop bacterial growth by gently swirling the flask in an ice-water bath for
10–15 min.

• Transfer the culture to appropriate container and centrifuge at 3000 � g for
15 min at 4 �C.

• Discard the supernatant.
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• Resuspend the cell pellet with gentle pipetting in 20 mL of ice-cold TfB1 and
centrifuge at 3000 � g for 10 min at 4 �C.

• Discard the supernatant.
• Resuspend the cell pellet with gentle pipetting in 2 mL of ice-cold TfB2.
• Aliquot 100 μL cell suspension in each chilled sterile 0.5 mL

microcentrifuge tube.

These competent cells can be used immediately for transformation or stored for
future use. For future use, immediately snap freeze the tightly closed tubes by
immersing them in liquid nitrogen followed by storing at �80 �C. The stored cells
can remain competent for several months with minimal loss in transformation
efficiency.

Important Notes
1. It is important to not let the Optical Density at 600 nm (OD600) go higher than 0.6

for E. coli since maximum transformation efficiency is achieved when cells are in
their log phase of growth. Therefore, the OD should be frequently monitored
accurately using a spectrophotometer or a colorimeter, especially when it gets
above 0.3, as bacterial cells grow exponentially. A 100 mL subculture medium
inoculated with 2 mL starter culture usually takes 2.5 h to reach an OD of 0.6.

2. It is also crucial to keep the cells, buffers, and vessels at 4 �C for the rest of the
procedure.

3. For storage, the prepared cells should be aliquoted in small volumes for single use
since each freeze/thaw cycle reduces transformation efficiency. 105 to 107

colonies of cells transformed with 1 μg of plasmid DNA can be obtained using
this simple and robust procedure to generate competent cells [15]. Such efficiency
is usually enough for routine purposes such as extracting large amount of plasmid
DNA, gene expression for protein production, and functional studies. However,
much higher efficiencies are required when obtaining every possible clone is of
utmost importance, for example, generating cDNA library from low concentrated
DNA sample. Therefore, several modifications and optimizations of this basic
procedure have been described in the literature [15, 16]. These improved
procedures have generated competent cells with transformation efficiencies
between 108 and 109 transformed colonies per μg of supercoiled plasmid DNA.

4.1.4 Preparing Electrocompetent Cells

Principle: The procedure for generating competent bacterial cells for transformation
using the electroporation method is the easiest, fastest, most efficient, and highly
reproducible compared to chemical methods. Just like the chemical method, bacteria
are cultured till they reach the exponential phase, characterized by faster growth
[17], chilled, centrifuged, washed extensively using dH2O or a suitable buffer of
extremely low ionic strength, and then suspended in 10% (v/v) glycerol. Cell
viability is reduced due to arcing of electric current in the electroporation cuvette
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during DNA transfer by means of electroporation. Therefore, the ionic strength of
electroporation buffer and DNA solution should be kept as low as possible to
achieve high transformation efficiencies [18, 19]. Let us now discuss the protocol
for generating competency in E. coli by using the method of electroporation.

Protocol
Materials
• 50 mL of E. coli culture grown overnight
• 500 mL of sterile fresh Lysogeny Broth (LB) medium, pre-warmed to 37 �C
• Sterile ice-cold dH2O
• 250 mL sterile ice-cold 10% (v/v) Glycerol
• 10 mL of sterile fresh Glycerol Yeast extract Tryptone medium

Equipment
1. 37 �C shaking incubator
2. Spectrophotometer/Colorimeter at 600 nm wavelength light
3. Centrifuge

Methods
1. Preparing GYT medium ([20])

• 0.25% (w/v) Tryptone
• 0.125% (w/v) yeast extract
• 10% (v/v) glycerol

2. Growing cultures overnight
• Inoculate 50 mL of LB with a single colony of E. coli and incubate at 37 �C

and 200 rpm in a shaker incubator for 12–16 h.
3. Subculturing overnight culture

• Add 25 mL of overnight grown culture to 500 mL of fresh LB with no
antibiotics.

• Shake incubate at 37 �C and 200 rpm for 3–4 h until the OD at 600 nm
wavelength reaches 0.5–0.7.

4. Generating competency.
For maximum transformation efficiency, the temperature of bacteria should not

rise above 4 �C at any step in the protocol given below:

• Stop bacterial growth by gently swirling the flask in an ice-water bath for
10–15 min. In preparation for the next step, place centrifuge bottles in an
ice-water bath.

• Transfer the culture to the cold bottles and centrifuge at 3000 � g for 15 min at
4 �C.

• Discard the supernatant and resuspend the cell pellet with gentle pipetting in
50 mL of ice-cold dH2O.

• Centrifuge at 3000 � g for 10 min at 4 �C.
• Discard the supernatant and resuspend the cell pellet with gentle pipetting in

250 mL of ice-cold 10% (v/v) Glycerol.
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• Centrifuge at 3000 � g for 10 min at 4 �C. Supernatant should be discarded
carefully since cells adhere loosely in 10% Glycerol.

• Discard the supernatant and resuspend the cell pellet with gentle pipetting in
10 mL of ice-cold 10% (v/v) Glycerol.

• Centrifuge at 3000 � g for 10 min at 4 �C.
• Discard the supernatant and resuspend the cell pellet with gentle swirling in 1 mL

of ice-cold GYT medium.
• Take a small volume of the cell suspension, dilute it 1:100 with ice-cold GYT

medium and measure its OD600. Further, dilute the cell suspension appropriately
to obtain a concentration of ~2.5 � 1010 cells/mL. Roughly, 1.0
OD600 ¼ ~2.5 � 1010 cells/mL for most E. coli strains.

• To test whether arcing (electrical shorting that leads to burning of cells) occurs
when electric current is applied to the cuvette, transfer a small volume of cell
suspension to an ice-cold electroporation cuvette and apply a voltage of
13–15 kV/cm. If arcing occurs, remove excess salts from cell suspension by
washing cells several times with ice-cold GYT.

• Aliquot 100 μL of ~2.5 � 1010 cells/mL concentration cell suspension in each
chilled sterile 0.5 mL microcentrifuge tube.

These electrocompetent cells can be used immediately for transformation or
stored for future use. For future use, immediately snap freeze the tightly closed
tubes by immersing them in liquid nitrogen followed by storing at �80 �C. The
stored cells can remain competent for several months with minimal loss in transfor-
mation efficiency.

Important Notes
1. It is crucial to keep the cells, buffers, and vessels at 4 �C for the rest of the

procedure.
2. The dH2O used should have low electric conductivity to avoid arcing during

electroporation.
3. For storage, the prepared cells should be aliquoted in small volumes for single use

since each freeze/thaw cycle reduces transformation efficiency.

4.1.5 Transformation Methods

Due to the constant requirement for introducing exogenous genetic material into
bacteria, the scope of methods available for artificial transformation has broadened
over time. The accessibility of such a broad scope has endowed several downstream
applications of molecular cloning technology. This section attempts to describe the
principles of various methods available for introducing DNA into bacterial cells and
the factors that govern their efficiencies. A short comparison between the various
methods has been made, which can serve as a starting point to determine the best
method that could fulfill the specific requirements of a cloning application. Further-
more, in continuation of the previous section on competent cell preparation, the
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procedures for the two most commonly used methods of bacterial transformation
such as the Heat-shock and Electroporation have been elaborated in the following
sections.

The subsequent paragraphs describe various methods available for the transfer of
exogenous DNA into a suitable host.

4.2 Heat-Shock Method

E. coli cells made competent by treating with a mixture of salts can be subjected to
alternating high and low temperatures to facilitate the entry of DNA molecules
through the outer and inner cell membranes. This method is based on the initial
observation of Mandel and Higa, who demonstrated that log-phase bacterial cells
treated with a solution of cations when briefly subjected to 37 �C or 42 �C could be
easily transfected with λ bacteriophage DNA [15]. The exact mechanism of how the
process of calcium chloride-based competence generation and heat-shock treatment
encourages bacterial cells to uptake DNA is still largely unknown. However, there
are a few hypotheses on the different features of the procedure. Mechanistically, in
the heat-shock method, the role of calcium-rich environment and other divalent
cations used for generating competence in bacterial cells is hypothesized to be a
cation bridge that reduces electrostatic repulsion between the phosphate backbone of
foreign DNA and phosphorylated lipid A in lipopolysaccharide (LPS) of bacterial
cell. This neutralization of charge is necessary owing to the negative charges on both
the DNA and LPS layer of the bacterial cell. While the calcium ions neutralize the
charge, they can also serve to cause folding of DNA molecule into a ball-like
structure. Condensation of DNA is necessary to cause its entry inside cell. This is
consistent with the observation that super helical plasmid DNA is transferred more
efficiently than linear DNA. Glycerol brings DNA close to the surface of the cell due
to molecular crowding, and also protects cells when stored at freezing temperatures.
During the subsequent heat-shock transformation procedure, the brief heat pulse at
37 �C or 42 �C is believed to cause temporary pores in lipid membrane through
which foreign DNA enters a cell [21] (Fig. 4.2). The heat is also believed to enhance
Brownian motion in cell suspension that further facilitates motion of DNA through
cell membranes [21]. As per the hypothesized mechanism, owing to their thick cell
wall, Gram-positive bacteria are transformed with low efficiency compared to Gram-
negative bacteria using the heat-shock method. In this method, DNA transfer and
therefore transformation efficiency is inversely proportional to the size and topolog-
ical form of DNA [14]. 105 to 107 colonies of transformed E. coli per μg of DNA
generated by this method is more than enough for routine cloning work such as
mass-producing plasmid DNA or protein production. However, for special purpose
of cDNA library creation, wherein each unique cDNA is important, a higher number
of transformed colonies is desired. The procedure for heat-shock method of trans-
formation is described in the succeeding paragraphs.
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Fig. 4.2 Heat-shock method. (a) Charge repulsion between foreign DNA and cell membrane,
together with low membrane porosity, pose a barrier for the entry of DNA inside recipient cells, as
depicted in the magnified view. (b) While presence of cations such as Ca2+ reduces repulsion
between the foreign DNA and cell membrane, a brief period of heating and cooling transiently
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4.2.1 Procedure for Bacterial Transformation Using the Heat-Shock
Method

Materials
• Freshly prepared or frozen competent bacterial cells
• Plasmid DNA solution
• Sterile fresh Lysogeny Broth (LB) medium, pre-warmed to 37 �C

(~1 mL of this broth is needed per transformation aliquot)
• Lysogeny agar plates supplemented with appropriate antibiotic(s)

Equipment
1. 37 �C shaking incubator
2. Centrifuge
3. Water bath set to 42 �C
4. 37 �C static incubator

Method
• Using a micropipette add 50–100 ng of plasmid DNA to each 100 μL aliquot of

competent cells. Gently mix the contents of the tube using the micropipette. When
using frozen competent cells, allow cells to thaw gradually by keeping the tube in
ice for 30 min. It is recommended to set both positive and negative controls for
every transformation experiment. The positive control tube may contain compe-
tent cells that would receive a known amount of plasmid DNA of standard
quality. On the other hand, the negative control tube may contain competent
cells that shall not receive DNA at all.

• Place all the tubes in ice for 20–30 min to allow DNA-cell interaction. Mean-
while, a water bath with floating tube rack can be set to 42 �C for the next step.

• Transfer the tubes to the floating tube rack inside the preheated water bath. Place
the tubes inside water bath for exactly 90 seconds without shaking. This heat-
shock step is the major deciding factor of transformation efficiency.

• Immediately take out the tubes from the water bath and place in ice for 15 min.
Meanwhile, a 1 mL aliquot of Lysogeny Broth (LB) medium can be warmed to
37 �C for the next step.

• Inside a bacteriological laminar air flow cabinet, add 700 μL of the pre-warmed
LB medium to each tube.

• Place all the tubes in a shaker incubator and incubate for 60 min at 37 �C and
180 rpm shaking speed. Addition of antibiotics is not recommended to these small
cultures since the cells need sufficient time to recover and express antibiotic
resistance gene(s) present in the plasmid DNA.

Fig. 4.2 (continued) increases membrane porosity. The cumulative effect of cation treatment and
varying temperatures enables entry of foreign DNA inside cells
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• Transfer 100–200 μL of culture from each tube on separate Lysogeny agar plates
supplemented with appropriate antibiotic(s), and spread uniformly using a sterile
glass spreader. Alternatively, low density cultures can be centrifuged at 3000 � g
for 5 min, resuspended in 100–200 μL of medium, and spread. When selecting
cells that produce extracellular inactivators of antibiotics, cultures should be
spread with low densities to prevent sensitive colonies from growing in the
proximity of resistant cells.

• Place all the plates in inverted position inside a static incubator and incubate at
37 �C for 12–18 h.

4.2.2 Expected Observations

Test: Colonies of transformed bacteria may or may not appear on plates after
appropriate incubation period.

Positive control: Several colonies of transformed bacterial cells should appear
after appropriate incubation period.

Negative control: No colonies should appear on the plate. Appearance of any is an
indication of the following possibilities:

1. The aliquot of competent cells was contaminated with antibiotic-resistant bacteria
during the procedures of competence generation and/or transformation.

2. The plates were contaminated with antibiotic-resistant bacteria during their prep-
aration and/or storage.

3. The antibiotic(s) added to the plate lost their potency either due to prolonged
storage or because it was added to the medium when it was too hot.

4.3 Electroporation Method

The problems of low competency due to the genotype of bacterial cells or limited
efficiency of the heat-shock method of transformation led to the usage of an
alternative method of bacterial transformation. Since bacterial cells are electrically
conductive, exposure to high intensity electric current physically distorts the cell
membranes by causing their polarization. When a high-voltage electric current in the
range 10–15 kV/cm is applied to bacteria, the physical distortion in the cell
membranes causes formation of small temporary pores (hence, the name electropo-
ration), which serve as entry routes for exogenous DNA (Fig. 4.3). First
demonstrated by Neumann on mouse cancer cells [18], this method called Electro-
poration was later used to transfer DNA into other eukaryotic cells of fungi, plants,
and yeasts and cells of both Gram-positive and Gram-negative bacteria with high
efficiency [22]. This method, therefore, is independent of the type of host cell used in
the transformation procedure. Since then, electroporation that is also known as
electro-injection or electro-transfection has established itself as the fastest, easiest,
most efficient, and highly reproducible method for introducing foreign DNA into
various cell types [19].
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Fig. 4.3 Electroporation method. A suspension of cells and DNA is exposed to high intensity
electric current inside an electroporation cuvette. Charge polarization by migration of ions caused as
a result of electric field leads to formation of transient microscopic pores in the cell membrane,
facilitating the entry of foreign DNA into cells. Subsequently, cessation of current causes the pores
to seal, trapping the foreign DNA inside
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The many advantages offered by this method over conventional ones are
summarized below:

1. Plasmids ranging in size from 3 kb to 85 kb can be introduced in E. coli with
transformation efficiencies in the order of 1010 and 107, respectively. This is
extensive compared to the efficiencies of ~106 obtained by the routinely practiced
heat-shock method.

2. Unlike the CaCl2 heat-shock method of transformation, the efficiency of which is
inversely related to the size and topology of DNA, the efficiency of electropora-
tion method is related only to the concentration of input DNA. Therefore, a DNA
as large as 150Kb has been transferred using electroporation [23].

3. Since the incubation step of host cells with DNA is eliminated, the procedure is
rapid. Moreover, with no addition of chemicals such as PEG and DMSO, toxicity
is near zero in this method.

4.3.1 Procedure for Bacterial Transformation Using
the Electroporation Method

This procedure of Electroporation is applicable to DNA of size <15 kb and most
strains of E. coli such as DH5α, DH10B, and XL-1 [23–29] to yield transformation
efficiency that is suitable for routine applications of cloning.

Materials
• Freshly prepared or frozen electrocompetent bacterial cells
• Plasmid DNA solution
• Sterile ice-cold dH2O
• Sterile and fresh Super Optimal broth with Catabolite repression (SOC) medium

at room temperature
(~1 mL of this broth is needed per transformation aliquot)

• Lysogeny agar plates supplemented with appropriate antibiotic(s)

Equipment
1. Sterile electroporation cuvettes
2. Electroporation apparatus
3. 37 �C shaking incubator
4. 37 �C static incubator

Method
• Clean electroporation cuvettes thoroughly using sterile ice-cold dH2O.
• Pipette 50–100 μL of electrocompetent cells into a clean electroporation cuvette

kept in ice. When using frozen competent cells, allow cells to thaw gradually by
keeping the tube in ice for 30 min before transferring cells to the cuvette. It is
recommended to set two control tubes for every transformation experiment by
including an aliquot of competent cells that gets a known amount of super helical
plasmid DNA of standard quality and another aliquot of cells that gets no DNA
at all.
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• Using a micropipette add 10 pg to 25 ng of plasmid DNA in appropriate volume
(not exceeding 5 μL) to each aliquot of cells inside the ice-cold cuvettes. Gently
mix the contents of the cuvettes using the micropipette and keep the cuvettes in
ice for 1 min. The plasmid DNA preparation should be in dH2O or TE buffer
(pH 8.0).

• Set the electroporation apparatus to convey an electrical pulse of 2.5 kV, 200 Ω
resistance and 25 μF capacitance.

• Wipe all the cuvettes from the outside to dry moisture. Place all the cuvettes in the
apparatus and deliver an electrical pulse to the cells at the settings mentioned
above.

• Immediately after the pulse, remove the electroporation cuvettes and add 1 mL of
SOC medium to each cuvette.

• Aspirate the entire contents of the cuvettes and transfer to sterile microcentrifuge
tubes inside a bacteriological laminar air flow cabinet.

• Place all the tubes in a shaker incubator and incubate for 60 min at 37 �C and
180 rpm shaking speed. Addition of antibiotics is not recommended to these small
cultures since the cells need sufficient time to recover and express antibiotic
resistance gene(s) present in the plasmid DNA.

• Given the higher transformation efficiency of this method, transfer small volumes
(20–50 μL) from each tube on separate Lysogeny agar plates supplemented with
appropriate antibiotic(s), and spread uniformly using a sterile glass spreader.
Alternatively, a loop-full of culture can be streaked on plates.

• Place all the plates in inverted position inside a static incubator and incubate at
37 �C for 12–18 h.

For information on expected observations, please refer to the Heat-shock trans-
formation method section.

Apart from the two most popular methods of transformation, few others have
been developed recently that include electrospray [24, 25], sonoporation [26], and
microinjection [26]. However, they are mostly used for transformation in mamma-
lian and plant cell systems and hence beyond the scope of this chapter.

In summary, the description of a wide array of common options for transferring
DNA into cells and tissues implies that each one of these was developed based on the
identification of certain lacunae in the previous ones. While certain limitations have
been overcome with the advent of newer methods, the new ones also have their own
constraints. Therefore, it is difficult to make a “score board” of transformation
methods with regard to their efficiencies alone. Therefore, the preference for one
method over the other should depend primarily on the particular application.

Troubleshooting Guide
Since transformation procedures involve several steps, researchers might experience
a number of problems that need to be addressed for downstream applications of
cloning. This section on troubleshooting discusses the common problems that arise
routinely in bacterial transformation experiments that employ the Heat-shock and
Electroporation methods (Table 4.1).
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Table 4.1 Troubleshooting of transformation procedure

Problem Explanation Recommendation

Few or no
transformants

Poor transformation
efficiency

1. Ensure care while preparing competent
cells. Store cells at �80 �C without
fluctuations in temperature.
2. Ensure care while performing the heat-
shock step of transformation.
3. Ensure that cells chosen are compatible
with the exogenous genetic material used for
transformation.
4. Include a positive control using plasmid
DNA of known compatibility.

Poor quality of
transforming plasmid
DNA

1. If the plasmid DNA sample is product of
reactions such as ligation, PCR, DNA probe
attachment, etc., adequate amount of sample
clarification can be done using mini filtration
columns or gel electrophoresis followed by
exclusion of DNA from the gel. For products
of some reactions involving proteins such as
enzymes, heat inactivation can increase
transformation efficiency.

Low concentration of
transforming plasmid
DNA

1. Use adequate amount of plasmid DNA
suitable for the chosen competent cells.
2. Using excessive amount is shown to
reduce transformation efficiency in some cell
types.

Inserted DNA or its
gene product is toxic to
host cell

1. The choice of genetic elements present on
the plasmid DNA such as the inducible gene
promoter, recombination sites, and the
number of replication sites can be reviewed.
A tightly regulated inducible promoter can
be used to ensure minimal basal-level gene
expression.
2. gene products toxic to the host can be
avoided.

Insufficient number of
cells were plated

1. After the recovery step in transformation
procedure, the culture can be centrifuged to
increase cell concentration before plating.

Wrong antibiotic or its
high concentration in
plate

1. Review the choice of antibiotic for the
plasmid DNA’s resistance marker.
2. Ensure that the plates have appropriate
concentration of antibiotic(s) tolerable by
resistant cells.

Erroneous use of
spreading tool

1. Ensure that the spreading tool used is
cooled sufficiently before spreading cells.

Colonies do not
contain desired
plasmid DNA

Inserted DNA
incompatible with host

1. Ensure that cells chosen are compatible
with and do not cause exclusion of the
exogenous genetic material used for
transformation.

Selected colony belongs
to untransformed cells

1. Ensure that the plates do not have too low
a concentration of antibiotic(s) to avoid

(continued)
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4.4 Recombinant Protein Expression in Different Bacterial
Systems

With the rapid advancement of recombinant DNA technology, obtaining both
prokaryotic and eukaryotic gene products from bacterial cells became plausible.
This method simplified the method of protein synthesis for laboratory as well as
industrial-scale applications since it eliminated the need of large amounts of animal
and plant tissues or fluids. Production and purification of desired proteins in enor-
mous quantity allows their biophysical and biochemical characterization and devel-
opment of commercial materials. Mass production of recombinant proteins was
made feasible mainly due to the constant research on the physiology and genetics
of bacteria. Despite the remarkable expansion of the challenging protein-production
field, the use of bacterial cells as protein-production mills has remained an
indispensible tool. Since no universal protein production host has been found so
far, the choice of the best host relies on several parameters such as the cellular source
of a gene, type of gene expression vector, and protein production conditions such as
temperature and cultivation media. Therefore, several types of bacteria were
identified and developed to make them suitable for the varying needs of protein-
production programs. The following sections of this chapter will elaborate on
different species and strains of bacteria for recombinant protein synthesis.

Escherichia coli The spectacular potential of Escherichia coli as a gene expression
host was first realized in the early 1970s after DNA of eukaryotic origin was
propagated in it ([30]). Since then, E. coli has been used widely for protein
production owing to its weak pathogenicity, easy genetic manipulation, simple and
inexpensive culture media, low maintenance, and fast high-density growth, allowing

Table 4.1 (continued)

Problem Explanation Recommendation

growth of untransformed cells.
2. Avoid adding antibiotic(s) to agar while it
is too hot.
3. Include a negative control.
4. Incubation time can be reduced to avoid
growth of satellite colonies that benefit from
antibiotic-inactivators secreted by true
colonies.
5. Consider picking colonies from the center
of the plate.

A lawn of cells
appears

Large number of cells
plated

1. Use appropriate volume of culture for
plating or dilute if necessary.

Long incubation period 1. Review if the chosen host is genetically
modified for fast growth.
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proteins to be produced in less than one day. As a result, there are numerous
molecular tools at our disposal for mass-production of proteins, such as several
modified E. coli strains, broad inventory of gene expression vectors, optimized
cultivation and transformation strategies. Different types of E. coli strains that
have been developed and are commercially available have specific advantages and
disadvantages, thus making them suitable for specific situations. For most
applications the popular strains are described below.

BL21(DE3) This strain was first described by Studier in 1986 after various
modifications of the “B” strain of E. coli [31]. Like the parental B strain, BL21
cells lack proteases Lon and OmpT that degrade foreign proteins. While Lon is a
cytoplasmic protease, OmpT is an outer membrane protease that degrades extracel-
lular proteins to salvage amino acids [32, 33]. These proteases pose a hurdle for
producing foreign proteins in large quantities. For example, after cell lysis, the
OmpT might degrade recombinant proteins in cell lysate, thereby reducing the
total yield. Additionally, mutations in the Host specificity of DNA Subunit B
(hsdSB) gene that disrupts DNA methylation and degradation prevents plasmid
loss from transformed cells [34]. The DE3 designation means that this strain contains
a λDE3 bacteriophage lysogen carrying a T7 phage RNA polymerase gene. The T7
RNA polymerase, which is many times faster than the bacterium’s own RNA
polymerase, is kept under the control of Lactose Operon repressor protein. There-
fore, the phage RNA polymerase gene can be expressed by adding Isopropyl β-D-1-
thiogalactopyranoside (IPTG) in growth medium. IPTG-induced production of T7
RNA polymerase gene in turn leads to expression of recombinant genes cloned
downstream to the T7 promoter in a plasmid. However, the BL21(DE3) strain
slightly expresses recombinant protein without the addition of IPTG. This phenom-
enon known as “leaky expression” becomes problematic for some proteins that are
toxic to host cells often leading to protein misfolding. These misfolded proteins
remain insoluble in the bacterial cells and termed as Inclusion bodies that will be
discussed in a later chapter.

BL21(DE3)-pLysS Based on the original BL21(DE3) strain, the BL21(DE3)-
pLysS strain contains a plasmid bearing the T7 Lysozyme gene. The T7 Lysozyme
helps reduce leaky expression of recombinant proteins by inhibiting T7 RNA
polymerase. This inhibition is overcome after adding appropriate amount of IPTG
to bacterial growth medium.

Rosetta (DE3)pLysS Rosetta strains based on the BL21(DE3)-pLysS supply
tRNAs that recognize codons, which are used more frequently in eukaryotes.
Since tRNA population in E. coli reflects the codons that are frequently used by
the bacterium’s genes, translation of heterologous mRNA might be impeded due to
lack of one or more tRNAs against eukaryotic codons. In Rosetta(DE3)pLysS cells,
the genes encoding such special tRNAs are encoded in the same plasmid that carries
the T7 lysozyme gene.
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Although the BL21 and its derivatives are used commonly, the K-12 lineage of
E. coli is also a popular choice for producing recombinant proteins.

4.5 Expression of “Difficult-to-Fold” Proteins in E. coli

One of the main strategies undertaken to reduce improper protein folding in bacteria
is to slow down the rate of protein production, thereby allowing newly formed
polypeptides enough time to fold properly. Growing cells at low temperatures
reduces their growth rate that in turn keeps protein concentration low and decreases
aggregation to facilitate proper folding. However, bacterial chaperones that assist in
protein folding might perhaps not function efficiently at low temperatures. The Artic
Express™ strain of E. coli that is modified to contain chaperonin Cpn60 and
co-chaperonin Cpn10 from the psychrophilic (cold-loving bacterium with optimum
growth at 15–20 �C) bacterium Oleispira spp. displays improved protein folding
ability and E. coli growth at low temperatures [35].

Pseudomonas spp. While higher yield is important for a successful recombinant
protein production program, the quality of the synthesized protein is equally impor-
tant. Yielding adequate amount of properly folded, functional proteins that are free
from host cellular contaminants, however, is challenging as it involves several
complex and expensive gene expression and protein refolding strategies. To avoid
the problem and allow easy purification of active proteins, scientists have explored
the possibility of using a bacterial expression system with intrinsic ability to produce
and secrete soluble recombinant proteins. Out of the multiple bacterial hosts avail-
able for recombinant protein production, Pseudomonas is specifically sought for
production and secretion of proteins having complex folding requirements in high
quantities due to its efficient protein secretion system [36]. By this way, the
accumulation of inactive protein in cells that remains a major disadvantage is
eliminated and recombinant protein can be produced without harvesting cells.
Moreover, the non-pathogenic nature of this Gram-negative bacterium allows it to
be used for producing pharmaceutically and agriculturally non-toxic proteins
[37]. Further, the detailed knowledge of the genome of Pseudomonas indicates
that the performance and scope of this expression system can be increased by genetic
engineering of the bacterium to develop novel Pseudomonas-based protein produc-
tion platforms.

Streptomyces spp. Although inappropriate folding of recombinant proteins and
their arduous purification strategies can often be overcome with the use of the
secretion system of Pseudomonas, other bacterial hosts with better protein secretion
systems based on Gram-positive bacterium Streptomyces have also been developed.
Among many other Streptomyces species, the easy acceptability of foreign DNA and
weak protease activity of S. lividans have made it the most extensively used species
for production and secretion of recombinant proteins [38]. With the knowledge of
the genome of Streptomyces, a broad collection of vector systems have been
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constructed. Several of these are based on the plasmid pIJ101, such as pIJ702 and
pIJ486, which are compatible with a wide variety of bacterial hosts. Such broad
compatibility allows exchanging recombinant DNA between Streptomyces and other
bacterial species. Moreover, unlike E. coli and B. subtilis, Streptomyces has shown
exceptional proficiency in production of proteins such as Xyloglucanase from
Actinobacteria, and Endoglucanase CelA from a thermophilic bacterium [39, 40].
This entails possibilities for many important and novel recombinant protein
constructs that were either not studied or were de-prioritized due to strict dependence
on conventional bacterial hosts, to be re-explored.

Rhodobacter spp. Proteins that are embedded in the plasma membrane perform
crucial functions in both prokaryotic and eukaryotic cells. These proteins, called
integral membrane proteins, comprise more than 50% of drug targets [41]. However,
studies on these proteins are severely limited because their hydrophobic properties
pose extreme difficulties in production and purification of functionally active forms
in sufficient quantities. One of the emerging strategies to mass-produce membrane
proteins makes use of natural coordination between synthesis of a membrane protein
and lipid bilayer jackets in a bacterium’s cytoplasm. These lipid bilayer jackets are
used as platforms that harbor integral membrane proteins [42], thereby providing a
suitable environment to hydrophobic proteins. However, common expression
systems based on E. coli, for example, do not couple de novo membrane synthesis
with protein production. Moreover, a high concentration of proteins can overwhelm
the bacterium’s secretory pathway leading to protein aggregation and/or cell death.
Therefore, the physiological property of Rhodobacter species of photosynthetic
bacteria to produce large amount of lipid jackets in cytoplasm is being exploited to
develop strategies for production and purification of natively folded, functional
membrane proteins. Naturally, the Rhodobacter species produce cytoplasmic lipid
jackets to assemble transmembrane proteins of the photosynthetic apparatus.

4.6 Optimizing Gene Expression

One of the most fruitful applications of recombinant DNA technology is the capa-
bility to artificially produce large amounts of proteins in a host cell such as bacteria.
Protein production is an indispensible component of the “protein design cycle” that
is commonly known as “protein engineering.” It involves an array of biochemical,
biophysical, computational, and analytical techniques to study proteins and design
their variants with desired characteristics for use both in fundamental research and in
industry. Therefore, for the preparation of a protein in reasonable amounts and its
analysis, the gene encoding the protein is expressed in a transformed host such as
bacteria. It is to be noted that around 31 recombinant proteins were approved for use
in therapies between year 2003 and 2006 [43] underscoring the importance of
recombinant protein production.

However, the success of high-quality recombinant protein production depends on
the proficiency with which the gene expression is carried out to complete the protein
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design cycle. Manipulation of the host’s natural ability to recognize and express a
foreign gene to an extraordinary degree is called “gene over-expression.” When an
over-expressed gene encodes for a protein, the host allows production of foreign
proteins in amounts greater than those of the host’s native proteins. This is an
important advantage as it increases the chance of purification of a desired protein
from a pool of host’s proteins. While harvesting substantial amount of desired
proteins is a prize, the proportion of useable protein depends upon how the host is
manipulated for gene over-expression. Therefore, the goal of each protein produc-
tion procedure is not only to identify conditions under which the host produces large
amount of proteins, but also to identify conditions under which high-quality,
natively folded, and functionally active proteins could be obtained.

The expression of foreign genes is primarily carried out in the host cell with the
help of cloning vectors, as mentioned in the previous chapter. However, it is worth
mentioning that the approach to use cell-free transcription and translation system that
direct the synthesis of proteins without the need to grow and maintain host cells is
also viable. In the following sections, we will learn how E. coli cells are manipulated
to produce large amounts of proteins while ensuring that their structural integrity and
biological activity are maintained.

4.7 Protein Production Protocol for Bacteria

Owing to the complexity of bacterial growth, a gene expression experiment can be
improved by optimizing a great number of parameters. This is analogous to tweaking
a factory’s assembly line to produce foolproof products. With each change in
parameters affecting the yield, folding, solubility, and activity of proteins, this task
appears baffling. However, great efforts by several protein chemists and
biophysicists have led to the following commonly accepted protocol that allows
most proteins to be produced in E. coli [44].

The gene encoding desired protein (target gene) is cloned into a bacterial expres-
sion vector consisting of the T7 lacO promoter system of the Lactose Operon. The
T7 promoter system provides strong transcription of adjacent target gene. Next, the
expression vector is used to transform derivatives of the BL21(DE3) strain, such as
Rosetta™(DE3)pLysS. The larger-volume culture, also called expression culture, is
grown until the cells reach mid-log phase (OD600 of �0.6). The temperature of the
cultures is subsequently lowered to 30 �C and protein production is initiated using
IPTG (Fig. 4.4). The lower expression temperature aids in production of properly
folded and soluble protein. Finally, the cells are harvested by centrifugation and used
for extracting and purifying proteins.

Let us now explore the factors that have an immense effect on the yield, folding,
solubility, and activity of proteins produced in E. coli.

Rare Codons in Target Genes Often genes of human proteins fail to express in
bacterial hosts due to the inability of the host to recognize certain codons. Such
codons are labelled as “rare codons” owing to the fact that E. coli cells do not use
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those frequently [45]. Rare codons include codons for Proline, Leucine, Isoleucine,
and arginine. When an E. coli cannot recognize these codons due to lack of
corresponding tRNAs, the process of translation stops midway and thus incomplete
proteins are produced. Rarely, proteins might be produced with wrong sequence due
to incorporation of wrong amino acids at the position of rare codons. Fortunately, we
can now find whether a target gene has rare codons using a web tool (e.g., https://
www.genscript.com/tools/rare-codon-analysis). If rare codons occur, the gene can
be modified or a special E. coli host such as Rosetta(DE3)pLysS can be used. Such
hosts co-express genes encoding the rare tRNAs with the unmodified target gene
[46]. Both these approaches have overcome the problem successfully.

Leaky Target Gene Expression Production of target protein in most E. coli hosts is
based on T7 RNA polymerase, which is several-fold faster than the bacterium’s own
RNA polymerase. The expression of T7 RNA polymerase gene in E. coli is often
controlled via an inducible chromosomal copy of the gene under the control of the
lacUV5 promoter. When the production of polymerase is not induced by an external
inducer molecule such as IPTG, the target gene is not expressed. However, T7
promoter being a strong promoter, even minimal basal production of T7 RNA
polymerase can cause “leaky” expression of the target gene. This is undesirable if
the recombinant protein is prone to misfolding if produced at 37 �C when the growth
of E. coli is fast. Secondly, leaky expression can lead to cell death if the protein is
toxic to the host. Therefore, to overcome leaky expression, special E. coli hosts such

Fig. 4.4 Flowchart of a commonly followed protocol that allows most proteins to be produced in
E. coli at a large scale
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as BL21(DE3) pLysS, Rosetta(DE3) pLysS, and Rosetta-gami(DE3) pLysS are used
[47]. These strains encode T7 lysozyme that binds and prevents T7 RNA polymerase
from initiating transcription elongation. Alternatively, a weaker promoter such as
araBAD promoter can be used. This expression system is based on the Arabinose
operon under the control of L-arabinose as an inducer ([44]).

Concentration of Inducers Despite its several advantages, there exists a major
disadvantage to using E. coli as a protein production system. Since transcription
and translation are rapid and coupled in E. coli, many mammalian proteins partially
fold or misfold upon gene induction. In contrast, these proteins would fold properly
due to availability of longer folding times and the assistance from chaperones in
eukaryotic cells. However, in E. coli, reduction in transcription rate can be brought
about by choosing the lowest concentration of inducers that yields properly folded
proteins. For example, using lower concentrations of the inducers IPTG and
L-arabinose has proven to be highly effective in routine recombinant protein pro-
duction experiments [48]. The routinely used IPTG and L-arabinose concentrations
for protein production range from 0.05 to 2 mM and 0.0002 to 2%, respectively. The
wider concentration range of L-arabinose-based induction suggests that gene expres-
sion can be tuned finely using the araBAD promoter compared to the lacUV5
promoter of Lactose Operon.

Temperature In addition to reducing the concentration of inducers in expression
culture, lowering the culture temperature is a routine approach for producing high-
quality recombinant proteins. At lower temperature, cellular metabolism slows down
leading to diminished rates of transcription and translation, hence reduced protein
misfolding and aggregation in the host cell. Additionally, several proteases are less
active at lower temperatures consequently minimizing the degradation of proteolyti-
cally sensitive recombinant proteins [49]. Due to the profound role of temperature in
protein production, it is greatly advocated to grow the expression culture at 18 �C for
certain types of proteins (as described above) in E. coli.

Using Molecular Chaperones Often, the proper folding of large eukaryotic
proteins is assisted by special proteins called molecular chaperones. Even though
molecular chaperones are naturally produced in E. coli, their contribution is severely
limited either due to low concentration or low specificity toward foreign proteins
during their over-expression. Thus, chaperones having broad specificity are
co-expressed singly or in combination with the target protein in bacterial hosts.
During folding of nascent polypeptide chains, exposure and binding of their hydro-
phobic surfaces to each other accelerate aggregation of partially folded proteins.
Such aggregated complexes are tough to reverse and often pose burden to the host
cells. Common chaperone systems, for example, the GroEL-GroES system, function
by temporarily masking the hydrophobic surfaces of nascent target proteins from
each other during the folding process.
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4.8 Posttranslational Modifications in Bacterial Expression
Systems

Often, successful episode of transcription and translation of a recombinant protein
does not ensure that the product will be biologically active. This is because most
proteins, especially those of eukaryotic origin, are naturally modified by the cell
through posttranslational modifications (PTMs). Only after being modified, these
proteins display function. Posttranslational modifications are chemical modifications
made naturally to proteins after they are synthesized [50]. Via PTMs, a protein’s
activity is modulated by covalent modification of its backbone (cleavage of peptide
bonds) or of its amino acid side chains. So far, we know more than 500 different
types of PTMs in proteins. Commonly used chemical modifiers include phosphoryl,
hydroxyl, acetyl, carboxyl, amide, methyl, adenylyl, palmitoyl, myristoyl, uridylyl,
prenyl, sulfate, oligosaccharides, and adenosine diphosphate ribosyl groups ([50]).
When an amino acid residue is modified, a novel property is introduced in the
protein. Therefore, evolutionarily, PTMs have aided extension of the functions of
proteins beyond those manifested by unique amino acid sequences. Hence, to
unravel the functions of proteins, their PTMs must be mirrored when expressed
recombinantly. Often, it is the inability of an expression host like bacteria to apply
appropriate PTMs on a recombinant protein that causes it to be inactive, misfold, and
become insoluble while being produced. While there are PTMs in prokaryotes like
E. coli, for example, glycosylation, they are less common and slightly different in
nature (Fig. 4.5). Consequently, there arises the need for either not choosing or
modifying E. coli as an expression host for some proteins of eukaryotic origin.

Although it is interesting to learn about such a diverse range of PTMs in both
eukaryotes and bacteria, to cover them all from the standpoint of recombinant
protein production in bacteria is beyond the scope of this chapter. We shall therefore
discuss one of the most common PTMs, i.e., glycosylation.

Glycosylation It is estimated that about two-thirds of proteins in eukaryotes are
glycosylated [51]. Therefore, it could be assumed that most eukaryotic proteins of
therapeutic importance might also require proper glycosylation for full functionality
[52, 53]. This is why the majority of approved therapeutic proteins are expressed in
mammalian cells. However, as mentioned earlier, mammalian systems have
disadvantages such as high cost, low yield, product heterogeneity, slow growth,
and complex manipulation of their characteristics. These disadvantages have a great
effect on healthcare research since the high capital investment gives rise to products
that are expensive and limited in stock during incidences like disease outbreaks. In
view of this fact, numerous studies are currently focused on expressing affordable
and high-quality complex human glycoproteins in simple systems such as E. coli. It
is worth mentioning that the continuing efforts have been fruitful owing to the
significant progress in regard to use of genetically engineered E. coli for production
of antibodies [54].
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First thought to be a property of only eukaryotes, it is now well established that
natural glycosylation of proteins also occurs in bacteria [55]. From the time of its
discovery in Campylobacter jejuni, a bacterium that causes diarrhea in humans, the
bacterial protein glycosylation machinery has been artificially transferred into E. coli
[56]. This successful attempt gave rise to an area in biotechnology called “Bacterial
Glycoengineering,” and is on the rise since then.

Despite the patterns of protein glycosylation in bacteria differing slightly from the
eukaryotic counterparts, transferring a broad glycosylation system in E. coli has
allowed researchers to take advantage of this popular expression host for composing
novel products such as vaccines and therapeutic enzymes besides using
Glycoengineering for research [57].

4.9 Expression in Yeast Cells

While natural transformation is commonly found among various prokaryotes, there
are very few reports which clearly show that eukaryotic microorganisms such as
yeasts are naturally capable of taking up genetic material. According to one report,
DNA uptake in yeast is active when ample sugar is metabolized in the absence of
other nutrients, which suggests that such a condition is likely to occur under normal
conditions in a cell [58]. Yeasts are single-celled eukaryotes that have gained appeal

Fig. 4.5 Posttranslational Modifications (PTMs) of E. coli proteins expressed in E. coli
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for studies of basic processes in molecular and cellular biology. This is due to the
similarities between yeast and human enzymes making the study of human proteins
in yeast systems more biologically relevant [59]. Therefore, there are increasing
numbers of examples of human proteins that function properly when artificially
expressed in yeast cells. This is mainly due to the fact that being eukaryotes, they
provide chemical habitat for posttranslational modifications and secretion of
proteins, resulting in a product that is similar or identical to the native protein
[60]. Like bacteria, yeasts are simple to cultivate at industrial scales on inexpensive
growth media, and there is an array of techniques already available for its genetic
manipulation. Another important benefit of using yeast for recombinant protein
expression is the safety of yeast-derived pharmaceutical preparations. Most yeast
cell walls lack toxic pyrogens whereas mammalian cells might contain viral or
oncogenic DNA and antigens. Moreover, the genome of the commonly used yeast
Saccharomyces is rigorously characterized, which permits manipulation of specific
regions of its chromosome to better understand eukaryotic biology [61, 62]. Taking
into consideration the ease and practicality of the transformation technique of gene
manipulation, the importance of yeasts as model organisms and industrial
preparations has therefore been uplifted by application of the transformation tech-
nique to yeast biology. A number of other yeasts have often been used in preference
to Saccharomyces cerevisiae for mammalian gene expression owing to the
advantages in protein secretion efficiency, accurate posttranslational modifications,
sensitive gene regulatory elements, and high yields. Therefore, a substantial section
of the literature has been devoted to discussing other yeasts such as Pichia pastoris,
Hansenula polymorpha, Kluyveromyces lactis, Yarrowia lipolytica, and
Schizosaccharomyces pombe [63]. Despite having several yeasts in the toolbox of
yeast recombinant technology, there are still problems that arise due to incompati-
bility between the yeast expression systems and the proteins that are being
expressed. One such problem pertains to human proteins that are processed within
cellular organelles (e.g., those taking part in the secretory pathway). Expression of
those proteins in yeast cells might lead to incorrectly folded and/or glycosylated
proteins. To overcome these problems, the secretory pathway of yeast P. pastoris
has been genetically modified so as to mimic protein glycosylation in humans
[64, 65].

Though important under certain specific conditions, bacterial system still
outweighs the yeast expression system due to several factors that include homoge-
neity, ease of growth and purification, expression and finally the yield. Furthermore,
proteins expressed in insect and mammalian systems are primarily used for cell
biology studies where posttranslational modification gets priority over yield and
homogeneity. Table 4.2 provides a simple comparison of different types of protein
expression systems.
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4.10 Conclusions

This chapter discusses two important components of recombinant DNA technology:

(a) Transformation methods.
(b) Bacterial Protein Expression systems.

It provides a detailed discussion on competent cell preparation, different methods
of transformation including protocols and troubleshooting guides. Furthermore, it
elaborates on different protein expression systems in bacteria along with protocols
and their use for specific requirements. This chapter will therefore guide a researcher
in choosing the appropriate transformation method and protein expression system to
obtain an optimum amount of functional protein.

Acknowledgments The authors thank Advanced Centre for Treatment, Research and Education in
Cancer (ACTREC) for providing necessary infrastructure and resources for successful completion
of the chapter. The authors also acknowledge Dr. Mohan Shankar, Bose Lab, ACTREC, and
Ms. Chanda Baisane, Bose Lab, ACTREC, for their critical inputs and formatting of the manuscript.

Problems

Multiple Choice Questions
1. Which factor among the following is important to ensure proper folding of

the heterologous proteins:
(a) Expression vector
(b) RNA polymerase
(c) Nutrient media
(d) Temperature and inducer concentration

2. In the chemical method for competent cell preparation, CaCl2 acts as:
(a) Nutrient component
(b) Cation bridge
(c) Anion bridge
(d) Buffering agent

3. The property of DNA that is a hindrance to its uptake by bacterial cells in
the process of transformation is:
(a) Double helical structure
(b) Negative charge
(c) Nitrogen bases
(d) Use of chemicals during transformation
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Subjective Questions
1. A gene of interest was successfully cloned in an expression vector; its

sequence was confirmed and was transformed into E. coli DH5α cells for
plasmid preparation. Sufficient amount of plasmid was isolated and the
quality of the DNA was checked using agarose gel electrophoresis. The
same construct was subsequently transformed into BL21 (DE3) cells at a
concentration of 10 ng/μL. Although control plates showed colonies, no
colonies were observed on the test ampicillin plates. What could possibly
explain the observation?

2. A protein coding gene was successfully cloned in an expression vector that
was confirmed by sequencing. This construct containing the gene was
transformed into a protein expression host like BL21 (DE3) and colonies
were obtained. After growing a large-scale culture and harvesting the cells,
it was found that no protein was expressed. What could be the probable
reason for such an observation?
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Introduction to Recombinant Protein
Purification 5
Nitu Singh and Kakoli Bose

Abstract

Purified form of recombinant proteins is a prerequisite for undertaking in vitro
biochemical and structural analyses of these macromolecules. Unfortunately, due
to other proteins from the expression host, such as E. coli, the task of obtaining
the desired protein from the heterologous system at highest purity and in suffi-
cient quantity is arduous. With the increasing demand for recombinantly purified
proteins both in basic and industrial research, over the last five decades, a plethora
of research endeavors have been directed toward developing efficient protein
purification techniques that would precisely amalgamate time and yield cost-
effectively. However, it is extremely important to put careful forethought prior to
developing a purification flow-scheme for a target protein to obtain the best
possible output. This chapter outlines the general considerations to be undertaken
while designing and streamlining these protocols with the help of recent advances
in protein purification methodologies. It also provides an overview of the various
chromatographic techniques that will be further elaborated in the succeeding
chapters of this book.
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5.1 Introduction

Protein purification gained major attention, when James B. Sumner in 1926 started
purification and crystallization of urease from yeast [1]. Since then, biochemists, in
particular, have put tremendous effort in developing convenient purification
methods for obtaining recombinant proteins from the bacterial or eukaryotic expres-
sion systems using the differences in the physicochemical properties of the proteins
[2, 3]. Over the past five decades, the methods for separation and purification of
recombinant proteins have contributed immensely to the advancements in the fields
of biosciences and bioengineering. This has been mainly possible due to the
increased use of tags for separation of recombinant proteins, development of new
chromatographic techniques, and use of computerized sophisticated instruments
[4, 5]. The challenge in protein purification is self-evident, given the complex
mixture of biomolecules present inside an expression host, commonly used for
recombinant protein extraction. With the advent of new generations of chro-
matographic media and automated systems, gone are those days when an investiga-
tor used to spend several months in establishing a purification protocol. However,
not all problems are resolved by using sophisticated column packing and laboratory
equipment. Difficulties still persist in finding optimal conditions for sample
pretreatment, choosing an appropriate buffer condition, or dealing with insolubility
of the proteins. Therefore, prior to stepping into purification of a particular protein of
interest, it is important to consider a few things such as the purpose of purifying the
recombinant protein, its purity, and its required concentration as well as storage
condition [6]. All these factors are critical in designing and executing a procedure for
purifying a target protein to a sufficient degree in a cost-effective and timely manner.
In this chapter, we discuss purification steps for isolating recombinant proteins from
hosts, such as E. coli, emphasizing on the conditions for cell lysis, protein solubility
and stability. It also includes an overview of protein separation techniques using
different chromatographic platforms, with each individual technique discussed in
more detail in the subsequent chapters of this book.

5.2 Databases and Tools to Determine Physicochemical
Properties of Protein

Now that more than thousands of whole genomes have been sequenced, determining
the physicochemical properties of the proteins from their amino acid sequences can
help in designing an effective purification strategy for that protein. Some of the
parameters that we can learn from the amino acid sequence of the protein using a
sequence analysis software is described below.
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5.2.1 Physicochemical Parameters Important in Initial Designing
of the Purification Procedure

5.2.1.1 Molecular Weight of the Protein
The amino acid composition of the protein can be easily used to calculate the
molecular weight of the polypeptide, such as for a cloned protein. This information
is very helpful in the initial estimation of the level of protein expression on
SDS-PAGE (in case the expressed protein is large enough to give a distinct band).
However, it is important to note that the calculated molecular weight and the
apparent weight based on the mobility on SDS-PAGE can sometimes deviate due
to several other factors [7]. A more quantitative method of molecular mass estima-
tion, such as mass spectrometry and analytical ultracentrifugation, can be used in
such cases [8, 9]. In addition, the knowledge of the molecular weight is also
important for the initial selection of the size-exclusion chromatography medium
for separation of the proteins under native conditions [10]. In cases where the amino
acid sequence is unavailable, one can combine the size exclusion chromatography
(size-based separation technique) and the activity assays to estimate the molecular
weight [10].

5.2.1.2 Isoelectric Point, pI
Theoretically, the isoelectric point of the protein can be estimated from the primary
sequence or can be determined experimentally using isoelectric focusing [11]. The pI
value is helpful toward selecting a suitable matrix for purification using
ion-exchange chromatography (charge-based separation technique) [12]. Addition-
ally, since a protein tends to have lowest solubility at its pI [13], one can also
consider an isoelectric reversible precipitation step during purification considering
that the target is not in a stable complex with other proteins [14]. This helps in
isolating the recombinant protein form the cellular lysate of the host, such as E. coli,
prior to its loading on a chromatographic column.

5.2.1.3 Molar Extinction Coefficient/Absorptivity Coefficient
Using the amino acid sequence of a protein, one can calculate its molar extinction
coefficient. This is one of the important parameters for the estimation of the protein
concentration. At a wavelength of 280 nm, tyrosine, tryptophan, and cystine (cyste-
ine does not absorb much at wavelengths >260 nm, while cystine does) exhibit
strong UV-light absorption. Cystine is formed when a pair of cysteine molecules join
together by a disulfide bond. Using the Beer-Lambert equation, the extinction
coefficient (ε) of the native protein is computed [14, 15]:

ε Protð Þ ¼ Number of Tyrð Þ � ε Tyrð Þ þ Number of Trpð Þ � ε Trpð Þ
þ Number of Cystineð Þ � ε Cystineð Þ

where ε(Tyr) ¼ 1490, ε(Trp) ¼ 5500, ε(Cystine) ¼ 125; (for proteins in water
measured at 280 nm)
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The absorption of the UV-light is proportional to the aromatic amino acid content
and total concentration of the protein. Using the estimated extinction coefficient
(with fixed amino acid composition of a given protein), we can easily calculate the
protein’s concentration in solution from its absorbance. The online tool ProtParam
(http://www.expasy.org/tools/protparam) gives two values based on the above equa-
tion [16]. The first value is based on the assumption that all cysteines in the sequence
occur as half cystines (i.e., all pairs of cysteine residues form cystines), while the
second value assumes that all pairs of cysteines are in reduced state. It is reported that
this computation is considerably reliable for Trp containing proteins; however there
may be around 10% error in proteins without Trp [17]. Nevertheless, this method is
not valid if the protein sample contains nucleic acid contaminants or other
components that show significant absorption at 280 nm such as iron–sulfur centers,
or bound cofactors. Moreover, it is not accurate in case of complex protein solutions,
such as cell lysates, which contain a mixture of proteins with unknown extinction
coefficients.

5.2.1.4 Cysteine Content
Knowing the number of cysteines in the protein sequence will help decide whether
the purification buffer should contain a reducing agent. The reducing agents such as
beta mercaptoethanol or dithiothreitol in the buffer can prevent any unwanted intra-
or inter-disulfide bond formation and aid in protein solubility as well as stability.

5.2.1.5 Stability
The knowledge of the protein stability with respect to pH, salt, temperature,
proteases, or aggregation can be very helpful during purification and storage of the
proteins [18]. However, most of these parameters are only experimentally derived.
Using bioinformatics tools, such as ProtParam [16], one can estimate the in vivo
half-life and instability index of the protein from its amino acid sequence. Half-life is
the time taken for half of the amount of protein in a cell to disappear after its
synthesis. The calculation of half-life in ProtParam relies on the N-end rule
[19]. This rule that originated from the studies performed in model systems such
as mammalian cells, yeast, and E. coli demonstrate importance of N-terminal
residues in determining the stability of the protein [20].

The instability index (II) is estimated by calculating the frequency of occurrences
of dipeptides in the protein of interest, which is then compared with a set of test
proteins that are known to be stable or unstable [21]. The instability value less than
40 is predicted as stable, while a value above 40 indicates that the protein might be
unstable. This information is useful during protein purification as a protein predicted
to be unstable needs to be handled with special care such as use of low temperature
during purification and addition of salts and/or protease inhibitor cocktails in the
extraction buffers. Furthermore, a shorter purification and storage time could also be
considered.
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5.2.1.6 Hydrophobicity
It is possible to predict if the protein is hydrophilic or hydrophobic by analyzing the
amino acids in the sequence. One such method was developed by Kyte and Doolittle
that plots the hydropathy value over the length of the protein sequence [22]. Based
on the hydrophobic or hydrophilic properties of the 20 amino acids, the hydropathy
scale is calculated at each point in the sequence. This can help in determining the
hydrophobic core of the protein and potential membrane spanning region, which will
certainly be important in designing the purification scheme. The ProtParam tool uses
this method to predict the GRAVY (grand average of hydrophobicity) value for a
protein, which is calculated as the sum of hydropathy values of all the amino acids
divided by the number of residues in the sequence [22].

5.2.2 Bioinformatics Resources

One of the most frequently used online tools for computing the physicochemical
properties of proteins using the amino acid sequence is the ProtParam feature of
ExPASy (Expert Protein Analysis Software) (http://www.expasy.org/tools/
protparam) as mentioned above. ProtParam calculates parameters such as molecular
weight, amino acid composition, molar extinction coefficient, atomic composition,
instability index, aliphatic index, and GRAVY [16].

To use this tool, go to ExPASy ProtParam tools and either enter the Swiss-Prot/
TrEMBL accession number (for example, Q9VFJ3- human mitochondrial serine
protease HtrA2) or a sequence identifier (ID) (for example, HTRA2_DROME), or
you can paste the raw amino acid sequence (in one-letter code) in the box and click
“compute parameters.” The result obtained can be saved or printed for further
analysis.

Another commercial package is “Protean” from the Lasergene protein module of
DNASTAR (http://www.dnastar.com). Similar to ProtParam, it also performs pro-
tein sequence analysis, wherein it computes parameters such as protein stability. In
addition, it also allows for residue-specific change in the protein 3D-structure and
helps in predicting whether these changes promote stabilizing or destabilizing
effects. Using the Lasergene “Protein’s advanced protein design software” one can
make accurate protein stability predictions in minutes for the designed mutants.

5.3 Lysis and Protein Extraction

5.3.1 Source Material for the Protein

Although purification of proteins from their natural sources is relatively common,
with the recent developments in the field of gene manipulation and recombinant
expression, one usually targets overexpression systems such as bacteria, yeast,
insect, or mammalian cells. Each individual host system has its own advantages
and disadvantages. For instance, E. coli gives the highest yield, typically an average
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yield of 2.5 g/l of culture, while it lacks the posttranslational modifications, if any
[23]. On the other hand, if the protein requires glycosylation, the yeast system
provides more extensive glycosylation than insect and mammalian cells [24]. The
choice depends on the properties of the protein as well as on its downstream
application.

Proteins overexpressed in genetically modified organisms or cultured eukaryotic
cells are majorly localized in the cytoplasm or can be targeted for secretion into the
medium. In case of bacterial expression, such as in E. coli, they can also be targeted
to the periplasmic space or selectively released in the growth medium by altering the
growth conditions [25]. This can help in eliminating the need for cell lysis, thus
providing a substantial level of purity at the initial steps. Therefore, choice of the
host and overexpression strategy is one of the rate-limiting steps of protein
purification.

5.3.1.1 Extraction Methods
In most cases, the extraction procedures depend on the source of the protein, which
could be bacterial, yeast, or mammalian cells and either intracellular or extracellular.
Extraction from an intracellular source often faces compromised recovery and
purity. The main objective of the extraction should be to achieve the desired protein
in a non-degraded or non-denatured form with minimal or no contaminants.

The extraction protocol is usually optimized by strategic variations in the
parameters such as extraction medium, time, temperature, equipment for lysis, and
energy input (agitation speed, pressure, etc.). It is to be noted that the choice of the
method should be such that it is as gentle as possible because too vigorous or harsh
conditions might denature the desired protein or release the endo-proteolytic
enzymes and cause general acidification. Also, one should keep in mind that the
extraction should be performed quickly at low temperatures (at 4 �C or on ice) in a
suitable buffer to maintain the ionic strength and pH to stabilize the protein [3]. One
of the major problems that is confronted during extraction is proteolysis or contami-
nation with nucleic acids. However, to some extent this can be tackled by performing
the extraction at low temperatures in the presence of protease inhibitors and with
inclusion of nucleases in the extraction medium. Therefore, for an optimized design,
it is essential to standardize preliminary experiments in a small scale for maximiza-
tion of protein content and activity, which can later be scaled-up effectively.

The composition of the extraction medium should be such that protein remains
stable and is effectively released from the cells with maximum recovery and purity.
Following are the factors that should be taken into consideration while preparing the
extraction medium/lysis buffer: buffer salt, pH, reducing agent, chaotropic agents,
detergents, metal ions, proteolytic inhibitor, and DNase [3].

5.3.1.2 Extraction Medium/Lysis Buffer

Buffer Salt and pH
There are several factors that should be considered while selecting a buffer. Firstly,
pH optimum of the protein is important in determining the best buffer condition. In
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practice, the pH value is chosen such that the protein activity is maximum. Since the
buffering capacity is maximal within one pH unit from the pKa value, the selected
buffer preferably should be close to this value (Table 5.1, buffers with the pKa
values). Secondly, good buffers should be relatively free of side effects. For exam-
ple, TRIS and primary amine buffers can form Schiff base adducts with aldehydes
and ketones and interfere with Bradford dye-binding assay [26]. Some inorganic
buffers can remove metal ions by chelation, thus inhibiting metal-dependent protein
activity. Lastly, in protein purification, the cost and compatibility of the buffer with
different purification techniques are important parameters to be considered. Once an
ideal buffer is chosen, one needs to select a suitable ionic strength of the buffer. Most
of the proteins show maximum solubility and activity at low to moderate ionic
concentrations, 0.05–0.1 M. It is to remember that proteins also act as buffers, and
therefore it is important to carefully monitor the pH after addition of large amounts
of proteins to a weakly buffered solution.

5.3.1.3 Detergents and Chaotropic Agents
In some cases, the desired protein could be associated with the membrane or might
be aggregated due to its hydrophobic nature. In such cases, use of detergent or
chaotropic agents helps in solubilization of the protein, thereby allowing its separa-
tion. The detergents are amphipathic molecules that during solubilization help the
membrane proteins to partition into apolar lipid bilayers [27]. They also aid in
masking the hydrophobic surface of the proteins, thus preventing protein aggrega-
tion. Some of the commonly used detergents are listed in Table 5.2. Many of these at
a concentration below the critical micelle concentration (CMC), i.e., the

Table 5.1 Buffers and
pKa values

Buffer pKa (25 �C) pH range for use

Phosphoric acid 2.12 1.1–3.1

Formic acid 3.75 2.8–4.8

Acetic acid 4.75 3.8–5.8

Sulfonic acid 6.91 5.9–7.9

Dihydrogen phosphate ion 7.21 6.2–8.2

Ammonium ion 9.25 8.2–10.2

Hydrogen phosphate ion 12.66 11.3–13.3

Table 5.2 Detergents used for protein solubilization [28]

Detergent
Ionic
character

Critical micelle
concentration (% w/v)

Triton-X 100 Non-ionic 0.02

Nonidet P-40 Non-ionic 0.012

Octylglucoside Non-ionic 0.73

Tween 80 Non-ionic 0.002

Sodium deoxycholate Anionic 0.21

CHAPS 3-[(3-Cholamidopropyl dimethyl amino
propanesulfonic acid)

Zwitterionic 1.4
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concentration of a surfactant above which it starts to form micelle, do not denature or
interfere with the protein’s biological activity, with few exceptions such as SDS
(sodium dodecyl sulfate) [29]. Mostly, detergents are added in the first step of
purification, i.e., in the lysis buffer. This is because the presence of detergents in
the later steps often complicates the purification process, especially in column
chromatography [6]. In a few cases, there might be a requirement of the detergent
throughout the purification process, leading to separation of purified protein-
detergent complexes. Beside detergent, one can also use chaotropic agents, such as
urea, guanidine hydrochloride, or polyethylene glycol (moderate hydrophobic
organic compound), to solubilize the aggregates [30]. Chaotropes are agents that
denature proteins by disordering the surrounding water molecules through disruption
of the hydrogen bonding network among the water molecules. These chaotropic
agents are commonly used in purification of the recombinant proteins from the
inclusion bodies as discussed in the following sections.

5.3.1.4 Reducing Agents
Proteins with free cysteine residues (i.e., exposed thiol groups) can easily get
oxidized to disulfides, sulfinic acid (―SOOH), or sulfonic acid (―SO2OH) during
the process of purification [31]. This is generally due to lower redox potential inside
the cell as compared to the surrounding medium used for protein purification. The
oxidation of the thiol groups could be problematic as it would affect the solubility
and stability of the proteins. Reducing agents such as 1,4-dithioerythritol (DTE),
dithiothreitol (DTT), beta mercaptoethanol (BME), or Tris (2-carboxyethyl) phos-
phine (TCEP) at concentrations 1–20 mM can be safely added to protect the thiol
group, without reducing the internal disulfide bridges [32]. However, one should be
careful while choosing the type of reducing agent. For instance, a protein sample
should not be stored in BME for too long as it is highly volatile and susceptible to air
oxidation. The oxidized form of BME can react with the reduced cysteines to form
disulfide [31]. However, since BME is comparatively cheaper, it can be added
during the purification process, but for storage, a more stable agent like TCEP
should be used. Alternatively, the oxidation of the reducing agent can also be
hindered by addition of chelating agents such as EDTA (ethylene diamine tetra
acetic acid) in the concentration range of 10–25 mM [33]. However, one should not
use it in combination with the divalent metal ion-dependent separation techniques
such as IMAC (immobilized metal ion affinity chromatography) and AIEX (anion
exchange chromatography) or with proteins that are dependent on divalent metal
ions for their activity.

5.3.1.5 Stabilizing Additives
Several additives can be added to the extraction buffer to stabilize the target protein.
The choice of the additive should be made considering its possible effect on the
downstream chromatographic separation. Most often the additive is required only in
the initial steps of lysate preparation and can be safely excluded in the subsequent
steps of the purification. Commonly used additives are sucrose, glucose, glycerol,
and other polyols. Glycerol in the concentration range of 5–50% is frequently used to
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prevent aggregation and stabilize the protein by increasing protein compactness and
decreasing interactions of the hydrophobic surfaces [34]. Polyols such as mannitol,
sucrose, propylene, and polyethylene glycol, typically at a concentration of 10%, can
be added to stabilize the proteins [35].

5.3.1.6 Nucleases
Although not mandatory, addition of nucleases to the lysis buffer is beneficial in
several ways. The nucleic acid released during the cell disruption process might
cause aggregation of cell debris and hinder the chromatographic purification either
by binding to the chromatographic medium or to the target protein. It might also lead
to increase in the viscosity of the sample solution. Most effective engineered
nuclease, Benzonase, that breaks down both RNA and DNA can be added in the
lysis buffer at a concentration of 1–20 μg/ml before cell disruption [36].

5.3.1.7 Protease Inhibitors
A key threat to protein stability during purification is from the proteases of the source
organism. The simplest way to protect against proteolytic degradation is by working
quickly at low temperature, suitably on ice. In addition, a mixture of protease
inhibitors should be added during purification, especially in the lysis buffer
(Table 5.3 provides the list of protease inhibitors) [37]. In some cases, the proteases
can be inactivated by adjusting the pH of the solution to a value at which the
proteases are inactive, while maintaining the activity of the desired protein.

5.3.2 Clarification of the Extract

The crude extract is often turbid and contains insoluble residues and cellular debris,
which might block a chromatography column. Therefore, in a purification protocol,
which includes a chromatographic separation, it is important to perform pre-clearing
of the crude extract. This could be achieved by centrifugation and/or filtration before
applying the sample to the column.

Table 5.3 Protease inhibitors used in protein purification

Protease inhibitor Molecular weight (Da) Target protease Inhibitor type

AEBSF 239.5 Serine proteases Irreversible

Aprotinin 6611.5 Serine proteases Reversible

Bestatin 308.38 Amino peptidases Reversible

EDTA 372.4 Metalloproteases Irreversible

E-64 357.4 Cysteine proteases Irreversible

Leupeptin 475.6 Serine and cysteine proteases Reversible

Pepstatin A 685.9 Aspartic acid proteases Reversible

Abbreviation: AEBSF 4-(2-aminoethyl) benzene sulfonyl fluoride, E-64 l-trans-epoxy succinyl-l-
leucylamido-(4-guanido) butane
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5.3.2.1 Centrifugation
In a laboratory-scale setup, centrifugation is a common method for clarification of
the crude extract. For larger volume of cell lysates, one should use the following
setting: 40000 � g for 30 min at 4 �C. In case of small sample volumes, a benchtop
centrifuge at the highest available g-force, such as 14,000 � g for 15–30 min, is
sufficient. Important to note here is that the centrifuge should be pre-cooled along
with the rotor before placing the samples in it [38].

5.3.2.2 Filtration
Alternative to centrifugation, clarification of the crude extract can also be achieved
by filtration, which is relatively less time-consuming than the centrifugation method.
The sample to be clarified is passed through a 0.45 μm pore size filter fitted to the
syringe or filtration assembly. The 0.45 μm has been recognized as standard pore
size membranes that can efficiently remove large bacteria or particulate matter. The
common membrane filters with least nonspecific binding include cellulose acetate,
polyethersulfone (PES), or polyvinylidene fluoride (PVDF). However, often the
filters become saturated after being repeatedly used as they tend to have a certain
capacity. Therefore, depending on the sample volume, the filter and syringe capacity
should be carefully decided prior to setting up the experiment.

5.4 Checking Solubility and Designing Purification Strategies

5.4.1 Protein Solubility and Precipitation

Protein solubility is a key parameter in any protein purification. The solubility differs
markedly from one protein to another, and is highly dependent on the solvent and
physicochemical properties of the proteins. The parameters that largely influence
protein solubility include solvent’s pH, ionic strength, temperature, and the type of
exposed amino acid side chains on the proteins’ surface. Proteins with lower ratio of
the solvent-exposed charged and hydrophobic amino acids tend to be less soluble
[39]. Since it is difficult to accurately predict the solubility properties of a protein,
one should carefully design pilot studies by varying different conditions and
checking protein solubility on SDS-PAGE.

As discussed in Sect. 5.3.2, composition of the extraction medium is critical in
protein solubility. For instance, addition of salt such as NaCl, pH (close to protein pI
value), and/or inclusion of stabilizing additives should be considered to prevent
aggregation and precipitation of the proteins. In cases, where the sample volumes are
too large, one can also exploit the protein’s tendency of differential precipitation in
the presence of neutral salts (ammonium sulfate), polymers (polyethylene glycol), or
organic solvents (e.g., ethanol or acetone). This process of purification is termed
“salting out,” which relies on the principle that at high concentrations of salt, the salt
molecules compete with proteins for binding with water, thus leading to protein
precipitation [40]. This happens because protein molecules preferentially interact
with each other due to energetically favorable protein-protein interactions instead of
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protein-solvent interaction. Salting-out offers an alternate means to concentrate the
proteins at a very early stage of purification, and with two–three-fold degrees of
purity.

5.4.2 Salting-out

Salting-out, which is generally known as salt-induced precipitation or salt fraction-
ation, is based on the interaction of protein with the salt (solute). Salts tend to
dissociate in the aqueous solution (solvent), which forms the basis of the salting-
out process [41]. In a condition where the salt concentration is increased, the water
molecules start getting attracted by the salt ions, which in turn decreases the number
of water molecules that can interact with the charged portion of the protein. As a
result, protein molecules tend to associate with each other due to stronger protein-
protein interaction than the solute-solvent interaction causing protein aggregation
and subsequent precipitation. This process is known as salting-out (Fig. 5.1). Impor-
tantly, the salt concentration needed to precipitate a protein differs from protein to
protein. One of the most common salts used for protein precipitation is ammonium
sulfate.
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Fig. 5.1 Dependence of protein solubility on salt concentration. A schematic two-dimensional
solubility curve of a protein as a function of salt concentration. The solubility curve divides the
space in two areas—salting in (green) and salting out (pink). During the salting in process (phase-1),
the salt molecules increase the solubility of the proteins by reducing the ionic interactions between
the protein molecules. As the concentration of the salt increases, the excess ions start competing
with proteins for the solvent. Gradually, post phase-2, the protein-protein interactions become
energetically more favorable than protein-solvent interaction, and the proteins tend to precipitate
and come out of the solution (phase-3). This effect is referred to as “salting-out” of the protein
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5.4.3 Ammonium Sulfate Precipitation

Ammonium sulfate is the most common salt used for protein precipitation since it is
relatively inexpensive, highly soluble in water, and very stabilizing to protein
structure. The amount of salt needed for protein precipitation differs from one to
another, and also varies with the temperature. Often it is desirable to perform
precipitation at low temperatures to avoid protein denaturation. The concentration
of ammonium sulfate required to precipitate a particular protein depends on the
molecular weight of the protein, solvent pH, temperature, as well as number and
position of polar groups [40]. Preferably screening for the percentage saturation of
ammonium sulfate to precipitate the target protein or any contaminant should be first
established in a small-scale setup. Following is a general protocol for the ammonium
sulfate precipitation of a crude lysate [40].

1. Keep the clarified extract on ice and add pre-chilled 50 mM HEPES or Tris–HCl
buffer, pH 8.0 to maintain the pH of the sample solution, since addition of
ammonium sulfate acidifies the solution.

2. Slowly add fresh, desiccated powder of ammonium sulfate with gentle stirring. It
is important to make sure that the salt is completely dissolved before adding more
solid, and care should be taken to avoid foaming of the solution. Adding the salt
very slowly ensures that local concentration around the addition site does not
exceed the required salt concentration.

3. Carefully calculate the amount of ammonium sulfate to be added to attain the
chosen percent saturation. Online calculators such as from EnCor Biotechnology
Inc. (http://www.encorbio.com/protocols/AM-SO4.htm) can be used to calculate
the amount of ammonium sulfate to be added to a specific volume of a solution to
reach a particular percentage saturation at a specific temperature.

4. Allow the sample to precipitate for 30 min at 4 �C with continuous stirring.
5. Collect the precipitate by centrifugation at 10,000 to 50,000� g for 30 min–1 h at

4 �C. Note that a solution that is highly saturated in ammonium sulfate is often
dense and quite difficult to pellet.

6. Separate the pellet from supernatant and proceed to the next required percent
saturation, if supernatant contains the target protein.

7. Resuspend recovered pellets in a volume of buffer that is equal to the volume of
the extract. To get rid of excess ammonium ions, dialysis (as described below)
can be carried out using the desired buffer before proceeding to the next stage of
protein purification or prior to protein storage.

The process of ammonium sulfate precipitation offers an easy and relatively
inexpensive way to concentrate and purify proteins. However, it is important to
consider the associated drawbacks while selecting this method of separation. Most
importantly, it is essential to get rid of the salt from the protein sample, so the
downstream processing steps in the form of either dialysis or chromatography will
be required.
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5.4.4 Salting-in

Protein solubility is affected by the ionic strength of the solution. If a protein is
placed in aqueous solution like water, the only ionic component in the solution will
be protein molecules. Although water is polar, it only slightly ionizes and therefore
proteins tend to aggregate based on the protein-protein ionic interactions
[42, 43]. This interaction between the proteins is more favored than protein-water
interactions resulting in an irreversible precipitation. At low ionic concentrations of
salts such as NaCl, the presence of other ionic species now can compete with the
ionic protein-protein interactions. These ions in the solution tend to shield the protein
molecules from the charge of the other protein molecules. The decrease in the
electrostatic interaction between the protein molecules eventually increases the
solubility of the protein, referred to as “salting-in” (Fig. 5.1). However, at a point
when the ionic strength starts getting too high, it imparts a negative effect on the
protein solubility, resulting in “salting-out,” as discussed in the previous section.

Salting-in of the proteins occurs generally near its isoelectric point (pI) [13]. In
addition to the electrostatic effect, the limited charge on the surface of the protein
affects the water associated with the protein [44]. All in all, the pairing of salt ions
with the charged groups on protein molecules increases protein solubility resulting in
“salting-in” of the proteins.

5.4.5 Dealing with Proteins in the Inclusion Bodies

Often high expression of the recombinant proteins in E. coli results in the formation
of insoluble and aggregated proteins referred to as “inclusion bodies.” In addition to
being insoluble, the inclusion bodies have a non-native structure and therefore
require solubilization and refolding of the target protein to its native structure
[30]. This generally requires a lot of optimization and is also time-consuming. In
addition, one is expected to face significant loss in the protein amount during the
process of refolding. The formation of the inclusion bodies in E. coli can be avoided
by modifying several conditions during protein expression. Most commonly, use of
lower temperature such as 18 �C and < 0.5 mM IPTG (isopropyl thiogalactoside)
can be used to tackle the problem of inclusion body formation [2]. In the presence of
higher concentrations of IPTG and/or at high temperatures (37 �C), the
protein expression takes place at a high translational rate, which often exhausts the
protein quality control system of E. coli resulting in partially folded or misfolded
protein aggregates in the form of inclusion bodies [45]. However, in certain
conditions, wherein expression of large amounts of proteins would otherwise be
toxic to the host cell, expression in the form of inclusion bodies allows its large-scale
preparation. In addition, the sequestration of proteins in the inclusion bodies
prevents it from proteolysis by the cytosolic proteases [30].

For the isolation of inclusion bodies, the cells expressing the target protein are
harvested, lysed by mechanical lysis, and then centrifuged at high speed
(20,000 � g), 15 min at 4 �C. The inclusion bodies are obtained as a pellet. The
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pellet is then washed with detergents such as 1% Triton-X, followed by denaturation
of the protein using chemical denaturants, viz.8 M Urea or 6 M Guanidine-
Hydrochloride [30]. The denaturation step can be performed multiple times to
achieve maximum recovery. Often, more than 90% purity is obtained by following
these steps. In case, the target protein contains impurities, it can be subjected to
affinity purification or salting-out precipitation to increase its purity. The denatured
protein is then refolded by gradual removal of the denaturant either using dilution or
dialysis method. In the dilution method, a drop-by-drop solution of the denatured
protein is added in a buffer solution (100� the volume of the denatured protein)
[46]. In the case of dialysis, the denatured protein is placed in the dialysis tubing of a
particular molecular weight cutoff (depending on the size of the protein), and is
suspended in the refolding buffer solution. Some of the critical parameters during
refolding include temperature, pH, presence of reducing agents (such as DTT,
TCEP), and additives (often in combination) [47]. However, most importantly,
screening of multiple conditions and subsequent optimization is required for suc-
cessful refolding. Often, the success rate for refolding of proteins is not very
encouraging. Therefore, a large number of refolding conditions should be tested
such that a biologically active form of the protein is obtained in large amounts at the
highest purity level. Apart from dilution or dialysis methods, the denaturing agents
in the unfolded protein solution can also be removed using different chro-
matographic techniques. Here, the protein is either slowly allowed to migrate
through a column (e.g., gel filtration on a Superdex 75 column) or is bound to the
matrix (e.g., affinity chromatography using Ni-NTA agarose) and then eluted in a
buffer with decreasing concentration of the denaturant.

5.5 Overview of Chromatography

Column chromatography, most commonly liquid chromatography (LC), is used in
purification of the recombinant proteins. In this method of chromatography, the
stationary phase is packed in a column and the liquid mobile phase is allowed to pass
through the column using a pump or under gravity flow. The sample mixture is
introduced at one end, followed by elution with the mobile phase at the other end of
the column. The separation of the components in the mixture depends on partitioning
of the molecules between the mobile and the stationary phases, which is based on the
differences in their molecular weights. For recombinant protein purification, affinity
chromatography, ion-exchange chromatography, and size exclusion chromatogra-
phy are commonly applied to achieve satisfactory purity and homogeneity of the
target protein [48].

5.5.1 Affinity Chromatography

There are numerous ways in which the affinity-based method is employed for
purification of the recombinant proteins. The most common strategy for
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affinity-based purification involves use of fusion tags (i.e., amino acid sequences
attached to the recombinant proteins) that have affinity for ligands immobilized on
the column. Some of the commonly used tags are outlined in Table 5.4.

Particularly, the histidine (His) tag (a sequence of six or more histidine residues)
is added to either N- or C-terminus of the recombinant protein, and is frequently used
for purification of the target protein from a mixture of proteins in the cellular lysate.
The His-tagged protein shows affinity toward divalent metal ions such as Ni+2 or
Zn+2, and therefore the chromatographic technique is known as immobilized metal
affinity chromatography (IMAC). IMAC uses matrices such as iminodiacetic acid
(IDA) and nitrilotriacetic acid (NTA) to chelate transition metals through three or
four coordination sites, respectively [49]. Since the metal ion is only weakly bound
via three-coordination sites in IDA compared to four sites in case of NTA, often
metal leaching from the IDA matrix occurs during purification resulting in lower
yield and impure proteins. Therefore, advancements in NTA-based chemistry have
facilitated development of matrices, which securely coordinate metal ions with four-
coordination sites while leaving two of the transition metal coordination sites
exposed to interact with the His-tag [49]. Due to the presence of the electron
donor groups on histidine, the His-tag promotes strong interaction with the
immobilized transition metal and gets retained on the IMAC column. After
subsequent washes of the matrix to remove nonspecifically bound proteins, the
His-tagged recombinant protein gets eluted either by adjusting the pH of the elution
buffer or by adding histidine analog, imidazole (concentration of 100–500 mM)
[50]. At lower pH (4.5–5.3), the imidazole nitrogen atom of the histidine residue
(pKa 6.0) gets protonated that disturbs the coordination bond between histidine and

Table 5.4 The list of fusion tags commonly selected for purification of recombinant proteins [14]

Tag
Size (no. of amino acids
or kDa) Ligand

Separation
method

Polyhistidine 5–15 a.a. Ni+2 or Cu+2 AC

Glutathione
S-transferase

26 kDa Glutathione AC

Maltose binding
domain

40 kDa Amylose AC

FLAG 8 a.a. mAb based AC

Strep tag I 9 a.a. Streptavidin AC

Strep tag II 8 a.a. Streptactin AC

T7-tag 11–16 a.a mAb based AC

c-myc 10 a.a. mAb based AC

S-tag peptide 15 a.a. S-protein AC

Polyaspartic acid 5–16 a.a. Ion-exchange or
precipitation

IEX

VSV tag 11 a.a. mAb based AC

Calmodulin binding
peptide

26 a.a. Calmodulin AC

AC Affinity chromatography, IEX Ion-exchange chromatography, a.a. Amino acid, kDa kilodalton
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the transition metal [49], while imidazole at concentrations >100 mM acts as a
competitor resulting in the elution of the bound his-tagged protein. The major
advantage of the IMAC system is that it can tolerate a wide range of buffer
conditions, including the presence of additives like detergent and chemical
denaturants. In addition, these resins can be regenerated and reused several times,
thus enabling development of economical purification strategies in both academia
and industrial settings. A schematic overview of Ni-NTA affinity chromatography is
provided in Fig. 5.2.

One of the major disadvantages of the polyhistidine tag is the nonspecific binding
of the proteins to the IMAC column. Nevertheless, the His-tag offers several
advantages due to its small size, which rarely affects protein function. Also in
most cases, one can achieve purity up to 90–95% in a single step of purification.
The IMAC resin remains unaffected by protease or nuclease activities in the cell
lysate making it suitable for purification with crude lysates. One of the advantages of
the His-tag is that it can be combined with other affinity tags (listed in Table 5.4) to
the same protein to provide great flexibility during the purification process. Overall,
IMAC offers a rapid and an inexpensive purification method compared to other
affinity-based purification methods.

Similar to polyhistidine tag, alternative affinity tags such as MBP or GST are also
used frequently; however, due to large size, these tags need to be removed via a
proteolytic cleavage at specific sites introduced between the tag and target protein.
Due to the additional processing step involved in the large affinity tags, the use of
these tags increases the downstream processing cost for the purification of the
recombinant proteins [14, 51].

5.5.2 Ion Exchange Chromatography (IEX)

IEX is based on the electrostatic interactions between the charged groups of the
protein with the matrix of the column. Separation of the proteins in IEX depends on
surface charge of the proteins, pH, and salt concentration of the mobile phase
[52]. IEX is most frequently applied for purification of recombinant proteins that
are untagged. Since proteins are amphoteric molecules (act as both acids and bases),
any protein can bind the ion-exchange matrix once the pH of the solution is
optimized for its binding. The chosen matrix has an ion-load opposite to that of
the protein to be separated. A positively charged ion-exchange matrix (i.e., anion-
exchanger) adsorbs negatively charged proteins, while a negatively charged matrix
(cation-exchanger) adsorbs the positively charged molecules. As a rule, the selected
mobile phase should have low to medium salt concentration (i.e., low to medium
conductivity). Moreover the chosen pH should lie between the isoelectric point
(pI) aka acid dissociation constants (pKa) of the charged molecule, and that of the
ion on the matrix [53]. For example, in cation-exchange chromatography, where the
pKa of matrix is 1.2, the mobile phase of pH 6.0 should be ideally used for a protein
with a pI of 8.2. On the other hand, in anion-exchange chromatography where the
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matrix pKa is 10.3, a mobile phase of pH 8.0 should be used for protein molecules
with a pI of 6.8.

Binding of the protein onto the column depends on the surface charge of the
protein and charge on the matrix (Fig. 5.3a). This interaction, which is reversible, is
then disrupted using a linear gradient of salt or varying pH to elute the bound
proteins [54]. For instance, the negatively charged proteins can be displaced using
negatively charged salt ions. This is because the negatively charged salt ions
competitively displace the negatively charged proteins from the functional groups
of the matrix. The elution profile of the protein therefore follows a low-to-high salt
concentration gradient (Fig. 5.3b). Alternatively, varying pH can also be used to
separate the proteins. In cation-exchange chromatography, increasing the buffer pH
makes the protein less protonated (i.e., less positively charged), thus disrupting its
ionic interaction with the negatively charged matrix and subsequent elution. While
in the anion-exchange chromatography, decrease in the pH of the mobile phase
results in protonation of the protein (i.e., more positively charged) which promotes
protein elution [48].

Under mild conditions, IEX provides high binding capacity and resolution for
separation of recombinant proteins. In addition, its ability to scale-up (particularly

Anion exchanger 
(positive-stationary phase)

Cation exchanger
(negative- stationary phase)

Negatively charged 
analyte (Anion)

Positively charged 
analyte (Cation)

+++

+
+++

+++
+

+ +
+ +

+
++

++

+

++
+

+

+ -

- - -

-
- - -

-- -
-
- -
- -

-
--

--

-

--
-

-

- +

Positively-charged 
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Positively-charged 
proteins

Bound proteins 
(negative charged) 
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Fig. 5.3 Schematic representation of ion-exchange chromatography. (a) Anion and cation
exchanger bind to negatively and positively charged molecules, respectively. (b) Flow-scheme of
anion-exchange chromatography. The positively charged stationary phase of the anion-exchanger
allow binding of negatively charged proteins at low ionic concentrations of the mobile phase. In the
presence of low salt, the positively charged molecule in the protein mixture elutes first. As the
concentration of the salt increases, the bound negatively charged proteins are exchanged by the salt
ions and gets eluted from the column
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for recombinant proteins), moderate cost, and broad applicability have led it to
become one of the most widely used and versatile liquid chromatography
techniques.

5.5.3 Size Exclusion Chromatography

Size exclusion chromatography (SEC), also known as gel filtration chromatography
(GFC), separates the macromolecules based on differences in their hydrodynamic
volume and molecular weight [55]. The stationary phase consists of an inert spheri-
cal bead or gel with pores of a specific size distribution. Proteins larger than the pore
size of the gel cannot permeate into the gel particles, thereby eluting first by rapidly
passing through the space in-between the beads. On the other hand, proteins smaller
than the gel pore size get diffused into the pores and elute at proportionally longer
retention times (i.e., the time taken from injection to detection of the protein)
[56]. Hence, SEC is also commonly referred to as gel permeation chromatography.
Unlike affinity chromatography or IEX, in SEC, the protein molecules do not
directly interact with the mobile phase, so the buffer composition does not affect
the column resolution (i.e., the degree of separation of the peaks). The retention time
of larger proteins are shorter than the smaller proteins, which enables separation of
these proteins [54, 57]. Apart from the gel pore size, the column resolution is also
influenced by bed height, flow rate, volume of the sample, and the molecular weight
of the protein [58–60]. Generally, the highest possible resolution can be obtained
with slow to moderate flow rate, long and narrow columns, small pore-size gel and
sample volumes (1–5% of the total column volume). A general layout of the size
exclusion chromatography is given in Fig. 5.4.

SEC is widely used during the final polishing steps in recombinant protein
purification due to its excellent desalting properties. This is usually done when the
volume of the sample has been reduced and the major goal remains is to remove
aggregates or change the protein buffer (also known as desalting). For desalting
purpose, since the difference in the molecular mass of the protein and salt is typically
very large, the peaks are very less likely to overlap. Therefore, even sample volumes
as much as 30% of the bed volume can be safely applied to the column. In addition to
the purification purpose, SEC can also be used for analytical use. With proper
molecular weight standards, one can calculate the molecular weight of the unknown
protein [61]. In this method, a few proteins of known molecular weights are initially
used for calibrating the column. The calibration standard also contains a very large
molecular weight protein (such as blue dextran (1000 kDa) to determine the void
volume (Vo) of the column, which refers to the excluded volume, i.e., the space
between the particles. One can then determine the elution volume (Ve) of the
individual standards to determine the molecular weight of the unknown protein. A
standard plot can be generated by dividing “Ve” of the standards by the “V0” (Ve/
V0), and plotting this value against the log of the molecular weights (log M) of the
standard. The molecular weight of the unknown protein can then be extrapolated
from the standard plot. However, care should be taken while interpreting the data, as

134 N. Singh and K. Bose



SEC is quite accurate for globular proteins, while it is less accurate for flattened or
extended protein molecules.
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Fig. 5.4 Schematic overview of size exclusion chromatography (SEC). SEC or gel filtration
chromatography mostly involves an automated system constituting a pump, sample injector,
column, and fraction collector coordinated through a software. With the help of a pump, the mobile
phase is passed through the column at a particular flow rate. The protein mixture is injected through
a sample injector, and separation is achieved based on the pore size of the packing gel and proteins
molecular weight. Protein with higher molecular weight elutes first followed by the smaller
proteins. The elution of the protein is monitored in real time in the form of chromatogram, generated
by the detector. The eluted fractions are collected either manually or with the help of fraction
collector. The collected fractions are further analyzed on SDS-PAGE for purity and confirmation of
the molecular weight of the separated proteins
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5.5.4 Concluding Remarks

The bottleneck in the production of recombinant proteins is the cost of purification of
the protein. Therefore, over the past several decades, tremendous effort has been
directed toward development of new purification methods as well as improvement in
the existing strategies. Here, we present general steps for the purification of recom-
binant proteins that are expressed in a bacterial system such as E. coli, which is one
of the most preferred microbial cell factories. Although it is suitable for stably
expressing folded, globular proteins, difficulties are often encountered in expression
and purification of membrane or membrane-associated proteins. In this chapter, we
describe the possible routes to meet those challenges of expression and purification
of recombinant proteins in E. coli. Although many of these outlined approaches
might fail at several stages, one has to find ways to standardize their protocols and do
extensive troubleshooting to overcome those obstacles since expression and purifi-
cation of recombinant proteins are often protein specific.

Acknowledgments NS gratefully acknowledges financial support from the DBT-RA Program in
Biotechnology and Life Sciences for completion of the manuscript. The authors acknowledge Ms.
Chanda Baisane, Bose Lab, ACTREC for formatting the manuscript.

Problems

Multiple Choice Questions
1. Protein purification techniques are based on the following properties

except:
(a) Solubility of the protein
(b) Charge on the protein
(c) Viscosity of the protein
(d) Specific binding affinity of the protein

2. Salting-out refers to
(a) Precipitation of proteins using ammonium sulfate
(b) Precipitation of proteins using copper sulfate
(c) Precipitation of proteins using sodium chloride
(d) Both (a) and (c)

3. You find that your protein sample shows lots of additional bands of lower
molecular weight apart from the desired protein. What can you do about
this?
(a) Add an additional purification step
(b) Use a protease inhibitor during lysis and purification
(c) Perform each step as quickly as possible, in a cold-room
(d) All of the above
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Subjective Questions
1. To estimate the molecular mass of an unknown protein, you decide to run a

size exclusion chromatography. Next, you run a series of proteins with the
known molecular mass and the unknown protein on a Sephadex G-200
column. Below are the elution volumes (Ve) for each protein. The measured
void volume (V0) of the column is 36 mL. Using these values, calculate the
molecular mass of the unknown protein.

Protein Molecular weight (kDa) Ve (mL)

Lysozyme 14 100

Ovalbumin 45 79

Serum albumin 66 70

Aldolase 150 51

Urease 489 26

Unknown ? 88

2. To separate a mixture of proteins with different pI values, you try anion
exchange chromatography using DEAE-cellulose column. For this, you
first equilibrate your column with phosphate buffer, pH 6.5. Then you pass
the following mixture of proteins, AS (pI – 4.6), BS (pI – 5.0), and CS (pI –
7.0). The proteins are eluted first with weak ionic strength buffer (50 mM
NaCl, pH 6.5) and then in the same buffer but with increasing NaCl
concentration. Explain what order will the proteins elute?
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Protein Purification by Affinity
Chromatography 6
Shubhankar Dutta and Kakoli Bose

Abstract

Affinity chromatography involves targeted purification of biological
macromolecules from a crude mixture on the basis of highly specific interaction
between the macromolecule and a tag protein or peptide. The interaction is
typically reversible and purification is implemented by keeping one of the
molecules (the affinity ligand or fusion tag) immobilized to the support matrix
(containing respective binding resin for interaction with the tag) while its partner
(the target protein) is in a mobile phase as part of the crude mixture. In this chapter
we will be discussing recombinant protein purification using different affinity
tags that are routinely used in a laboratory setup that include polyhistidine, GST
(glutathione-S-transferase), maltose-binding protein (MBP) and Strep-tag. As
affinity chromatography is a sophisticated purification method that requires
significant expertise, the protocol and the problem-solving approaches described
in this chapter will act as essential guides to the protein biochemists.
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6.1 Introduction

As discussed in the earlier chapter, purification of recombinant proteins came into
picture when Sumner et al. purified enzymatic proteins from prokaryotic system in
the year 1926 [1]. Since its inception, protein purification process has evolved
considerably, giving rise to different types of chromatographic techniques that
often in combination give proteins of very high purity (>95%). Affinity chromatog-
raphy is one such technique that was first introduced by Campbell and co-workers in
1951, when they isolated rabbit anti-bovine serum albumin antibodies using bovine
serum albumin as the affinity ligand [2]. In subsequent years, the application of this
technique went beyond just antigen-antibody separation and researchers slowly
adopted its principle for separation of different types of protein molecules [3]. The
salient features that give this process an extra edge over other purifying techniques
are high-precision specificity, ease of handling and high yield. A classic affinity
chromatography process mainly involves following three steps:

• Incubating the given sample (containing mixture of proteins and other molecules)
along with the support matrix (containing affinity ligand) that allow the target
protein in the sample to bind with the affinity (immobilized) ligand.

• Binding of the target protein and the affinity ligand depends on the buffer
conditions. An optimum buffer condition ensures that the target molecule
interacts effectively with the ligand and is retained by the affinity medium as all
other molecules wash through the column.

• Post-washing, elution (dissociation from the ligand and recovering the protein) of
the target protein from the ligand is done by changing the buffer conditions in a
way conducive to disruption of the binding interactions between the target and the
ligand.

Generally, elution of the desired protein using affinity-based purification depends
on reversible interactions between the target protein and the immobilized ligand
bound to support or chromatographic matrix [4]. Most proteins have their designated
binding sites that are taken into consideration while selecting the suitable affinity
ligand. However, it is necessary that the binding interaction between the target
protein and the chosen ligand is reversible as well as specific. In case of recombinant
proteins purification, a reversible but specific binding with the ligand is achieved
through fusion tags. Fusion tags are generally proteins or peptide molecules that are
capable of facilitating expression of the target protein in the expression system by
providing resistance to proteolytic degradation [4]. A well-characterized fusion tag
enables affinity chromatography of the tagged protein (target protein with the fusion
tag attached) using immobilized version of the respective affinity ligand. His6, MBP
(maltose-binding protein) and GST (glutathione-S-transferase) are some of the
fusion tags that are generally used in affinity purification [5]. Though in recombinant
protein purification fusion tags have their own benefit, choosing a suitable tag, using
it for affinity-based protein purification and separating it post-purification are a
challenging process. Hence, in this chapter, with detailed protocols for various
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types of affinity chromatography techniques, we will elucidate its role in purification
of recombinant proteins.

6.2 Types of Tags

Selecting suitable fusion tags for the target proteins is an important aspect of
recombinant protein purification process. Generally, underlying physiochemical
properties of the target protein determine the type of tags to be used for purification.
Some of the widely used tags are given below in detail.

6.2.1 Polyhistidine Tag

The polyhistidine affinity tag, aka His6-tag, normally comprises six consecutive
histidine (His) residues, but can vary in length from two to ten histidine residues
[6]. Protein purification using His6-tag employs the ability of His to interact with
transition metal ions, such as Cu2+, Co2+ and Ni2+. His6-tag is non-toxic, and due to
its small size, it induces no effect that would alter the physiochemical properties of
the target protein [7]. Usage of His6-tag is advantageous for protein purification
involving prokaryotic expression systems where different vectors such as pET-16b,
pET-28a or pET-28b are used [8]. However, in case of eukaryotic systems, where the
percentage of His residues is high, protein purification becomes complicated due to
non-specific binding of the His residues with the affinity ligands (metal ions). This
non-specific background binding is generally circumvented through application of
stringent wash conditions [9].

6.2.2 Glutathione-S-Transferase (GST) Tag

GST is a 26 kDa (kilo Dalton) fusion tag belonging to the cytosolic family of
eukaryotic and prokaryotic enzymes that catalyse the fusion of the reduced form
of glutathione (GSH) to external chemical substrates present within organisms for
the purpose of detoxification [7]. It is one of the most extensively used tags for
protein purification in prokaryotic expression systems that uses multiple cloning
sites of pGEX vectors for generating the fusion tag protein [10]. Due to its ability to
enhance tagged-protein solubility, GST affinity tag is also considered as a solubility
tag [11]. Since GST-tag has high affinity towards glutathione, glutathione-coated
beads are coupled to the chromatographic support matrix during purification of the
fused protein of interest [12]. GST-tag is normally attached to the N- or C-terminal
region of the target protein, depending on the structural properties of the protein.
Owing to its slow binding kinetics with the glutathione ligand, high-scale protein
purification using GST-tag sometime becomes time-consuming [13].
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6.2.3 Maltose-Binding Protein (MBP) Tag

Similar to GST, MBP also enhance recombinant protein solubility in bacterial
expression system [14]. pMAL vector in the E. coli expression system is generally
used to generate the protein of interest with MBP attached at the N- or C-terminus
[15]. One of the advantages of MBP-based purification over polyhistidine tag is the
ability to generate high yield of difficult-to-purify proteins [16]. An MBP-fusion
protein binds to the cross-linked amylose resin present in the chromatographic
matrix [14]. The target protein is eluted by running maltose in the elution buffer
solution. MBP-based affinity purification is considerably resistant to denaturing and
reducing agents. However, any amylase activity in the crude sample (cell lysate)
substantially reduces the efficiency of the amylose resin that is used as the affinity
ligand in the support matrix [7].

6.2.4 Calmodulin-Binding Peptide (CBP) Tag

The calmodulin-binding peptide (CBP) is a 26 amino acid fragment that belongs to
the C-terminal region of the muscle myosin kinase protein [17]. CBP utilizes its mild
binding affinity (Kd ¼ 10�9 M) towards calmodulin (affinity ligand) in order to
purify the protein of interest from the bacterial system [17]. The mild binding and
elution conditions of this purification system enable the fusion protein to maintain its
native form post-purification. Expression vectors such as pCAL-c or pCAL-n are
used for the expression of CBP-tagged target proteins, where crude cell lysate
(containing the fused protein) is passed through the calmodulin affinity resin for
its purification and subsequent elution [18, 19]. The 4 kDa size of the CBP tag itself
is relatively small and is much less likely to affect the properties of the protein of
interest, thus making this an appealing affinity tag in comparison to tags of larger
sizes.

6.2.5 Streptavidin-Binding Peptide (SBP) Tag

There are two different versions of SBPs—Strep-tag I and Strep-tag II—that are
generally used to immobilize fusion proteins on a streptavidin matrix [20]. In terms
of binding specificity, Strep-tag II exhibits stronger interactions with the streptavidin
core (StrepTactin Sepharose medium) as compared to Strep-tag I [20]. Strep-tag II is
a very small tag of 1 kDa that comprises only eight amino acid residues
(WSHPQFEK) [21]. Small size and chemically balanced amino acid composition
make it an appropriate tag for purifying functional proteins as it does not affect the
protein structure or folding mechanisms. Generally, pASK-IBA or pASG-IBA
vector is used to strategically fuse Strep-tag II onto the N- or C-terminus of the
target protein for expression in the bacterial system [22]. The affinity core,
StrepTactin, is a derivative of streptavidin and exhibits high stability in the presence
of various proteases and SDS [23]. This property of streptavidin ensures long-lasting
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affinity columns that can be re-used several times. Apart from Strep-tag II’s small
size, its specific and fast binding kinetics with StrepTactin affinity medium make this
purification system user-friendly and straightforward.

6.3 Types of Affinity Chromatography

In the subsequent sections, we will be discussing three major types of affinity-based
purification system that utilizes following types of tags:

1. A tandem repeat fusion tag (polyhistidine) that binds to the affinity matrix
comprising metal ions

2. A larger-sized solubility tag such as GST or MBP that can act as chaperone
during protein expression and purification process

3. A smaller size binding peptide (Strep-tag II) that is faster and does not cause any
structural perturbation in the protein of interest

6.3.1 Purification of Polyhistidine Tag Protein

As mentioned in the last chapter, IMAC (immobilized metal-affinity chromatogra-
phy) is a widely employed method to purify recombinant proteins containing a short
affinity tag of consecutive histidine residues. The basic principle behind IMAC is
interactions between an immovable transition metal ion (Co2+, Ni2+, Cu2+, Zn2+)
bound to the matrix and side chain of a specific amino acid such as Histidine
[24]. Histidine residue displays strong affinity towards metal ion matrices, due to
the presence of imidazole ring that acts as an electron donor group facilitating
coordinate bond formation with the transition metal ions. This interaction is reversed
during the elution of the target protein by adjusting the concentration of imidazole in
the elution buffer or altering the pH of the buffer.

6.3.1.1 Binding with the Polyhistidine Tag
A consecutive stretch of six polyhistidine residues (His6-tag) is the most commonly
used tag in IMAC [6]. Though tags of six histidine residues are generally long
enough to yield high-affinity interactions with the matrix, various studies have
exhibited successful implementation of either shorter or longer affinity tags
[6]. Usage of longer His6-tag might increase the purity of the final product in some
cases [25, 26]. However, it is advisable to use the smallest number of histidine
residues wherever applicable, so that structural and functional perturbation of the
protein can be minimized [25, 26]. In general, for purification of a novel recombinant
proteins whose structure and functions have not been studied extensively, a
six-histidine tag is always the most suitable choice [25]. Placement of the
polyhistidine tags is done at either extremities of the N- or the C-terminal region,
depending upon the physicochemical nature of the protein. For unknown proteins, it
has been observed that changing the location (moving the tag to opposite terminus)
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of affinity tag often resolves the issues related to low yield of the target protein in the
expression vector [27]. Moreover, the choice of N- or C-terminal tags also depends
upon the downstream studies designed with the purified protein. For example, if
protein-protein interaction studies through C-terminal domain are envisaged post-
purification, the tag is usually attached to the N-terminus of the protein of interest,
keeping the other end free [28].

The main advantage of polyhistidine affinity tag is their small size and non-toxic
nature. Owing to their tiny size, they are simple to handle and can be incorporated
easily into a variety of expression vectors. Normally, His-tags are introduced into the
target DNA (Deoxyribonucleic Acid), encoding the protein of interest, by site-
directed mutagenesis [29]. In addition, polymerase chain reaction (PCR) methods
can also be applied using primers that have tandem histidine codons (CAC or CAT)
[30]. For six histidine tags, eighteen bases encoding the histidine residues are
inserted either after the start codon or before the stop codon in the DNA fragments
encoding the desired protein [29]. Apart from synthetically preparing the His-tag in
laboratory conditions, there are commercially available cloning vectors too that are
used for the generation and expression of fusion tag recombinant proteins in various
prokaryotic expression systems such as E. coli.

6.3.1.2 Components of the Chromatographic Matrix
Among the commercially available metal matrices, nickel-nitrilotriacetic acid (Ni2+-
NTA) and Co2+–carboxyl methyl aspartate (Co2+-CMA) are the two widely used
immobilized ligands for IMAC [31, 32]. Both Ni2+ and Co2+ ions have six coordi-
nation sites, out of which four sites bind with the IMAC matrix resin and the two
remaining sites coupled with the polyhistidine affinity tags [33]. Mechanistic models
of their interactions are given in Fig. 6.1. IMAC matrices are generally robust in
nature and have the ability to withstand broad range of variable conditions, such as
physiological pH, stringent washing procedure as well as varieties of protein
denaturants [33]. In terms of binding affinity, Ni2+–NTA matrix has higher affinity
towards histidine residues when compared to the Co2+–CMAmatrix [35]. At pH 8.0,
Ni2+–NTA exhibits binding affinity of Kd ¼ 10�13 M with an overall binding
capacity exceeding 5 mg protein/ml of matrix resin, making it a more efficient
IMAC matrix for purification of polyhistidine-tagged proteins [35].

6.3.1.3 Purification Under Different Conditions
Highly purified fraction of the polyhistidine-tagged recombinant proteins can be
obtained under two conditions—native and denaturing. Proteins that are highly
soluble in the cytoplasm are normally purified in native condition. Purifying the
target protein under native condition helps in preserving its biological activity as this
condition rarely alters the structural aspect of the protein [33]. Moreover, native
purification with high protein yield is even feasible in mild buffer and imidazole
concentration [7]. However, purification under native conditions might not be
possible if the protein of interest is insoluble in cell cytoplasm, possesses a tertiary
structure that disrupts the bound polyhistidine affinity tag or have the tendency to
form aggregates [36]. These issues can be circumvented using denaturing agents

146 S. Dutta and K. Bose



including 6 M guanidinium hydrochloride or 8 M urea during the purification under
denaturing conditions [36]. Since polyhistidine tag is an oligopeptide comprising
series of tandem histidine repeats, it does not require any specific structural confor-
mation for its proper functioning [37]. Thus, denaturing agents have no adverse
effect on the interaction between the matrix resin and the His-tag, which further
makes the purification process under denaturing conditions more effective. Between
the two agents, denaturation using urea is more preferable for recombinant protein
purification as it does not precipitate in the presence of SDS (sodium dodecyl
sulphate) unlike guanidinium hydrochloride [37]. Since, SDS–PAGE (sodium
dodecyl sulphate–polyacrylamide gel electrophoresis) analysis is one of the standard
steps involved in detecting purity of recombinant proteins, formation of aggregates
in contact with the SDS should be avoided. Under denaturing conditions, the
obtained purified proteins are generally misfolded with reduced or no activity.
Hence, the subsequent refolding of the protein into its biologically active state is
achieved by washing away the denaturants stepwise through dialysis [38].
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Fig. 6.1 Mechanistic models of interactions between his-tag and IMAC (Immobilized Metal
Affinity Chromatography) matrices. (a) The nickel–nitrilotriacetic acid matrix (Ni2+-NTA) [34]
and (b) the cobalt–carboxyl methyl aspartate matrix (Co2+-CMA) [34] are shown here. In both, the
metal ion exhibits octahedral coordination by four matrix ligands and two histidine side chains, the
latter provided by the polyhistidine affinity tag
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6.3.1.4 Elution
In general, elution of the purified polyhistidine-tagged proteins involves two popular
methods—altering the pH level of the elution buffer and inducing imidazole at
different concentrations [33]. In case of Ni2+–NTA, reduction of pH to a range
between 5.3 and 4.5 results in protonation of the nitrogen atom of the imidazole ring
in histidine residue (pKa 6.0) [34]. This subsequently impedes the coordination bond
between the histidine and the transition metal. On the other hand, imidazole that acts
as a histidine analogue can be used to competitively elute the bound polyhistidine
residues by increasing the imidazole concentrations to 100 mM or higher [33]. If the
tagged protein forms oligomers, more stringent conditions such as lower pH or
higher concentrations of imidazole might be required to elute the protein. While both
of these elution methods are effective, the use of imidazole is often preferable as
exposure to low pH may damage the protein of interest [7]. The overall mechanism
behind binding and elution of His-tagged protein is illustrated in Fig. 6.2.

A detailed protocol of IMAC involving Ni2+–NTA as the support matrix is given
below [34]:

His-tagged purified protein
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Fig. 6.2 An overall mechanism showing His-tag based affinity purification using Ni2+–NTA. Cell
lysate containing mixture of proteins along with the one with His-tag is passed through Ni+2–NTA
IMAC column. The fused protein binds to the column and gets eluted subsequently. His-tag
removal is carried out using TEV protease, resulting in generation of the pure protein
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• Lyse the E. coli cells expressing His-tagged recombinant protein suspended in the
lysis/loading buffer by sonication on ice. Approximately 3–5 ml of loading buffer
should be used per gram (wet weight) of cell pellet. It is important to keep the
lysate under cold conditions to avoid any possible proteolysis.

• Centrifuge the cell lysate at 30,000 � g for 30 min at 4 �C.
• Add the clear lysate supernatant in the Ni2+–NTA resin pre-equilibrated with an

ice-cold loading buffer. Generally, 5–10 mg of protein binds per ml of the resin.
Incubate the sample at 4 �C for 1 h on a rocker.

• Load the resin onto a column, followed by washing of the resin with 20 column
volumes of a loading buffer containing 10 mM imidazole at 4 �C.

• Elute with 10 column volume gradient of 10–250 mM imidazole prepared in the
loading buffer, pH 8.0 and collect the fractions.

• The purified protein is treated with site-specific proteases, such as TEV (Tobacco
Etch Virus protease), to cleave the His-tag, followed by overnight dialysis
(optional). Usually, most of the proteins are purified with the tag since it is too
small and most of the time non-interfering.

• To obtain pure homogenous recombinant protein, the dialysed protein is
concentrated using concentrators like Centricon [39], and subjected to
SDS-PAGE to check for the purity and expected molecular weight of the recom-
binant protein.

• If the purification is not >95%, a second round of purification using gel filtration
chromatography (discussed in detail in Chap. 8) is performed.

6.3.1.5 Troubleshooting

Problems Possible reasons Potential solutions

Purified fraction containing
very low yield of the target
protein.

Less stringent elution
condition might result
His-tag to still be bound with
the protein.

Buffer condition can be made
more stringent by increasing
imidazole concentration or
decreasing pH.

Non-specific binding,
especially hydrophobic
interactions.

Add a non-ionic detergent to the
elution buffer (e.g. 0.2%
Tween-20).

Undue protein precipitation
in the column or wells.

Reducing protein concentration
by eluting with slowly rising
imidazole concentration
gradient; avoiding steep rise and
also decrease the amount of
sample in the first place.

Impurity in the eluted
protein fraction (SDS-PAGE
analysis showing multiple
bands).

Contaminants have affinity
towards the tagged protein.

During protein expression in the
bacterial system, adding
detergent and/or reducing
agents before sonicating cells
might reduce contaminants.
Moreover, increasing detergent
levels (e.g. up to 2% Tween 20),

(continued)
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6.3.2 Purification of GST-Tagged Protein

GST tag system is a robust mode of affinity purification that involves protein
expression and purification at high level in prokaryotic system. GST is a naturally
occurring eukaryotic protein of 211 amino acid residues, which exhibits strong
affinity towards glutathione [13]. Salient components of GST-tag-based purification
are a pGEX plasmid vector, a GST moiety attached at the N- or C-terminus of the
protein of interest, and an affinity ligand comprising series of immobilized glutathi-
one beads bound to the chromatographic matrix [12]. One of the striking
characteristics that gives GST-based purification an edge over IMAC is the ability
of GST to act as a chaperone [41]. Moreover, application of GST enhances protein
solubility and avoids its expression in the inclusion bodies [13]. The fusion protein is

Problems Possible reasons Potential solutions

or adding glycerol (up to 20%)
to the wash might further help in
preventing non-specific
interactions.

Insufficient removal of the
unbound materials during
the washing step.

After application of the sample,
repeat the wash step once or
twice till highly pure target
protein is obtained.

His-tag protein is getting
eluted prematurely during
loading or washing.

The tag is not adequately
exposed.

Usage of denaturing agents such
as guanidinium hydrochloride
(Gdn-HCL) or urea during
purification can be done to
verify whether the tag is
sufficiently exposed.
Alternatively, application of
longer polyhistidine tag or
addition of linker between the
tag and the target protein can
significantly increase tag
exposure.

Incubation period is
insufficient.

Increasing the incubation time
of the crude lysates in the well
or decreasing the speed of the
centrifugation. Flow rate also
must be regulated for efficient
his-tag binding to the matrix.

Imidazole concentration in
the loading and/ or binding
buffer is above limit.

Imidazole concentration must
be lowered. Alternatively, usage
of sophisticated affinity matrices
such as Ni-Sepharose excel or
TALON Superflow might be
useful as these matrices do not
require imidazole in the loading
or binding buffer [40].
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then captured by immobilized glutathione and impurities are washed away. Elution
of the protein is performed under mild, non-denaturing conditions using reduced
glutathione. If desired, the removal of the GST affinity tag is accomplished by using
a site-specific protease recognition sequence located between the GST moiety and
the target protein [7].

6.3.2.1 pGEX Vectors and Their Gene Fusion Construct
GST-tagged proteins are generally constructed by inserting a gene or gene fragment
into the multiple cloning sites of pGEX vectors [10]. There are 13 types of
commercially available pGEX vectors each containing a tac promoter that is capable
of high-level protein expression, if induced by IPTG (Isopropyl ß-D-1-
thiogalactopyranoside) [11]. An internal laqIq gene facilitates tight control over
expression of the gene insert by binding to the tac promoter until IPTG is applied.
All these vectors possess cleavage site so that GST can be separated from the protein
of interest after purification, using any of the three enzymes, namely, Thrombin,
PreScission Protease and Factor Xa [11, 42]. Generally, the pGEX-T series, pGEX-
X series and pGEX-P series contain protease cleavage sites for Thrombin, Factor Xa
and PreScission protease, respectively, as represented in Fig. 6.3 [11, 42]. A suitable
vector is determined on the basis of the future application of the target protein. While
selecting the protease cleavage site, it is to be noted that the target protein must not
possess an internal recognition sequence for this protease. Out of the three proteases,
thrombin is the most cost-effective, as relatively small amounts of thrombin and
short incubation times at 37 �C are sufficient to cleave the protein with high
efficiency [43]. On the other hand, Factor Xa has very high specificity, but is
expensive and generally requires high enzyme-to-substrate ratios for efficient cleav-
age [11, 43]. PreScission protease, in particular, has several advantageous
characteristics, namely, it is effective at low temperature (5 �C) [11].

6.3.2.2 Expression of the Fused Protein
Generally, it is very difficult to predict whether the protein of interest will remain
soluble in the cytoplasm or will accumulate in inclusion bodies. With increase in the
protein size, structural complexity increases resulting requirement of intricate series
of protein folding to avoid accumulation in the inclusion bodies. Though GST’s
chaperone-like behaviour ensures proper folding of the GST fusion protein, high-
scale protein expression also requires maintaining of optimum culture conditions
such as appropriate growth temperature and proper aeration [44]. Yields of GST
fusion proteins using prokaryotic expression system like E. coli are highly variable,
often ranging from 10 to 50 mg/l, but could potentially be much lower in cases where
the fusion protein is toxic to the cells or unstable [11, 44]. Since expression levels are
typically high, adequate amounts of protein usually can be obtained from several
litres or less amount of the bacterial culture. The expressed protein can further be
analysed using SDS-PAGE analysis. A detailed protocol explaining the cloning and
expression of the fused protein is given below [11, 44, 45]:
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• PCR amplification of the target gene sequence (DNA sequence of the target
protein) containing the restriction sites at the ends of the target gene fragment
that are in-frame and complementary to the vector are chosen.

• Digestion of the PCR product using relevant restriction enzymes followed by
cleaning using gel electrophoresis.

• Transformation into the E. coli system, and growing the transformants on LB agar
plates at 37 �C overnight.

• Screening the colonies for verifying that the gene insert is oriented properly and
the reading frame is in correct order. Colonies are then transferred to separate
tubes consisting PCR beads with 10 picomole each of pGEX primer being added.

• The colonies showing positive PCR are selected and an individual mini-culture of
5 ml is grown for each transformant for further screening of the expression of the
protein of interest.

• Glycerol stocks can further be prepared using the exponential phase of the
bacterial culture and 70% glycerol for storage purposes. Integrity of the target
sequence is analysed using DNA sequencing.

pGEX-1T

L V P R G S P E F I V T D
CTG GTT CCG CGT GGA TCC CCG GAA TTC ATC GTG ACT GAC TGA TAG

Thrombin

BamH1 EcoR1 Stop codons

pGEX-4T-1

L V P R G S P E F P G R L Q R P H R D
CTG GTT CCG CGT GGA TCC CCG GAA TTC CCG GGT CGA CTC GAG CGG CCG CAT CGT GAC TGA

Thrombin

BamH1 EcoR1 Sma1 Sal1 Xho1 Not1 Stop codons

pGEX-3X

I Q G R G I P G N S S
ATC GAA GGT CGT GGG ATC CCC GGG AAT TCA TCG TGA TAG

Factor Xa

BamH1 Sma1 EcoR1 Stop codons

pGEX-5X-1

I Q G R G I P E F P G R L E R P H R D
ATC GAA GGT CGT GGG ATC CCC GAA TTC CCG GGT CGA CTC GAG CGG CCG CAT CGT GAC TGA

Factor Xa

BamH1 EcoR1 Sma1 Sal1 Xho1 Not1 Stop codons

pGEX-6P-1

L E V L F Q G P L G S P N S R V D S S G R
CTG GAA GTT CTG TTC CAG GGG CCC CTG GGA TCC CCG AAT TCC CGG GTC GAC TCG AGC GGC CGC

PreScission Protease

BamH1 Sma1EcoR1 Sal1 Xho1 Not1

Fig. 6.3 An illustration showing various forms of pGEX vectors along with their proteolytic
cleavage sites. T, X and P series of pGEX vectors are shown, which contain enzymatic cleavage
sites for proteases such as Thrombin, Factor Xa and PreScission Protease, respectively. The vectors
also contain different restriction sites represented by restriction endonucleases including BamH1
(from Bacillus amyloliquefaciens), EcoR1 (from Escherichia coli), Sma1 (from Serratia
marcescens), Xho1 (from Xanthomonas holcicola), Not1 (from Nocardia otitidis-caviarum) and
Sal1 (from Streptomyces albus)
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• For expression procedure, some of the glycerol culture containing the isolated
colonies are transferred to 100 ml LB (Luria-Bertani broth) with 100 μg/ml
ampicillin (antibiotic) added as supplement.

• The inoculated culture is incubated overnight at 37 �C, inside an incubator shaker
with 250–300 rpm, that is followed by extraction of 1 ml aliquot of the semi-
opaque culture (based on the optical density, OD600) the next morning.

• The obtained culture is termed as the starting culture, which is further diluted to
1:20 ratio using 600 ml fresh LB supplemented with 100 μg/ml ampicillin.

• Incubate the culture at 37 �C at 250–300 rpm until the optical density measured at
600 nm wavelength (OD600) is within the range of 0.5 to 0.7 (log phase) [45].

• Prior to IPTG induction, 1 ml aliquot of the uninduced culture is kept for
SDS-page analysis.

• Post-induction, the culture is incubated at 37 �C at 250–300 rpm for an additional
3 h, while monitoring the growth at OD600. At saturation, they will stop dividing.

• Harvest cells by centrifugation at 4000 � g for 20 min at 4 �C.
• Carefully decant the supernatant, leaving ~15–50 ml in the centrifugation bottle.
• Resuspend the cells and transfer to a 50 ml centrifuge tube.
• Centrifuge for 20 min at 4000 � g, 4 �C.
• Decant the supernatant.
• Analyse un-induced and induced samples by SDS-PAGE to check protein

expression levels.

6.3.2.3 Affinity-Based Purification of the GST-Fused Protein
After attaining the desired expression level, the GST fusion protein is subjected to
purification from the bacterial cell lysate using immobilized glutathione coupled to a
Sepharose column. There are different types of glutathione chromatography resin
commercially available for the purification process. One of them is Sepharose 4B
resin that is poured into the chromatographic column with an attached peristaltic
pump that can control flow rates of the cell lysates [5, 44]. A detailed protocol
describing the affinity purification using glutathione Sepharose 4B column is given
below [11, 44, 45]:

• Prior to addition of the cell lysate, the glutathione Sepharose 4B column is
washed thoroughly with 5–10 bed volumes of phosphate-buffered saline (PBS)
for removal of any contaminants such as ethanol solution.

• Pelleted E. coli cells are lysed by sonication on ice for 10 s with 1 min interval
between the bursts. This must be done at least 10 times with a time-gap between
every burst to avoid sample heating. 50 μl of the resultant cell lysate is kept for
SDS-PAGE analysis and the rest is subjected to centrifugation at 48,000 � g for
20 min at 4 �C.

• Supernatant is decanted into a sterile 50 ml centrifuge tube and kept for further gel
analysis.

• 5–10 μl each of both the cell lysate and the decanted supernatant are run on
SDS-PAGE gel to assess whether the fusion protein is in the decanted
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supernatant. Upon verifying the presence of the fused protein in the supernatant,
the fraction is subjected to affinity ligand binding.

• Keeping a flow rate of 0.1 ml/min (flow rate is kept low due to the slow binding
kinetics between glutathione and GST), the supernatant fraction is loaded onto the
Sepharose 4B column for binding with the glutathione resin. To verify whether
the target protein with the GST-tag has bound with the glutathione, SDS-PAGE
gel analysis is carried out.

• At this point, the obtained protein should be more than 90% pure. For the removal
of the GST affinity tag, the purified fraction is further subjected to enzymatic
cleavage through digestion by the serine proteases.

6.3.2.4 Elution and Removal of the GST Tag
On the basis of the vector chosen during cloning, different proteases such as
thrombin, factor Xa or PreScission are used for cleavage of the GST affinity tag.
These proteases are added in the glutathione buffer for inducing cleavage; however,
it is to be ensured that the buffer must not contain any protease inhibitors. Post-
cleavage, the target protein is separated from the GST moiety through
re-chromatography using the glutathione Sepharose column. The detailed protocol
of the elution process is given below [11, 44, 45]:

• Sufficient amount of thrombin or factor Xa or PreScission is added to the purified
GST-tagged protein and kept for incubation at appropriate temperature (37 �C for
thrombin, 25 �C for factor Xa and up to 5 �C for PreScission proteases).

• Enzymatic cleavage is carried out for a suitable length of time before being
subjected to a non-specific protease inhibitor, called Phenylmethylsulphonyl
Fluoride (PMSF). 0.3 mM of PMSF is added to terminate the cleavage process.

• The resultant fraction is given for dialysis, at least twice using 2 l of PBS or
EDTA (Ethylenediamine Tetra-acetic Acid) for a minimum of 4 h per dialysis.

• The dialysed sample is subjected to centrifugation for 20 min at 4000 � g. This
step ensures removal of unwanted precipitated materials that might have been
developed during dialysis or pre-dialysis stages.

• Re-chromatography of the dialysed sample is done by loading the sample onto the
Sepharose column at a flow rate of 0.1 ml/min. This fraction is collected for
further gel analysis.

• The column is further washed using 2–3 bed volumes of PBS or EDTA at 1.5 ml/
min.

• Finally, the bound GST and un-cleaved fusion protein are eluted using a reduced
glutathione buffer at 0.3 ml/min for 5 bed volumes. All these fractions are
analysed using SDS-PAGE, and are subsequently pooled to obtain the protein
of interest.

• It is to be noted that the sample might contain some residual GST that did not
rebind to the Sepharose column during re-chromatography. Moreover, there can
be other contaminants too, such as proteolytic fragments, precipitates and
aggregates. Hence, for further polishing, ion-exchange chromatography or gel
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filtration chromatography can be used. These procedures are discussed in detail in
the subsequent chapters.

An illustration elucidating the affinity purification of GST-tagged protein is given
in Fig. 6.4.

6.3.2.5 Troubleshooting

M G TPM G

TP

Sepharose Matrix 
with Glutathione 

a�ached

GGST TPM GST

GM GST

G TPM GST

GM EG

GM EG

Sepharose Matrix (M)

Glutathione (G)

Glutathione S-Transferase (GST)

Endogenous GST (EG)

Target Protein (TP)

Cleavage Site

GST fused protein 
binding to the 
affinity matrix

Endogenous GST present 
in the host might also 

bind to the matrix

Proteoly�c cleavage by the 
proteases (Thrombin or 
PreScission or Factor Xa) 

Par�ally-cleaved or 
Uncleaved tagged protein

Might s�ll 
be present 
a�er wash

Recombinant protein a�er 
successful removal of the GST tag

Successfully 
eluted in the 
elu�on buffer

Fig. 6.4 Schematic representation of purification of GST-tagged protein. The target protein fused
with GST gets attached to the Glutathione matrix, which is followed by the sequential purification
steps as described in the text. The GST tag is subsequently removed by the proteolytic actions of
proteases like Thrombin, Factor Xa or Precision Protease

Problems Possible reasons Potential solutions

GST-tag fusion
protein poorly binds to
the affinity matrix
column.

The flow rate used during sample
loading is too high.

The binding kinetics between
GST and glutathione is very
slow. Thus, it is important to keep
the flow rate low during sample
loading onto the column. This
ensures proper binding and
increases the binding capacity of
the column.

The tagged protein has already
aggregated into the sample
during expression.

Prior to sonication of the cells,
addition of reducing agents like
DTT (Dithiothreitol) may

(continued)
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Problems Possible reasons Potential solutions

significantly reduce precipitation
of the fusion protein and increase
the yield.

Low concentration of the tagged
protein.

The binding kinetics between
GST and glutathione Sepharose
medium is directly proportional
to sample concentration. A highly
expressed protein binds more
efficiently than the one with low
expression. Hence, increasing the
concentration of the tagged
protein might improve binding.

The Sepharose column has not
been equilibrated properly prior
to the fusion protein loading.

Before adding the cell lysates to
the Sepharose medium, the
column must be equilibrated with
5–10 bed volumes of buffers such
as PBS (ensure that the buffer pH
is between 6.5 and 8.0).

The glutathione medium has been
used too many times.

Time to time change of the
Sepharose medium and use of
freshly prepared medium
considerably increases the
binding efficiency of the affinity
matrix column.

GST-tagged protein is
not eluted efficiently.

The pH and ionic strength of the
elution buffer is low.

Sometimes, increasing the
basicity of the elution buffer or
adding NaCl salt (0.1–0.3 M)
might improve the elution yield
of the target protein

Concentration of glutathione is
low.

Normally, the presence of 10 mM
glutathione in the elution buffer is
sufficient. However, for some
tricky proteins, increasing the
concentration of glutathione to a
range of 20–40 mM might
improve elution process.

Non-specific interactions. Solubility of the fusion proteins
might get affected by
non-specific hydrophobic
interactions with the affinity
medium, resulting aggregation.
Addition of detergent molecules
such as 0.1% Tween-20 or 2%
n-octylglucoside into the elution
buffer might prevent non-specific
binding

Multiple bands are
seen in SDS-PAGE
analysis.

Partial degradation of the tagged
protein during enzymatic
cleavage using thrombin, factor
Xa or PreScission.

Adding protease inhibitors like
PMSF to the cell lysate solutions
might improve elution. AEBSF
or 4-(2 aminoethyl)-

(continued)
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Problems Possible reasons Potential solutions

benzenesulphonyl fluoride
hydrochloride is another
alternative to PMSF [46].

Cell disruption during cell lysis
process.

Decreasing lysis duration as over-
lysis generally leads to the
co-purification of the host cell
(E. coli) proteins along with the
GST-tagged one. Moreover,
addition of lysozyme solution
before the commencement of
mechanical lysis prevents
frothing and denaturation of the
tagged protein

Antibodies that react with various
E. coli proteins may be present in
the tagged protein sample.

Sometimes, the commercially
available anti-GST might contain
antibodies that can interact with
E. coli proteins, resulting in
non-specific background binding.
This can be avoided using anti-
GST, which has already been
cross-adsorbed against all kinds
of E. coli proteins.

Attached GST-tag is
not cleaved properly.

Insufficient enzyme
concentration and/or less
incubation time might result in
partial or no detachment of the
GST-tag from the target protein.

Normally increasing the
incubation time to 24 h or more
facilitates efficient cleavage of
the tag. However, higher reaction
time might result in target protein
degradation, which can be
alternatively circumvented by
increasing the enzyme
concentration of the particular
protease (PreScission Protease,
thrombin, or Factor Xa) [11, 44,
45].

During cloning of the fused
protein, specific sites for protease
cleavage might get altered.

Nucleotide sequence of the
generated construct must be
checked thoroughly to verify the
presence of cleavage sites.
Comparative alignment of the
resultant sequence with a known
sequence might help in
identifying the altered site.

Presence of endogenous protease
inhibitors might interfere with the
enzymatic action of the proteases.

In case of PreScission Protease,
the inhibitors can be removed by
dialysing the fused protein
against 50 mM Tris–HCl,
150 mM NaCl, 1 mM EDTA,
1 mMDTT at pH 7.5 [11, 44, 45].
For factor Xa, fused protein can
be subjected to buffer exchange
on a desalting column, or dialysis

(continued)
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6.3.3 Purification of MBP-Tag Recombinant Proteins

MBP, encoded by malE gene, is a part of the maltose/maltodextrin system of E. coli
that can be expressed in both secreted and non-secreted forms in the prokaryotic
system [47]. Usage of MBP enhances solubility of the target protein by facilitating
proper folding that further results in high yield [14, 48]. Fostering protein-folding
ability of MBP lies in its ability to function as a chaperone magnet that enable it to
recruit chaperones at the vicinity of the fused protein [49]. Although MBP exerts a
high-metabolic burden on the expression system due to its large size (42 kDa), its
exquisite ability to circumvent problems associated with heterologous protein
expression overshadows its limitations and makes it a popular affinity tag [50]. It
also enables segregation of the fused protein from its heterogeneous forms (resulting
due to posttranslational modifications), and expedites its expression in the host
system [14, 50]. Generally, in MBP-based affinity purification, a series of pMAL
vectors can be used for aiding fusion of the MBP-tag with the target protein.
Followed by successful attachment of the MBP-tag, the fused protein is subjected
to binding with the amylose resin (affinity chromatographic matrix). Similar to GST,
MBP is also a highly efficient fusion system due to its smooth purification methods,
mild elution criteria and high compatibility with almost all downstream applications.
A detailed methodology depicting the purification of high-quality MBP-fused pro-
tein is discussed below.

6.3.3.1 Expression of MBP-Tag Protein Using pMAL Vector
E. coli competent cells are subjected to transformation using pMAL vectors for
expression of the MBP-tag protein. These vectors enable the expression of the
secreted or cytosolic form of MBP, fused to the target protein, under the regulation
of an IPTG-induced tac promoter. The use of this promoter allows pMAL vectors to
be used in a wide variety of bacterial hosts, since the tac promoter utilizes the
bacterial RNA polymerase for transcription. A detailed protocol describing the
expression process is given below [14, 48]:

• E. coli competent cells are transformed with 10 ng of pMAL vector and plated on
LB agar plates containing 100 mg/ml ampicillin and incubated for 16 h at 37 �C.
Generally, 1 l of the LB medium is prepared by 10 g bacto-tryptone [51], 5 g
bacto-yeast [51] extract, 10 g NaCl, 166 mL NaOH (10 N) and 10 ml MgSO4

(1 M).

Problems Possible reasons Potential solutions

against 50 mM Tris–HCl,
150 mM NaCl, 1 mM CaCl2 at
pH 7.5 [11, 44, 45].
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• A single colony is used to inoculate a tube containing 10 ml LB with 100 mg/ml
ampicillin.

• The cells are grown in a shaker incubator for 16 h, before being transferred into
1 L of LB medium where the inoculum to medium ratio is kept at 1:100. The cells
are placed in an incubator shaker having temperature 37 �C.

• When the OD600 reaches around 0.6, IPTG is added to a final concentration of
0.3 mM.

• The cells are harvested after 6 h of incubation at 30 �C and the pellets are stored at
�80 �C if not immediately used for purification.

6.3.3.2 Binding to the Amylose Affinity Column and Purification
The main component of the chromatographic matrix for purification of the
MBP-fused protein is amylose-agarose resin. For generation of the matrix, 25 ml
of Sepharose 6B is washed with water in a Sinter glass and with 1 M sodium
carbonate kept at pH 11 [47]. It is then allowed to react with 5 ml vinyl sulphonic
acid for 70 min at room temperature. After washing with 500 ml of water, the resin is
resuspended in a 25 ml solution of 2.6 g amylose in 1 M sodium carbonate at pH 11,
with continuous stirring overnight. The resultant column is rigorously washed and
kept in a solution of 20% ethanol and 80% water at 4 �C for proper maintenance.
When the fused protein is passed through the column, MBP binds to amylose
primarily via hydrogen bonds [52]. Addition of high ionic salts such as NaCl
(1 M) can be used in order to reduce non-specific adsorption of proteins onto the
resin [52]. The overall procedure of the purification method is discussed here:

• The frozen cell pellet from a 1 l culture is thawed on ice and resuspended in 70 ml
of buffer. The cells are then mechanically lysed using a Micro-fluidizer, where the
pressure is kept at 21,000 psi (pounds/inch2).

• Post-lysis, the lysate is subjected to centrifugation at 4 �C for 20 min
(15,000 � g), followed by filtration for removal of insoluble cell debris.

• Pre-equilibrated amylose-agarose column is loaded with filtered lysate at 1.7 ml/
min and washed with buffer A at 2.5 ml/min up to low optical density (~5 CV,
column volume).

• Protein is eluted with elution buffer (Binding buffer comprising 20 mM Tris–
HCl, 200 mM NaCl, 1 mM EDTA at pH of 7.4 and 10 mM maltose) at 1.5 ml/
min, collecting fractions of 9 ml during 4 CV.

• Samples from each fraction are analysed for protein content by SDS–PAGE.

6.3.3.3 Removal of the MBP-Tag Through Proteolytic Cleavage
Presence of maltose in the elution buffer allows the binding of the MBP-fused
protein with the maltose and subsequent elution. However, the generated eluate
still contains MBP tag fused with the protein of interest, which is required to be
removed to obtain pure protein. Post-purification, removal of MBP-tag is done by
the application of proteases such as Factor Xa, Thrombin, Enterokinase or TEV
proteases [14, 53]. The MBP-containing vectors consist of designated proteolytic
cleavage site for these proteases at the junction between the MBP and the target
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protein. Several studies have shown that usage of proteases like Factor Xa and
Thrombin might result in non-specific digestion of the target protein; however,
other proteases such as Enterokinase, Rhinovirus 3C protease and TEV are more
specific [53–55]. Among them, TEV protease is the most predominantly used
protease for MBP-based purification of the target protein [53]. TEV remains active
even at 4 �C, whereas the other proteases usually require higher temperatures and a
long period of incubation, which further increase the risk of aggregation and inacti-
vation of the cleaved protein [53]. Another advantage of using this protease is its
resistance to detergents that are often essential in the preparation of membrane
proteins and other hydrophobic proteins [56]. After successful removal of the tag,
the purified protein (70–90%) is further polished using ion-exchange chromatogra-
phy or gel filtration chromatography that are discussed in detail in the subsequent
chapters. The purification process is culminated by the regeneration of the affinity
column, where the amylose–agarose resins are regenerated with 0.1% SDS at room
temperature, followed by water wash, and maintained in 20% ethanol at 4 �C.

6.3.3.4 Troubleshooting

Problems Possible reasons Potential solutions

Inadequate binding of
MBP-tagged proteins
to the amylose resin.

Presence of endogenous
amylases in the bacterial system
might competitively inhibit
binding to the amylose column.

This can be prevented by the
application of 0.2% glucose in the
growth medium that would
substantially reduce the
expression of endogenous
amylase [52].

The presence of non-ionic
detergents.

Occasionally, the presence of
detergents such as triton X-100
and Tween-20 can interfere with
amylose and MBP binding.
Concentration of the detergents
can be reduced to 0.05% or less in
order to solubilize the extract
[52, 53]. Moreover, binding can
be improved by screening
alternative detergents.

Oligomeric property of the target
protein also can affect its binding
to the amylose column.

Due to oligomerization, soluble
aggregates are formed, which can
be detected by gel filtration. The
formation of oligomers can be
reduced by changing the
expression conditions or the
purification procedure and by
screening different buffers and
additives [52].

Protein is not eluted
efficiently from the
affinity column.

Elution kinetics is very slow. In case of slow elution kinetics,
following changes might improve
the elution process [57]:

(continued)
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6.3.4 Purification of Strep-Tag II Recombinant Proteins

The Strep-tag II is a short peptide that is capable of high selective binding with
StrepTactin [21, 58]. StrepTactin is an engineered streptavidin, which in comparison
to streptavidin, possesses 100-fold higher binding affinity (Kd ¼ 1 μM) with Strep-
tag II [58]. One of the striking advantages of this purification system is that it
facilitates one-step purification of a wide range of recombinant proteins under
natural physiological conditions, thus preserving its bioactivity [22]. Moreover,
unlike GST or MBP tags, the Strep-tag II does not disturb the structural aspect of
the protein of interest due to its small size. The Strep-tag II purification system can be
implemented in various expression systems, such as bacterial, mammalian and

Problems Possible reasons Potential solutions

(a) Decreasing the elution
flow rate.
(b) Overnight incubation in the
elution buffer, when performing
batch purification.
(c) Increasing the concentration
of maltose in the elution buffer
using varied concentration of
maltose (20–100 mM).

SDS-PAGE analysis showing
multiple bands post-elution.

Non-specific proteolysis can be
identified by Western blot
analysis. Undue proteolysis or
degradation of the target protein
can be prevented by conducting
all purification steps at 4 �C.
Moreover, use of protease
inhibitors during the cell lysis
process, can also help in reducing
the chance of proteolysis [14, 57].

Contaminants are non-covalently
linked to the recombinant protein.

Increase ionic strength in all
buffers for cell lysis and
purification (up to 1 M NaCl) or
add mild detergents, 0.1%
Tween, 0.1% CHAPS) [14].

Column has clogged. Top filter is clogged. Top filter can be changed in case
of clogging. Moreover, amylose
column can be replaced if
repetitive column regeneration
has exhausted the column
capacity.

Cell debris in the lysate may have
clogged the column.

Centrifuge and/or filter the
sample through a 0.22 μm or a
0.45 μm filter or otherwise
optimize sample pre-treatment
before loading the next sample
[52, 57].
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insect; however, in this section we will mainly focus on its application using the
bacterial expression system.

6.3.4.1 Expression of the Strep-Tag II Fused Protein
There are two types of vector systems used for expressing the Strep-tag II fused
protein in the bacterial cells such as E. coli. One of them is pASK-IBA/pASG-IBA
vector system that carries an inducible tetracycline promoter/operator (tet-promoter)
responsible for fusion of the Strep-tag II at the N- or C-terminus of the recombinant
protein [59]. pPR-IBA/pPSG-IBA vector system, on the other hand, utilizes T7
promoter and T7 RNA polymerase for high-level expression of the target protein
in BL21 strain of E. coli [59]. Generally, tet system is preferred to T7 system, as it is
independent of E. coli strain unlike T7 system, which needs a definite source of the
T7 RNA polymerase (present in BL21 strain of E. coli) recombinant protein
expression [60]. Hence, the following protocol describes the generation of cell
lysates for the expression of Strep-tag II fusion proteins using tet system [20, 61, 62]:

• LB medium is prepared using 10 g/l tryptone, 5 g/l yeast extract and 5 g/l NaCl.
100 μg/ml of Ampicillin is added to the LBmedium. Upon addition, 100 ml of the
resultant medium is inoculated with a fresh bacterial colony containing the
pASK-IBA expression plasmid and shake overnight (200 rpm) at 37 �C.

• Optical density of the sample is measured at 600 nm (OD600) wavelength. When
OD600 reaches between 0.5 and 0.6 range, 1 ml of the sample is taken out to use as
uninduced control and then subjected to induction. The sample is induced by
adding 10 μl stock solution of tetracycline antibiotic derivative such as
anhydrotetracycline (prepared by 2 mg/ml of anhydrotetracycline in
Dimethylformamid or DMF).

• The induced cell sample is subjected to shaking for 3 h at 200 rpm. However, for
some proteins overnight induction might increase its yield (standardization with
small amount is preferred prior to large scale purification). Culture is harvested
and pellets are prepared by centrifugation at 4500 � g for 12–15 min.

• Washing buffer is prepared by 100 mM Tris/HCl (pH 8.0), 150 mM NaCl and
1 mM of EDTA. The pellet generated from the culture is resuspended in 1 ml of
chilled washing buffer (at 4 �C).

• 10 μl of the resultant buffer content is given for SDS-PAGE analysis and rest of
the residual suspension is subjected to sonication.

• The suspension is then centrifuged at 13000 rpm (microfuge) for 15 min at 4 �C
resulting in sedimentation of the insoluble cell components. The clear supernatant
is carefully separated from the sediments and collected in a tube.

6.3.4.2 Purification and Elution of the Fused Protein Using StrepTactin
Affinity Column

Purification of Strep-tag II fused protein predominantly depends on the efficiency of
binding between Strep-tag II and StrepTactin. The StrepTactin Sepharose column is
made up of miniscule StrepTactin beads (average 30 μm), having high-resolution
separating capacity, which is capable of generating target proteins in highly pure
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form [62]. Once the Strep-tag II bound protein binds with the StrepTactin resin, the
unbound proteins in the cell lysates are washed away by the wash buffer (100 mM
Tris/HCl at pH 8.0, 150 mM NaCl and 1 mM EDTA), prepared to maintain
physiological condition [60]. The StrepTactin bound Strep-tag II protein is then
eluted by addition of the elution buffer (wash buffer supplemented with 2.5 mM
desthiobiotin) [20, 61, 62]. The desthiobiotin is a competitive inhibitor of Strep-tag
II, which results in competitive binding at the biotin binding pocket and leads to
recovery of the target protein [20, 22]. A complete protocol discussing the purifica-
tion and elution procedure is given below [20, 61, 62]:

• Using 2 column bed volumes (CVs) of wash buffer, the StrepTactin column is
equilibrated. During equilibration, addition of the wash buffer is done by remov-
ing the top cap of the column first, followed by the outlet cap. This order is
maintained to avoid the column from becoming dry.

• If the storage solution of the column is 20% ethanol, it is recommended that the
column is washed with at least 5 CVs of the wash buffer or distilled water. The
flow rate during equilibration is set between 50 and 100 cm/h.

• After equilibration, clear supernatant of the cell lysates (cell or protein extract)
generated during protein expression is added onto the column. The volume of the
cell extract can be in the range of 0.5 to 10 CVs. It is to be noted that higher the
concentration of the extract, more is the yield. Generally, the concentration within
the range of 50–100 nanomolar is recommended for generating good yield.

• Once the cell extract has completely entered the column, wash the column 5 times
with 1 CV of wash buffer. These washings will remove all the unbounded host
proteins. Eluate is collected in fractions of 1 CV and each fraction is subjected to
SDS-PAGE analysis.

• Elution buffer, containing desthiobiotin [63], is added for 6 times in 0.5
CV. Eluate is collected in fractions of 0.5 CV. 20 μl of each fraction is then
given for SDS-PAGE analysis to verify whether the target protein has been
successfully recovered. It is to be noted that addition of desthiobiotin results in
its binding with StrepTactin followed by release of the target protein.

• Post-elution, the column is needed to be regenerated through removal of the
desthiobiotin. The column is cleaned with 3 CVs of distilled water and 3 CVs of
0.5 M NaOH, followed by another wash by 3 CVs of distilled water.

• Subsequently, the column is re-equilibrated using 5 CVs of wash buffer prior to
next purification. Alternatively, column re-equilibration can also be done using
15 CVs (large amount) of 1 mM HABA (2-[40-hydroxy-benzeneazo] benzoic
acid) in the wash buffer. When HABA is added in excess, it binds to the biotin by
displacing desthiobiotin from the binding pocket. This binding results in
colour-change of the medium from yellow to red, indicating that the column
regeneration has been successfully accomplished.

An illustration elucidating the affinity purification of recombinant proteins using
Strep-tag II is given in Fig. 6.5.
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6.3.4.3 Troubleshooting

StrepTac�n
Matrix

Protein complexes in the 
cell lysates are subjected 

to StrepTac�n binding

Recombinant protein 
tagged with Strep tag 
II binds to the matrix

Desthiobio�n binds to the 
matrix, resul�ng elu�on of 

the fused protein

HABA azo dye compe��vely replaces 
desthiobio�n and binds to the 

StrepTac�n (changing from yellow to 
red), ini�a�ng column regenera�on

HABA is gradually removed from the 
matrix by rigorous washing un�l the 

medium changes back to yellow 
(column regenera�on completes) 

HA
BA

HA
BA

HA
BA

Strep tag II

HABA (2-[4’-hydroxy-benzeneazo] benzoic acid) dye

Recombinant Protein

Desthiobio�n StrepTac�n

Fig. 6.5 A model delineating the mechanism behind purification of Strep-tag II-fused protein. Cell
lysates containing the cocktail of proteins is subjected to binding to StrepTactin column. Target
protein containing the Strep-tag II gets attached to the affinity column. Addition of desthiobiotin
leads to its competitive binding with the affinity matrix resulting releasing of the fused target
protein. The StrepTactin column is regenerated by implementation of HABA dye in excess amount,
which displaces desthiobiotin, followed by rigorous washing

Problems Possible reasons Potential solutions

Increased column
pressure in the
opposite direction.

Unclarified cell lysates and highly
viscous solution.

Dilution of the cell extract prior to
sonication might reduce the
concentration of host nucleic acid.
Sometimes, bringing the cell extract
at room temperature (from 4 �C) can
reduce viscosity.

Incomplete sonication. Increasing the sonication time can
ensure efficient cell disruption.
Moreover, sonication must be
conducted in ice as overheating
might result in froth formation and
denaturation of the target protein.

(continued)
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6.4 Role of Affinity Tags in Identifying Protein-Protein
Interactions

Apart from column-based protein purification, affinity tags also play a crucial role in
identifying protein-protein interactions [28, 65, 66]. Generally, for validating
interactions between two proteins, pull-down assay is one of the most common
methods, which involves segregation of a protein complex with the help of

Problems Possible reasons Potential solutions

Poor binding with
the column matrix.

Strep-tag II is missing or
inaccessible.

Proteases that are capable of
disrupting the 8-amino acid tag
might be present in the E. coli strain
used for cell lysates.
Implementation of proper protease
inhibitor can avoid this degradation
of the Strep-tag II.

Biotinylated proteins present in the
cell extract might competitively
block the ligand.

The host cell proteins might contain
biotin in significant concentration
that interferes with the StrepTactin
binding of Strep-tag II. Addition of
avidin (a biotin blocking buffer)
facilitates Strep-tag II binding [62].

Protein has already formed
inclusion bodies in the column.

Very high protein concentration
leads to precipitation. Decreasing
the flow rate and amount of sample
load can block protein.

Protein
contaminants

Contaminants are generally
referred to as the shorter fragments
of the fused protein generated
during elution.

Uncontrolled proteolysis can be
prevented either by using protease-
deficient E. coli strains or by
inducing protease inhibitors post
cell lysis [64]. Sometimes,
reversing the fusion terminus of
Strep-tag II and addition of
chelating agents like EDTA can
improve protein purity by inhibiting
protease activity.

Formation of covalent and
electrostatic interactions between
the contaminants and the tagged
protein.

Covalent interactions such as
disulphide bonds can be disrupted
by adding reducing agents such as
DTT during cell lysis step.
Electrostatic bond formation can be
prevented by either increasing the
ionic strength up to 1 M NaCl of the
wash buffer or by adding weak
detergents like 0.1% Tween and
0.1% CHAPS
(3-[(3-cholamidopropyl)
dimethylammonio]-1-
propanesulphonate).
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immobilized beads [67]. The beads are made of specific ligand resins that bind to the
affinity tags such as histidine, GST or MBP attached to the either extremities of the
protein complexes [67, 68]. Besides, identifying the interaction between two binding
partners, affinity pull-down assays are also used for isolation of low amount (in μg)
of complexes, mainly to recognize discrete domains or subunits [52, 67].

One such affinity pull-down assay is MBP pull-down assay that involves affinity
purification of one or several unknown proteins from a biological sample using an
MBP-tagged bait protein. The MBP-tagged bait protein is attached to the
immobilized amylose matrix, which acts as the affinity ligand. The basic principle
is that the MBP-tagged bait protein binds to its interacting partner/s forming a
complex that gets captured by the affinity matrix. A control is also included to
identify non-specific false positive bindings where only MBP is kept without the bait
protein. The control can either be lysate from separately transformed cells that
express MBP (not the bait fusion protein) or lysate from non-transformed cells to
which MBP is added. An illustration explaining the overall process of MBP-based
affinity pull-down assay is given in Fig. 6.6. Similar principle can also be used for
pull-down using other tags like GST, histidine or Strep-tag II.

Bait MBP

P1

B
P2

Bait MBP
MBP

Bait MBP

P1

P2

MBP

MBP

Control MBP-bait

Cell Lysate

Subjected to binding 
with  MBP-bait 

protein

Subjected to binding 
with  only MBP 

protein as a control

Only MBP bound to 
amylose matrix

MBP binding to 
non-specific protein

Subjected to SDS-
PAGE analysis

Subjected to SDS-
PAGE analysis

MBP-bait protein 
bound to amylose 

matrix

Partner proteins(P1 and 
P2) binding to the bait 

protein, hence showing 
interac�ons

Protein P1

Protein P2

Non-specific protein (false posi�ve)

MBP-bait protein

Non-specific protein (false posi�ve)

Only MBP

Centrifuga�on

Centrifuga�on

Other 
bacterial 
proteins

Fig. 6.6 Outline of an MBP-based pull-down assay. The procedure on the left shows the control
experiment. In this example, two proteins (P1 and P2) are identified by SDS-PAGE as interacting
partners with the bait protein (right lane) bound to the MBP tag. One additional non-specific protein
(red) was pulled down as a false positive (MBP binder) by the control (left lane)
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6.5 Conclusion

In this chapter, we have discussed about affinity tags where their reversible
interactions with the target protein are utilized in the purification process. Though
affinity-based chromatography is one of the most sophisticated chromatographic
techniques, it has its own limitations. As it relies on the specific interactions of the
affinity ligand with the protein of interest, preparation of these ligands sometimes
becomes too expensive. The shelf-life of these ligands and the support matrix further
adds to the problem, as they require frequent regeneration of the column and regular
monitoring. Moreover, choice of tags, media selection, maintaining optimum flow
rate and preparation of precise washing and elution buffer require extensive analyti-
cal skills of the users for successful execution. Troubleshooting is a key aspect of the
affinity chromatographic technique and this chapter has vividly explained how in
different scenarios these problems can be dealt with.

Nevertheless, it is a powerful technique that can be utilized at its highest potential
with prior knowledge about the structure and function of the target protein. Although
affinity chromatography alone is sufficient for purification of a wide variety of
recombinant proteins, sometime it might require combination of two or more
techniques for purification of few specific proteins to attain highest level of purity
for subsequent biophysical or structural studies. In the forthcoming chapters, we will
further discuss other chromatographic techniques and purification of proteins which
are difficult to purify using so-called conventional methods.

Acknowledgements The authors thank Advanced Centre for Treatment, Research and Education
in Cancer (ACTREC) for providing necessary infrastructure and resources for successful comple-
tion of the chapter. The authors acknowledge Ms. Chanda Baisane, Bose Lab, ACTREC for
formatting the manuscript.

Problems

Multiple choice questions
1. The specific biological interaction that is not used in affinity chromatogra-

phy purification is:
(a) Receptor-ligand
(b) Antigen-antibody
(c) Cations-anions
(d) Enzyme-substrate

2. The first step of affinity chromatography purification process is:
(a) Addition of affinity ligand into the matrix
(b) Precipitation
(c) Elution
(d) Binding of the ligand with the tag

(continued)
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3. The property of an ideal affinity chromatography matrix is:
(a) The matrix materials should be polymeric and organic
(b) The matrix should be based on inorganic compounds
(c) The matrix should be mechanically stable and exhibit good flow

property
(d) The matrix should form reversible but specific interaction with the

affinity tag

Subjective questions
1. A 50 kDa His6�-tagged protein was adequately expressed in E. coli BL21

(DE3) host strain and subsequently purified using Ni-NTA column. Buffer
conditions were as follows:
Binding buffer: 50 mM NaH2PO4, 150 mM NaCl and 10 mM Imidazole,
pH 7.4

Elution buffer: 50 mM NaH2PO4, 150 mM NaCl and 100 mM imidaz-
ole, pH 7.4

On purification, the protein co-elutes with chaperones and non-specific
bands. In addition, white precipitates were observed in the eluted fractions.
List a few strategies that can be employed to obtain better yield and purity
of target protein.

2. To assess the interactions between protein A and protein B, an MBP pull-
down assay was performed. Protein A (22 kDa) was tagged with MBP and
considered the bait protein, whereas protein B (48 kDa) was kept untagged.
The proteins were incubated in following buffer conditions:
Binding buffer: 20 mM Tris–HCl, 200 mM NaCl, 1 mM EDTA, pH 7.4

Elution buffer: 10 mMMaltose, 20 mM Tris–HCl, 200 mMNaCl, 1 mM
EDTA, pH 7.4

Post-elution, the pull-down eluates were subjected to SDS-PAGE anal-
ysis keeping only MBP as the control. The resultant gel analysis showed an
unexpected band at 70 kDa which neither corresponds to protein A nor
B. State a reason that can explain the band and also provide a strategy that
can be implemented to avoid such bands.
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Protein Purification by Ion Exchange
Chromatography 7
Ayon Chakraborty, Rashmi Puja, and Kakoli Bose

Abstract

Separation of similar biomolecules and proteins with little or no differences in
molecular weight or without tags can be difficult with chromatographic
techniques such as affinity or size exclusion. To circumvent this problem, distinct
physicochemical properties of protein molecules have been harnessed for their
separation. Since proteins carry overall electrical charges due to their chemical
composition; ion exchange chromatography (IEX) uses this property to separate
positively or negatively charged molecules via interaction with charged ion
exchange resins as stationary media. Charged proteins bind to the resins in normal
buffering conditions and can be gradually eluted with increasing salt concentra-
tion or by changing the pH of the mobile phase. Depending on the protein’s
isoelectric point (pI) value, cation or anion exchange chromatography media can
be used. If the pH environment of a protein is lower than its pI, it will carry a
positive surface charge and strongly bind the cation exchange resins, while
proteins with the negative surface charge will bind to the anion exchange
counterpart. The purpose of this chapter on ion exchange chromatography is to
describe its basic principle, protocols, applications in protein purification as well
as provide troubleshooting tips.
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7.1 Introduction

Besides affinity chromatography, one of the most useful liquid chromatographic
techniques of protein purification is ion exchange chromatography (IEX). Affinity
chromatography has limitations by its requirement of fusion tags during protein
purification as discussed in the earlier chapter. Additionally, separation and purifi-
cation of proteins having similar molecular mass (size) are challenging while
working with size exclusion chromatography. In such conditions, IEX is an excellent
choice as it separates molecules based on the interaction between the charged solute
molecules and the complementarily charged matrix of the column. Moreover, due to
high resolving power and capacity, this technique is often used for the isolation and
purification of proteins. The mechanism of separation using ion exchange relies on
two main factors such as competitive binding (attraction) between opposite charged
ions and repulsion between similarly charged ions fixed on the matrix of the column.
In addition to the charge variations, a couple of other considerations such as charge
density and charge distribution on their surfaces play important roles in determining
the degree of separation. The inclusion of these factors enables IEX to efficiently
separate proteins even with a single charged residue difference. Thus, IEX is
considered one of the most powerful protein purification techniques [1–3].

The concept of ion exchange emerged with the introduction of polystyrene matrix
by D’Alelio in 1944, which accelerated the usage of ion exchange as an analytical
tool [4]. However, later in 1956, IEX of protein was first successfully demonstrated
by Peterson and Sober using cellulose matrix [5]. Thereafter, a series of research
endeavors for almost two decades led to the development of a robust ion exchange
chromatography system by Bauman and coworkers in 1975 [6]. Within the next
5 years, the latest anion and cation exchange chromatographic tools were also
developed leading to a breakthrough in biochemical and industrial research [7–
9]. Since then, ion exchange has been considered as one of the most important
preparative and analytical tools for the separation, purification, and characterization
of nucleic acids, proteins, peptides, and other charged biomolecules [10–12]. This
chapter will discuss the basic principles and applications of IEX in recombinant
protein purification.
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7.2 Basic Principles of Ion Exchange Chromatography

Ion exchange is a process in which ions attached to a matrix are exchanged for other
ions in solution [13, 14]. The basic process of ion exchange for a negatively charged
resin (i.e., cation exchanger) is provided by Eq. (7.1):

Res�ð ÞBþ þ Cþ solnð Þ , Res�ð ÞCþ þ Bþ solnð Þ ð7:1Þ
where Res� represents the negatively charged ion exchange resin, i.e., cation

exchanger, B+ is the counterion of the opposite charge associated with the exchanger
matrix, C+ is the charged molecule (bearing the same charge as the counterion) in the
sample to be separated. The positively charged molecule (C+) can interchange with
the counterion (B+) to find appropriate binding sites on the negatively charged resin.
All the other neutral or negatively charged ions present in the buffer do not interact
with the exchanger. Bound ions, C+, can now be eluted from the resin in two ways.
The first way of elution includes passing of solvent through the resin with increasing
concentrations of B+. This method increases the possibility that B+ will replace C+

by substitution in the above-stated equilibrium due to the presence of B+ in high
concentration. The quantity of charge possessed by C+ determines the concentration
of B+ required for elution. The greater the charge carried by C+, the higher the
concentration of B+ required for eluting it. Another way of eluting the bound C+ ions
from the resin is by altering the pH of the solvent in a way such that C+ is converted
to an uncharged moiety. In this case, pKa of C+ is the determining factor to the
requirement of the pH of the solvent. The higher the pKa value of C+, the higher pH
is required for the elution [3].

Similarly, the method of ion exchange for a positively charged resin (i.e., anion
exchanger) is presented by Eq. (7.2):

Resþð ÞX� þ Y� solnð Þ , Resþð ÞY� þ X� solnð Þ ð7:2Þ
where Res+ represents the positively charged ion exchange resin, i.e., anion

exchanger, X� is the counterion associated with the exchanger matrix, Y� is the
charged molecule (bearing the same charge as the counterion) in the sample to be
separated. To find the appropriate binding sites on the positively charged resin, the
negatively charged residues (Y�) from the solution can interchange with the coun-
terion (X�). The remaining positively charged and neutral residues will pass through
the resin without interacting with the exchanger. Elution of the bound Y� ions from
the resin can be done by using higher concentrations of X� or by increasing the pH
of the solvent. Therefore, the interchange of similarly charged ions between the
solvent and the resin through substitution forms the basic principle of ion exchange
chromatography (Fig. 7.1) [1–3].

Based on the ion exchange mechanism, IEX separates molecules depending on
their net charges [3, 14]. It is a unique type of adsorption chromatography in which
ionic solutes (mobile phase) interact with a charged resin (stationary phase) in a
reversible electrostatic interaction. The ion exchange resin is composed of an inert,
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porous matrix covalently bound to a significant number of specific ionic functional
groups [15]. These specific ions are stabilized by equivalent and oppositely charged
ions from the buffer specified as counterions. For the purification of proteins, both
cation and anion exchangers are used [15]. As mentioned earlier, cation
exchangers possess negatively charged groups and therefore attract positively
charged cations from the proteins that have an overall positive charge at the pH in
which the experiment is conducted. Since their negative charges arise from the
ionization of acidic groups, these exchangers are also known as acidic ion
exchangers. Conversely, anion exchangers that have positively charged groups
attract negatively charged anions. Since positive charges on the resin result from
the binding of protons with basic groups, these exchangers are often named basic ion
exchangers [3, 10, 15]. The working principle of cation and anion exchangers is
shown in Fig. 7.1.

Positively charged proteins

Negatively charged proteins

Buffer counterions
(Positively charged)

Buffer counterions
(Negatively charged)

Positively charged
proteins

Negatively charged
proteins

Anion exchanger
with exchangable buffer

counterions

Anion exchanger
with negatively charged proteins replacing 

exchangable buffer counterions

Cation exchanger
with exchangable buffer

counterions

Cation exchanger
with positively charged proteins replacing

exchangable buffer counterions

Fig. 7.1 Working principle of cation and anion exchangers. The cation exchangers carry nega-
tively charged functional groups and attract positive charge counterions from the surrounding buffer
solution. Due to the presence of positively charged protein in the buffer, these buffer counterions are
replaced by positively charged proteins. On the other hand, the anion exchangers carry positively
charged functional groups and attract negative charge counterions from the buffer solution. Upon
the addition of protein (negatively charged), these buffer counterions are replaced by negatively
charged proteins
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Proteins carry many ionizable groups in the charged polar side chains of amino
acid residues. The free amino group (α-NH2) at one end and the free carboxylic
group (α-COOH) at the other end of the peptide chain or protein may also ionize.
Depending on the pH, the α-NH2 group and the side-chain groups such as NH2,
imidazole, and guanidino groups may accept protons (H+) to form cations, while the
α-COOH and side-chain COOH groups may donate H+ to form anions. Thus, a
protein shows its amphoteric nature (property to act equally as an acid and a base) by
consequently acting both as a donor and an acceptor of H+. At a specific pH known
as the isoelectric pH (pI), the amino acid exists as a dipolar ion or zwitterions
carrying equal numbers of positive and negative charges on its ionizable groups so
that the net charge is minimum or zero. In a buffered solution, if the pH of the
solution is lower than the pI of a protein, the protein exists as a cation by accepting
H+ from the acidic solution and binds to the negatively charged functional groups of
a cation exchange resin [2, 16]. On the other hand, if the pH of the buffer solution
exceeds the pI of the same protein, it forms an anion by donating H+ to the alkaline
solution and binds to the positively charged functional groups of an anion exchange
resin [2, 16]. In the subsequent sections, we will illustrate various components,
specific conditions, and protein purification methods using IEX.

7.3 Components and Factors of Ion Exchange
Chromatography

7.3.1 Ion Exchange Resins

Ion exchange resins act as the stationary phase of IEX having two major
components—a matrix and functional ionic groups. The matrix is an inert, three-
dimensional, porous material to which charged groups are bound covalently. It is
composed of cross-linked polymers that are typically polystyrene-, cellulose- or
agarose-based. The extent of cross-linking of the resin should be sufficient to provide
required mechanical stiffness, insolubility, and porosity [17]. However, smaller pore
sizes are not conducive to working with macromolecules. Therefore, polystyrene,
which is hydrophobic and with less porosity, is suitable for inorganic ions and small
molecules [18, 19], while cellulose and agarose are hydrophilic and useful for larger,
biologically essential molecules such as proteins and nucleic acids [20–23].

The other constituents of the ion exchange resin are the functional ionic groups.
These functional ionic groups are covalently attached to the matrix specifying the
nature and strength of the ion exchanger. Depending on their affinity for either
positive or negative ions, functional ionic groups are classified as cationic
exchangers and anionic exchangers, respectively. Thus, the charge carried by the
exchangeable ion defines whether the material is anionic or cationic.

Depending on the ionization state, ion exchange resins are categorized as strong
and weak exchangers. The strong ion exchange resins contain strongly ionized
groups like sulfopropyl and diethyl-(2-hydroxyl-propyl)-aminoethyl. These get
completely ionized and exist in the charged form except at extreme pH values.
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The weak ion exchange materials, on the contrary, contain groups such as carboxyl-
ate and diethylaminoethyl, whose ionizations are pH-dependent [2, 24].

The ion exchange process, which involves replacing the resin exchangeable ions
(Ar) by the counterions (Bs) from a solution, can be expressed as Eq. (7.3):

Ar þ Bs , Br þ As ð7:3Þ
In this reversible process, the selectivity coefficient (K ) for the charged ions is

defined as Eq. (7.4):

K ¼ Br½ � As½ �= Ar½ � Bs½ � ð7:4Þ
where the terms in parentheses reflect the concentrations of ions A and B in the

resin or mobile phase, respectively. Relative affinities of ions for a particular resin
can be obtained experimentally by determining the standard values of the selectivity
coefficient (K ). Thus, if the obtained value of K is greater than 1, the resin indicates
more affinity for ion B, whereas if the experimental value of K is lesser than 1, the
resin exhibits more affinity towards ion A.

7.3.2 Capacity

Another significant feature of ion exchange resin is its capacity. Capacity is
characterized as the potential of an ion exchanger to adsorb its counterions
[2]. The total capacity of an ion exchanger is the amount of charged groups per
unit weight of a dry exchanger. On the other hand, the amount of counterions that
can bind to the ion exchanger under specific experimental conditions is the available
capacity of the exchanger. The exchange capacity of a cation exchange resin may be
calculated experimentally by determining the amount of sodium (Na+) ion which are
absorbed by 1 g of the dry resin in H+ form. Similarly, the exchange capacity of a
strongly basic anion exchange resin is estimated by quantifying the amount of
chloride (Cl�) ion taken up by 1 g of dry resin in OH� form. The exchange capacity
is usually expressed as millimoles per gram of exchanger. In some cases, the porosity
of the resin matrix decreases due to the presence of excessive covalent cross-linking.
As a result, large molecules cannot enter the matrix and can bind only with surface-
charged groups. Thus, in these cases, the available capacity will be significantly
reduced in comparison to the total capacity [2].

7.3.3 Selection of the Ion Exchange Resins

During protein purification, the selection of appropriate ion exchange resin primarily
confines the folding and stability of target proteins and their relative molecular mass
or size. The following criteria are used for the selection of ion exchange resin.
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7.3.3.1 Choice of Anionic and Cationic Exchangers
Usually, a cation exchanger should be used if the target protein shows maximum
stability below its pI value. Preparing a protein solution under an appropriate buffer
condition at a pH lower than its pI results in a net positive charge on the protein,
which is then purified using a cation exchanger [2]. On the other hand, when the
target protein is most stable above its pI value (giving it a net negative charge), an
anion exchanger is used [2]. Some proteins are stable over a broad pH range both
above and below their pI value. Either type of exchanger can be used for the
purification of these proteins [2].

7.3.3.2 Choice of Strong and Weak Exchangers
The preference between a strong and a weak exchanger is dependent on the target
protein stability over various pH ranges. The expressions weak and strong do not
refer to the binding strength of a protein to an ion exchanger, but rather to the degree
of ionization of the exchanger as a function of pH. Due to their pKa values, strong
ion exchangers are fully ionized over [3, 10, 15] a broader pH range compared to
weak ion exchangers. A strong exchanger can be used if the pH required for binding
of the target protein is very acidic (down to pH 2.0) or basic (up to pH 12.0) provided
the target protein retains its stability at the working pH [2]. In this case, the
functional groups remain charged over a larger pH range. In contrast, weak
exchangers might be more suitable for proteins that do not require an extreme pH
for binding. Weak exchangers are advantageous in protein purification because the
binding tendency of weakly charged impurities is very low, resulting in improved
elution characteristics [2]. The routinely used ion exchangers for protein purification
are listed in Table 7.1 [25].

Table 7.1 Commonly used ion exchange resins

Sl.
no. Resin name Type Functional group Matrix Class Refs.

1 SP-
Sephadex

Cation
Exchangers

Sulfopropyl Dextran Strong [26]

2 P-Cellulose Phosphate Cellulose Intermediate [27]

3 Bio-Rex 70 Carboxylate Acrylic Weak [28]

4 CM-
Sephacel

Carboxymethyl Sephacel [29]

5 CM-
Sephadex

Carboxymethyl Dextran [30]

6 QAE-
Sephadex

Anion
Exchangers

Diethyl-
(2-hydroxyl-
propyl)-
aminoethyl

Dextran Strong [31]

7 AG3 Tertiary amine Polystyrene Weak [32]

8 DEAE-
Sephacel

Diethylaminoethyl Sephacel [33]

9 DEAE-
Sephadex

Diethylaminoethyl Dextran [34]
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7.3.3.3 Choice of Particle Size and Porosity of the Resin Matrix
Flow characteristics and chromatographic resolution of an ion exchanger are primar-
ily determined by the particle size and porosity of the matrix particles. The pore size
or degree of cross-linking of the resin matrix does not influence the selectivity but
impacts the resolution of separation. Smaller pore size offers better resolution but
usually imposes lower flow rates. This type of resin is frequently used while working
with high-resolution media/buffer as well as in the last phase of preparative chroma-
tography (for purification and separation) using smaller proteins. Viscous samples
such as cell lysates or samples containing glycerol and larger proteins often cannot
be isolated using small pore size resins due to the elevated backpressure of resins,
which might exceed the column’s working pressure level. A larger pore size matrix
allows for increased flow rates but results in lower resolution. Large pore size resins
are mostly employed for the purification of bigger proteins from the cell lysates
when IEX is used in the initial steps of the protein purification process. Altogether,
the viscosity and size of the protein define the selectivity of the resin porosity for its
efficient purification [1–3].

7.3.4 Buffer

Buffers regulate small changes in pH by maintaining solutions within a constant pH
range. A buffer system consists either of a weak acid and its conjugate base or a weak
base and its conjugate acid. The pH range of a buffer is based on its pKa, which is
defined as the pH at which 50% of the molecules are in their acidic, and 50% in their
basic forms [35]. The effective range of a buffer to maintain a constant pH of a
solution is when the pH of the solution remains at pKa � 1. Commonly used buffers

Table 7.2 Recommended buffer substances for cation exchange chromatography

Sl.
no.

Effective
pH range Buffer compounds

Conc.
(mM)

Counter-
ion

pKa
(25 �C) Refs.

1 2.6–3.6 Citric acid 20 Na+ 3.13 [36]

2 3.3–4.3 Lactic acid 50 Na+ 3.86 [37]

3 3.7–4.7 Succinic acid 50 Na+ 4.21 [38]

4 4.3–5.3 Acetic acid 50 Na+ or
Li+

4.75 [39]

5 5.1–6.1 Succinic acid 50 Na+ 5.64 [40]

6 5.6–6.6 2-(N-morpholino)ethanesulfonic
acid (MES)

50 Na+ or
Li+

6.27 [41]

7 6.7–7.7 Monophosphate 50 Na+ 7.2 [42]

8 7.0–8.0 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid
(HEPES)

50 Na+ or
li+

7.56 [43]

9 7.8–8.8 N,N-Bis(2-hydroxyethyl)glycine
(BICINE)

50 Na+ 8.33 [44]
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for cation exchange and anion exchange chromatography are enlisted in Tables 7.2
and 7.3, respectively [2].

7.3.5 Selection of Buffer

Buffer selection is an important part of the IEX as the electrostatic interactions
between the oppositely charged surface and protein depend on buffer conditions.
The choice of buffers broadly relies on the following factors:

7.3.5.1 Buffer Substance
Selecting a proper buffer substance is a critical factor for IEX. Buffering ions should
have the same charge as the functional groups on the ion exchanger. Therefore,
cationic buffers should be used while working with anionic exchangers and vice
versa. If the buffering ions bear an opposite charge to that of the functional groups of
exchangers, it participates in the ion exchange process by competing with proteins
for binding sites. Thus, this process greatly reduces the capacity of the column.
Additionally, it can also cause significant pH fluctuations while elution. Therefore it
is always advisable to use identical charged buffering ions as the functional groups
on the ion exchanger.

7.3.5.2 pH of the Buffer
Another critical factor for choosing a buffer is its working pH range. The foremost
thing is the protein to be separated should be stable in the pH range of the buffer.
Ensuring strong electrostatic interactions between the surface and protein, the pH of

Table 7.3 Recommended buffer substances for anion exchange chromatography

Sl.
no.

Effective
pH range Buffer compounds

Conc.
(mM) Counter-ion

pKa
(25 �C) Refs.

1 4.3–5.3 N-Methylpiperazine 20 Cl� 4.75 [45]

2 4.8–5.8 Piperazine 20 Cl� or HCOO� 5.33 [46]

3 5.5–6.5 L-Histidine 20 Cl� 6.04 [47]

4 6.0–7.0 Bis–Tris 20 Cl� 6.48 [48]

5 6.2–7.2 Bis–Tris propane 20 Cl� 6.65 [49]

6 7.3–8.3 Triethanolamine 20 Cl� or
CH3COO

�
7.76 [50]

7 7.6–8.6 Tris 20 Cl� 8.07 [51]

8 8.0–9.0 N-
Methyldiethanolamine

20 or
50

SO4
2� or cl� or

CH3COO
�

8.52 [52]

9 8.4–9.4 Diethanolamine 20 or
50

Cl� 8.88 [53]

10 8.6–9.6 bis-Tris propane 20 Cl� 9.1 [54]

11 9.0–10.0 Ethanolamine 20 Cl� 9.5 [55]

12 9.2–10.2 Piperazine 20 Cl� 9.73 [56]

13 10.6–11.6 Piperidine 20 Cl� 11.12 [57]
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the buffer should be kept in between the pKa of the surface functional groups and the
pI of the protein molecules. Based on this criterion, the pKa of the chosen buffer
should at least be within 0.7 units of the working pH; however, the ideal value is
0.3 units [58].

7.3.5.3 Ionic Strength of the Buffer
The ionic strength of the buffer has a major impact on protein adsorption, i.e., its
attachment to the matrix. With increased ionic strength, the buffer counterions
compete with the adsorbed protein molecules to substitute on the surface of the
matrix. The salt ions also exhibit a shielding effect by hindering the interactions
between the charged groups of proteins and surface binding sites. At a constant pH
and ionic strength, the type of ionic species in the buffer might also interfere with
protein binding. Sodium chloride (NaCl) is the most common salt to increase the
ionic strength of the eluent while using IEC for proteins. The use of NaCl is
advantageous as it does not alter the protein structure and is thus considered a gentle
eluent. Nevertheless, NaCl is not always the greatest elution choice. It has been
demonstrated that the type of the cations and anions influence the separation and
chromatographic resolution [2]. Salts containing monovalent cations (such as Na+,
Li+, and K+) and monovalent anions (Cl�, HCOO�, CH3COO

�) are preferred in the
elution buffer [2, 59, 60]. The presence of multivalent ions (Ba2+, Ca2+, Mg2+, Al3+,
Th4+, SO4

2�) in the buffer results in a reduced ion exchange rate as well as a
considerable decrease in the surface charge of cation and anion exchangers. Thus,
the affinity of proteins to the cationic and anionic surface decreases [2, 59–61].

7.3.5.4 Temperature of the Buffer
The pKa value of a buffering substance is dependent on temperature [62]. Conse-
quently, the pH of the buffer varies with an increase or decrease in the temperature.
For example, Tris has different pKa values at different temperatures. At 0 �C it
shows a pKa value of 8.85, which is distinctly reduced to 8.06 and 7.72 when the
temperature increases to 25 �C and 27 �C, respectively. Therefore, at certain
temperatures, the buffer exhibits a very low buffering capacity that might result in
a working pH different from the desired pH range for IEX. Thus, to evade this
trouble, it is recommended to prepare buffer solutions at the same temperature at
which they are supposed to be used.

7.4 Protein Purification Using Ion Exchange Chromatography

Purification of proteins by ion exchange chromatography using either cation
exchangers or anion exchangers primarily consists of the following steps which
are described below.
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7.4.1 Equilibration

The first step of an IEX is the equilibration of the resin matrix, which provides a
condition to ensure that the target proteins interact effectively with the matrix. In this
step, an equilibration or starter buffer is used so that the charged groups in the matrix
are surrounded by buffer exchangeable counterions. As the pH and ionic strength of
the buffer play crucial roles, they are selectively chosen to ensure the proper binding
of the protein of interest.

7.4.2 Loading of Sample

The given protein sample solution comprising the target proteins of interest and
bacterial protein impurities is then loaded onto the resin in the same buffer that is
used for equilibration. Under experimental conditions, proteins entering the resin
may possess a negative charge, positive charge, or neutral charge. Proteins with the
opposite charge as the resin bind tightly yet reversibly to the resin. The strength of
binding depends on the charge and charge density (amount of charge per unit
volume) of the solute. The greater the charge or the charge density, the stronger is
the binding.

7.4.3 Washing

Extensive washing is done afterward to remove the nonspecific interaction of the
proteins with the resin. Neutral proteins or those with the same charge as the resin do
not show any affinity and washes out of the resin.

7.4.4 Elution

The bound proteins can be eluted from the resin using a buffer of increased ionic
strength or pH (salt or pH gradient). As ionic strength increases, the proteins with the
lowest net charge elute first from the column at the selected pH. Similarly, at a given
pH, the proteins with maximum charge content are retained strongly and elute at the
end. Choices of elution using increased ionic strength are of two general types such
as linear gradient elution and step elution [63]. A linear gradient elution refers to a
gradual increase of ionic strength in the elution buffer where weakly bound proteins
elute first followed by stronger binding proteins. Linear gradients are ideal for the
purification of an unknown sample or if peak resolution is important. In step elution,
the ionic strength over which the target protein will elute is already known and it can
be easily eluted using that particular ionic strength. Step elutions are often faster to
perform and use less total volume to elute the protein in comparison to linear
gradient elutions. The linear gradient elution and step elution are shown in Fig. 7.2.
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7.4.5 Regeneration

In the final step, increased ionic strength or increased pH buffer is used to eliminate
any protein still bound to regenerate the resin for further use. Increasing ionic
strength of the buffer releases bound proteins by displacement while increasing
buffer pH weakens the interaction by lowering the charge on the protein or the
resin [64]. All the steps of protein purification using ion exchange chromatography
are illustrated in Fig. 7.3.

7.5 Instrumentation for Ion Exchange Chromatography

A typical ion exchange chromatography includes several elements that are
schematically presented in Fig. 7.4 and described as follows.

7.5.1 Pump

The pump is used to deliver the mobile phase into the chromatographic system. It
ensures a continuous and constant flow of the solvent through the injector, guard
column, ion exchange column, and finally to the detector. The recommended flow
rate depends on the ion exchange resin and should be included in the supplier’s
instructions. Usually, the chromatographic steps are carried out at a lower flow rate
as compared to the column washing and equilibration steps.

Fig. 7.2 Elution profiles of ion exchange chromatography using increased ionic concentration.
Elution of proteins from ion exchange resin can be performed using increased ionic strength or salt
concentration. This can be done in two ways such as linear gradient elution (a) and step elution (b).
In linear gradient elution, there is a continuous elution of the proteins from the ion exchanger,
whereas the elution of proteins is discontinuous in step elution

184 A. Chakraborty et al.



7.5.2 Injector

An injector introduces the sample into the mobile phase or eluent stream into the
column. It is capable of introducing small as well as a large volume of samples
depending on the requirement.

7.5.3 Guard Column

A guard column is fitted next to the injector and is placed anterior to the ion
exchange column. The role of a guard column is to protect the ion exchange column
by filtering impurities and suspended particles that might clog the separation
column.

Fig. 7.3 Generic steps of ion exchange chromatography. A schematic model showing different
steps involved in ion exchange chromatography. In the first step, equilibrium of the matrix (here,
negatively charged) is done followed by loading the pool of protein samples. While the target
protein binds to the matrix of the resin, other proteins flow through the column. The washing step
ensures the removal of all nonspecific interactions. Elution steps involve deattachment of the target
protein from the matrix using different ionic gradients. Finally, the column is regenerated for further
use by using a higher ionic strength buffer to release if any proteins are still bound
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7.5.4 Column

The choice of column for IEX depends on the target protein to be separated. If the
target protein in the working buffer carries a net positive charge, a cation exchanger
should be used, while if the target protein is negatively charged, an anion exchanger
is preferred. Similarly, a strong exchanger is selected when the pH required for
binding of the target protein is very acidic (down to pH 2.0) or basic (up to pH 12.0).
On the contrary, when the pH required for binding of the target protein is moderate
(pH 6–8), weak exchangers are chosen. The length-to-diameter ratio of a column
varies according to the type of elution. For preparative (purification and separation)
purposes using Fast Protein Liquid Chromatography (FPLC) and analytical (char-
acterization) purposes using High Performance Liquid Chromatography (HPLC)
most commonly used columns have a length and diameter ratio of 5:1 or lower
(Details about FPLC and HPLC have been discussed in Chap. 8) [2]. Frequently
used column sizes for preparative purposes of proteins are 10� 50mm (vol¼ 3.9ml),
16 � 100 mm (vol ¼ 20.1 ml), 26 � 200 mm (vol ¼ 106 ml), or 50 � 300 mm
(vol ¼ 589 ml). Smaller columns provide better resolution in step elution whereas
longer columns are further appropriate for linear gradient elution [2]. Short columns
with a diameter of 5 mm and a length of 50mm (vol¼ 1ml) and 100mm (vol¼ 2ml)
are more common for analytical purposes. The column material is usually made up
of comparatively inert materials such as stainless steel, titanium, glass, or inert
plastics [65].

Fig. 7.4 Schematic overview of instrumentation for ion exchange chromatography. Ion exchange
chromatography involves an automated system that includes a pump, sample injector, columns,
suppressor, fraction collector, and detector coordinated through software. With the help of the
pump, the solvent is passed through the guard column and ion exchange column at a certain flow
rate. Protein mixture is introduced into the system through a sample injector and is separated by ion
exchange columns based on their net charges. A suppressor reduces the conductance of the solvent.
The elution of proteins is monitored through data processing by the detector and consequently
collected using a fraction collector
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7.5.5 Suppressor

In IEX, the eluent generally has a high ionic concentration. As a result, the conduc-
tivity of eluent increases which decreases the sensitivity of the detector. Conductiv-
ity is the measure of the concentration of ions present in the eluent [66]. This is
calculated by the ability of the analyte to transmit an electrical current over a defined
area. During ion exchange chromatography, a suppressor is installed between the
column and the detector to lower the conductivity of the eluent, thus improving the
sensitivity of IEX [66].

7.5.6 Detectors

For monitoring the column eluent, UV and conductivity detectors are used. While
using UV detectors, two wavelengths are scanned such as 220 nm (for amide peptide
bond detection) and 280 nm (for aromatic amino acid residues) [67].

7.5.7 Fraction Collector

An automated fraction collector with tube holders helps in collecting the sample that
is eluted from the column.

7.5.8 Data Processing System

Provides a graphical representation of peaks from different fractions, stores data, and
provides a graphical representation of the data.

7.6 Protocol for Recombinant Protein Purification

For the purification of a recombinant protein using ion exchange chromatography,
the first step is to estimate the isoelectric point (pI) of the target protein to be purified
using bioinformatics resources such as the ProtParam feature of ExPASy (Expert
Protein Analysis Software) (details mentioned in Chap. 5). The estimated pI of the
target protein helps to decide whether the cation or anion exchange chromatography
to be used along with the pH of buffers. The detailed manufacturer instructions about
the maximum and optimal flow rates of the columns should be carefully followed. A
detailed protocol for the purification of recombinant protein using anion exchange
chromatography is discussed as follows.
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7.6.1 Instruments and Materials

• FPLC connected with a pump and a UV detector.
• QAE Sephadex A-25 resin or any other corresponding anion exchange resin.
• Recombinantly expressed protein sample.
• Binding buffer: 20 mM Tris–Cl, pH 7.5.
• Wash buffer: 20 mM Tris–Cl (pH 7.5)/100 mM NaCl.
• Elution buffer: 20 mM Tris–Cl (pH 7.5)/350 mM NaCl.
• Regeneration buffer: 20 mM Tris–Cl (pH 7.5)/2 M NaCl.
• Collection tubes.

7.6.2 Procedure

7.6.2.1 Step 1 (Equilibration of the Column)
• Follow the instructions given by the manufacturer to remove the column storage

buffer and place the column in water.
• Equilibrate the resin with a minimum of 2 column volumes (CV) of the binding

buffer. Before proceeding, verify that the readings on UV absorption (280 nm and
220 nm) are stable.

• Set the measurement to zero for UV absorption at both wavelengths.

7.6.2.2 Step 2 (Binding of the Protein Sample)
• Before loading, adjust the pH and salt concentration of the protein sample to

initial optimal values. Be sure that the buffer composition of the protein sample is
the same as the binding buffer used for the equilibration of the column. Else the
protein should be dialyzed in the binding buffer.

• A fraction of the sample should be collected before loading into the column for
running the SDS-PAGE assay later.

• Load the protein sample into the system by injecting the protein sample through
the injector.

• If the pressure of the column goes beyond its maximum pressure, decrease the
flow rate.

• A fraction of the flow-through should be collected.

7.6.2.3 Step 3 (Removal of Unbound Proteins)
• Wash the column with a minimum of 2 column volumes of the binding buffer.
• The UV absorbance both at 280 nm and 220 nm should be checked. The washing

step should carry on till the absorbance (A280 and A220) is zero or close to zero.
• A fraction of the wash flow-through should be collected.

7.6.2.4 Step 4 (Elution of the Bound Protein)
• Elution with increasing salt concentration: There are two methods for elution

with increasing salt concentration. First, for gradient elution, apply a gradient
from 0% (20 mM Tris–Cl, pH 7.5) to 100% (20 mM Tris–Cl, pH 7.5/350 mM
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NaCl) of elution buffer over 20 column volumes. Collect each of the fractions.
For step elution, apply the elution buffer containing 20 mM Tris–Cl, pH 7.5/
350 mM NaCl over 10 column volumes.

• pH-based elution: For pH-based elution, the pH of the elution buffer is altered.
For an anion exchanger, elution occurs when the pH of the elution buffer is
decreased and vice versa. So apply 10 column volumes of low pH eluent buffer
for elution of the desired protein.

• For both the elutions, the elution buffer should be run till there is no significant
absorbance at 280 nm or 220 nm.

• Analyze the fractions (loaded sample, flow-through, washes, eluted protein) using
gel electrophoresis (SDS-PAGE).

• Collect the pooled fractions of eluted proteins containing the purified desired
protein.

7.6.2.5 Step 5 (Storage of the Protein)
• Dialyze to remove the excess salt from collected pooled fractions of the desired

protein.
• Store it at �80 �C or liquid nitrogen as per the requirement.

7.6.2.6 Step 6 (Regeneration of the Column)
• Wash the column with 2–5 column volumes of the regeneration buffer (20 mM

Tris–Cl, pH 7.5/2 M NaCl) to remove any very tightly bound species.
• Run 2 column volumes of binding buffer through the column to re-equilibrate the

column with the binding buffer.

The protocol for cation exchange chromatography is exactly similar to that of anion
exchange chromatography being the only differences are in the buffer composition
and pH and the selection of appropriate cation exchanger resin.

7.7 Choice of Different Combination of Chromatographic
Techniques

With the aim of achieving the highest level of purity and yield, the protein purifica-
tion from a crude sample is often performed in a multi-step downstream process
using the purification strategy of capture, intermediate purification, and polishing
[68]. In the capture step, the desired protein is isolated, concentrated, and stabilized.
During the intermediate purification step, the objective is to eliminate most bulk
contaminants, like other proteins and nucleic acids. In the polishing stage when most
of the impurities have already been removed, the goal is to attain high purity levels
(>95%) by eliminating residual impurities or closely related moieties.

Ion exchange chromatography (IEX) is frequently used in most multi-step purifi-
cation systems. If a specific affinity medium is not available or if the desired protein
is little understood, IEX should be considered as the initial step towards any
purification. This technique is highly flexible to be applied at any stage of
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purification, viz., capture, intermediate, or polishing, based on the exact purpose. As
IEX offers several selectivities (anion or cation exchangers), and the purification pH
may be varied to alter the charge of target proteins, this technique might be used
more than once under the same purification schemes. Additionally, IEX can be
employed with gradual elution to provide the maximum resolution for a quick
capture or with gradient elution in a polishing step.

• Ion exchange as a capture step: The goal of using IEX as a capture step is to
rapidly adsorb the protein of interest from the crude sample and separate it from
critical impurities such as proteases and glycosidases. As a result, the target
protein is concentrated and transferred to an environment that will preserve its
function. It is usually used in cases where the researcher prefers to purify the
protein without a tag and hence affinity chromatography remains no longer an
option [69]. This can be followed by hydrophobic interaction chromatography
(HIC), reverse phase chromatography (RPC), and/or gel filtration chromatogra-
phy (GFC) for further purification that has been elaborated in later sections of
this book.

• Ion exchange for intermediate purification: The aim of using IEX for intermediate
purification is to eliminate the majority of the significant impurities such as
proteins, nucleic acids, endotoxins, and viruses. The main focus in a typical
intermediate purification step is on capacity and resolution to maintain productiv-
ity (the amount of target protein processed per column in unit time) and achieve
high purity. For example, when a protein after purification through affinity
chromatography exhibits impurities comprising proteins of similar molecular
weights, then IEX can be used as an intermediate step [70]. Afterward, HIC or
RPC can be followed as the final polishing steps if GFC does not work very well.

• Ion exchange as a polishing step:Most contaminants are eliminated when IEX is
used for polishing, except for trace quantities of closely related moieties such as
structural variations of the target protein, nucleic acids, viruses, or endotoxins.
The goal of the separation is to minimize these variants and trace impurities to
levels that are acceptable for the application. In contrary to capture steps where
quick, high-capacity step-elution is usually utilized, a polishing step focuses on
producing the maximum possible resolution [71].

Like other chromatographic separation techniques, IEX is rarely sufficient as the
sole purification stage for the separation of crude protein mixture samples. Ion
exchange is frequently combined with other techniques such as gel filtration chro-
matography, hydrophobic interaction chromatography, reversed phase chromatog-
raphy, as well as affinity chromatography for obtaining proteins of very high purity
to be used in structural and biophysical studies.
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7.8 Advantages and Disadvantages of Ion Exchange
Chromatography

Alike other chromatographic techniques, IEX also has some advantages as well as
drawbacks. Some of them are discussed below:

7.8.1 Advantages

• It is one of the most effective techniques for separating charged particles and can
be employed for nearly any category of charged molecules including large
proteins, small nucleotides, and amino acids.

• The purification technique does not require any additional tag and hence is
capable of retaining the native architecture of the recombinant protein.

• IEX can be run with high flow rates. The high flow rate results in quick separation
and purification of the target protein. Thus, it is crucial for the recovery of active
protein.

• A high yield of the desired protein can be achieved through IEX.

7.8.2 Disadvantages

• One main disadvantage of IEX is that it can only separate the charged molecules.
Molecules that do not carry any charges cannot be separated through IEX.

• The pH of buffers plays a crucial role in separation through IEX and a little
alteration in pH can greatly alter the binding profile of proteins to the ion
exchange resin.

• Excessive buffers with different ionic strengths or pH are essentially required
while performing IEX which increases the overall cost of protein purification and
separation using this technique.

• Since the method requires high salt concentration or high or low pH conditions
for elution of desired proteins, the salt concentration and pH must be adjusted
before they can be used for biochemical, biophysical, or structural studies.

7.9 Applications of Ion Exchange Chromatography

7.9.1 Purification of Recombinant Proteins

IEX is one of the widely used and efficient techniques for the purification of
recombinant proteins. This technique is often combined with other techniques,
which separate proteins depending on other parameters such as size (gel filtration),
hydrophobicity (hydrophobic interaction chromatography or RPC), or biological
activity (affinity chromatography). The protocols of protein purification using cation
exchange and anion exchange chromatography have been discussed above. It is a
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simple technique that includes loading the sample with the desired protein onto the
chromatographic system and collection of the eluent with the aid of a fraction
collector.

7.9.2 Purification of Enzymes

In the purification of biologically active enzymes, the retrieval of enzymatic activity
is very crucial. Purification of enzymes with high activity recovery can be achieved
through IEX. Additionally, the purification of isoenzymes can also be done with
IEX. The enzyme isoforms usually have around the same molecular weight. This
renders separation by gel filtration chromatography difficult. However, with the
slight variations in charge owing to the variation of the amino acid composition,
isoenzymes are separated by IEX. As an example, for the diagnosis of hematological
malignancy, N-Acetyl β-D-glucosaminidases are intensively explored. An isoenzyme
called “Intermediate 1 Form” was described in the case of common acute lympho-
blastic leukemia [72]. The separation of these isoenzymes is improved by using
chromatography with high-resolution ion exchange.

7.9.3 Miscellaneous Applications

Apart from these, IEX is routinely used for industrial purposes for analytical
applications such as quality assessment. It is a useful tool in the downstream process
to scrutinize the fermentation process of various enzymes [73, 74]. In clinical
studies, this method is used for the separation and purification of blood components
such as albumin and recombinant growth factors [75, 76].

7.10 Troubleshooting

Sl.
no. Problems Possible reasons Possible solutions

1 Decreased or no
flow through the
column

Outlet closed or leakage
or pumps not working

Open the outlet, check for leakage and
pumps

2 Poor resolution Flow rate is either too
fast or too slow

Adjust flow rate

Suboptimal elution
condition

Adjust elution conditions by altering the
pH and ionic strength of the buffer

Column overloaded or
sample is too viscous

Decrease sample load or dilute as
required

3 Protein does not
bind or elute

Incomplete column
equilibration

Run more equilibration buffer through
the column until the conductivity and pH
are stabilized

(continued)
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Sl.
no. Problems Possible reasons Possible solutions

Protein may be
unstabilized in the
elution buffer

Adjust the pH and ionic strength of the
buffer

Protein aggregated in the
column

Clean the column and adjust buffer
conditions for more protein stability

4 Lower protein
yield

Protein degradation by
proteases

Add protease inhibitor

Protein aggregated in the
column

Adjust buffer conditions for more
protein stability

Nonspecific adsorption
or precipitation of the
protein

Reduce the ionic strength of the elution
buffer to minimize hydrophobic
interaction. Add suitable detergent or
organic solvent

5 Protein loses
activity during
the procedure

Protein is destabilized or
aggregated in the
column

Adjust buffer conditions for more
protein stability

During purification, a
necessary cofactor has
been removed

Add cofactor

7.11 Conclusion

In this chapter, we have discussed the separation and purification of proteins by IEX.
Ion exchange chromatography is a highly adaptable method for protein purification,
which is vital for some studies. The technique can be used at any stage of the
purification level. Alongside, the availability of a large variety of resins offers a wide
range of selectivity which can be tailored according to the experimental conditions or
protein of interest. Although IEX is an incredibly versatile method for protein
purification, the ability to separate only the charged molecules limits its use. Besides,
the selection of appropriate resin and buffers requires extensive analytical skills of
the users for the successful execution of this method. We will discuss more other
chromatographic techniques for the purification of proteins in the subsequent
chapters.
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Problems

Multiple Choice Questions
1. The capacity of the resin for ion exchange relies on:

(a) The cumulative molecular mass of the resin
(b) Length of the ion exchange resin
(c) The total number of ion active groups
(d) Solubility of the ion exchange resins

2. The concept of ion exchange chromatography is based on:
(a) Electrostatic attraction
(b) Electrical mobility of ionic species
(c) Adsorption
(d) Partition

3. In anion exchange chromatography:
(a) The column contains negatively charged beads where positively

charged proteins bind
(b) The column contains positively charged beads where negatively

charged proteins bind
(c) The column contains both positive and negatively charged beads where

proteins bind
depending on their net charge

(d) All of these

Subjective Questions
1. A protein has an isoelectric point (pI) of 5.2. What is the net charge on this

protein in BICINE [(N, N-bis(2-hydroxyethyl)glycine] buffer (pH 8.5)?
Explain.

2. A crude lysate sample comprising four proteins (1, 2, 3, and -galactosidase)
is obtained by a protein biochemist. He wants to purify β-galactosidase
using ion exchange chromatography. The respective isoelectric points of
these proteins are enlisted below:

Protein Isoelectric point (pI)

1 3.7

2 6.8

3 9.5

β-Galactosidase 5.3

(continued)
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He equilibrated an anion exchange column using a buffer of pH 5.0. (A) At
this condition, which protein(s) from the lysate sample will bind to the
column? (B) How the bound protein(s) can be eluted from the anion exchange
column? He then recognized the fraction containing β-galactosidase from the
anion exchange column and opted to purify it using a cation exchange column.
(C) Explain how a cation exchange column may be used to separate
β-galactosidase from any residual contaminated protein (s).
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Gel Filtration Chromatography 8
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Abstract

Apart from finding multitudes of applications in chemical, medicinal, and phar-
maceutical research, gel filtration chromatography (GFC) has also become a
routine tool in almost every biomedical research laboratory especially protein
biochemistry. With rapid advancement and implementation of recombinant DNA
technology in basic research, the requirement of purifying bacterially expressed
proteins for further characterization has increased manifold. Gel filtration chro-
matography is usually adopted in the last or polishing purification step to obtain
highly purified proteins that are later used for biophysical and structural studies.
The versatility and robustness of GFC lies in the fact that the protein molecules do
not adhere to the column during separation unlike ion-exchange and affinity
chromatography. This gives GFC a significant advantage as it allows proteins
to be eluted in a buffer condition that is conducive toward their future applications
or storage. Since GFC separates analytes as a function of their size or molecular
weight, it is also used as an analytical tool to determine molecular weights and
oligomeric properties of macromolecules. This chapter, which is a sequel to the
previous two chapters on chromatographic techniques, describes the theory,
instrumentation, and applications of gel filtration chromatography along with
elaborate discussions on several important protocols and troubleshooting tips.
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8.1 Introduction

Gel filtration chromatography (GFC) or size exclusion chromatography (SEC) is a
popular protein purification technique that separates the macromolecules based on
differences in their hydrodynamic volume or size [1]. The general principle of gel
filtration chromatography is fairly simple where the inert gel medium is a porous
matrix comprising spherical beads with stable physicochemical properties. When a
mixture of analytes with different size distribution is applied to the column, the
molecules larger than the pore size are unable to enter into the beads. As a
consequence, they pass through the interstitial spaces between beads and elute
first. On the other hand, molecules smaller than the gel pore size get diffused into
the pores and elute at later time points as a function of their molecular weight [2]
(Fig. 8.1).

Although this chromatographic technique is widely used in recombinant protein
purification in research laboratories, it is capable of scaling up the process at an
industrial scale as well. Based on the type of solvents used in the mobile phase, and
other subtle variations, it is also referred to as molecular exclusion, molecular sieve,
gel-permeation and gel-exclusion chromatography [3].

One of the distinct features of GFC that separates it from the other two main
chromatographic techniques (viz. ion–exchange and affinity chromatography) is
that, there is no direct interaction between the protein molecules and the solvent,
i.e., the mobile phase. This makes the method more flexible in terms of buffer
selection as it has no adverse effect whatsoever on the column resolution. Since
GFC is usually used in the last step of protein purification, this unique characteristic
allows retention of the protein in a buffer that will be amenable to several structural
and functional studies post purification. The other important determinants of column
resolution other than the gel pore size are bed height, flow rate, sample volume, and
the molecular weight of the protein [4, 5], which will be elaborated in the later
sections of this chapter. As mentioned briefly in Chap. 5, the best resolution is
usually achieved with an optimum flow rate (slow or medium), long and narrow
columns, small pore-size gel and sample volumes (1–5% of the total column
volume) [6].

Apart from separation of proteins based on their molecular weights, another
important application of GFC is desalting [7]. Since GFC is generally used in the
finishing step of protein purification, the loaded protein can be efficiently eluted in a
buffer of interest. The salt component present in the loaded sample easily separates
from the macromolecule due to their huge size difference. Therefore, sample
volumes as much as 30% of the total bed volume can be safely loaded onto the
column as chances of peak overlap is unlikely. Furthermore, since the separation
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Fig. 8.1 Illustration of the separation principle in gel filtration chromatography. (a) The mixture of
proteins (shown in different colors) applied to the column. Depending upon their size, protein
molecules pass through the gel via different routes. High molecular weight proteins (shown in red)
that are too large to enter the beads pass through the space between the beads and elute first. Small
molecules (shown in green) enter the beads, travel slowly, and elute last. (b) Elution profile of
proteins of different sizes as a function of elution buffer volume

8 Gel Filtration Chromatography 201



technique is linearly dependent on the molecular weight of the macromolecule, this
principle is used to determine the molecular weight and hence the oligomeric
property of a protein of interest as described in later sections of the chapter [8].

This chapter, describes the principles of GFC along with its various applications
in protein purification as well as studies pertaining to protein biochemistry. It also
discusses several practical problems that are generally encountered and ways of
circumventing them through efficient troubleshooting methods.

8.2 Instrumentation

Note: Gel filtration chromatography is commercially available as either a fast protein
liquid chromatography (FPLC) or high performance liquid chromatography (HPLC)
system. HPLC that is often used to characterize small chemical compounds works
under high temperature and pressure, which makes it unsuitable for protein purifica-
tion or molecular weight determination. On the other hand, FPLC system is
optimized to purify large biomolecules [9]. Therefore, all protocols will refer to
FPLC system in this chapter.

The typical instrumentation of Gel filtration chromatography system is as follows.

8.2.1 Pump

The pump pulls up the solvent from the reservoir and forces it to the column and
subsequently to the detector. Operating pressure depends on composition of mobile
phase, column dimensions, flow rate, and particle size.

8.2.2 Injector

Introduces the protein solution into the mobile phase.
An efficient injector should have the following properties:

1. Should be capable of introducing small as well as large volumes of samples
(depending on applications).

2. Multiple injections of the sample solution should be possible.
3. It should not agitate the mobile phase of the column.

8.2.3 Column

Usually used for separation of protein of interest from its mixtures.
The size and dimensions of columns depend on the type of application.
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1. Analytical: In analytical chromatography, the main objective is to characterize the
sample so as to obtain its properties in a quantitative manner. This is mainly used
in synthetic chemistry labs, pharmaceutical industry, etc. Recovery of the loaded
sample is not of primary importance and hence the eluent is often removed as
waste [10].

2. Preparative: This is mainly used for protein isolation and purification for further
biochemical and biophysical characterization. Therefore, the eluents are collected
in several fractions [11].

Typically, in GFC, analytical columns have 7.5–8 mm and preparative columns
have 22–25 mm diameter. Column lengths range between 25 and 60 cm. In protein
biochemistry labs, preparative columns are mainly used.

8.2.4 Detector

Regularly utilized detectors are UV-spectroscopy, fluorescence, mass-spectrometric,
and electrochemical identifiers. In UV detectors, routinely used wavelengths are
214 or 220 nm (where the amide peptide bond has a strong absorbance) and 280 nm
(to detect the presence of other chromophores primarily aromatic amino acids) [12].

8.2.5 Fraction Collector

An automated fraction collector with tube holders helps in collecting the sample
eluted from the column.

8.2.6 Data Processing System

Provides data output from different fractions, stores data, and provides a graphical
representation of the data. It also helps in column calibration.

A simple layout of the instrument setup is provided as shown in Fig. 8.2 below.

8.3 Principle of Macromolecular Separation Using Gel
Filtration Chromatography

The gel filtration columns consist of beads that contain sieves cross-linked with
agarose, dextran, polyacrylamide, or their combinations of a particular size, and are
designed to suit specific separation tasks. The matrix that acts as a stationary phase
consists of two measurable volumes, internal and external. The internal volume
consists of liquid within the beads, and external volume, aka void volume (V0),
refers to liquid in the space between the beads. The sum of the external and internal
volumes makes up the total volume (Vt) (Fig. 8.3) [3].
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Solvent

Pump

Sample Injector

GFC Column

Fraction Collector

Detector

Data Processing System

Fig. 8.2 A simplistic representation of gel filtration chromatography instrument setup. All the
components of the schematic are labelled and are self-explanatory

Void volume V0 Total volume Vt Vs (Vt – V0 ) 

V0

Ve

Vt

Vt –V0

Fig. 8.3 Pictorial and graphical representation of molecular weight determination using gel
filtration chromatography. Vt is the total volume of a gel bed, V0 is the void volume, and Vs is
space occupied by solvent inside the medium particles. The colored sections in the three rectangular
boxes (representing a GFC column) in the upper panel represent the volume that has been
considered, while the white section represents the part of the column volume that is not
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When a mixture of proteins of different sizes is loaded onto the column, larger
molecules migrate through the interstitial spaces between the stationary phase matrix
pores and run down quite rapidly through the column eluting at V0. Simultaneously,
particles smaller than the matrix pores equilibrate with external and internal liquid
volumes, causing them to migrate more slowly and eventually elute at a volume (Ve).
The elution volume Ve, which is different for different proteins but greater than V0,
is linearly dependent on their size (Fig. 8.3). The elution volume (Ve) of a particular
molecule depends on the fraction of the stationary phase available for diffusion. Vt

refers to the total column volume. This principle can be mathematically represented
by constant Kd or Kav (partition or distribution coefficient) as depicted in the
following equations [3].

Ve ¼ V0 þ Kav Vt � V0ð Þ ð8:1Þ
Rearranging the equation:

Kav ¼ Ve � V0ð Þ= Vt � V0ð Þ ð8:2Þ
In GFC, Kav is represented as a function of its molecular size. When a molecule is

adequately large (for example, blue dextran, MW ~ 2000 kDa) so as to bypass the
mobile phase between the beads, then Kav ¼ 0. On the contrary, for an extremely
small molecule that enters the innermost mobile phase, then K ¼ 1. For other
proteins, the Kav value is intermediate and varies between 0 and 1. This shifting of
the value of Kav between 0 and 1 is the fundamental basis for separation of
macromolecules as a function of their molecular weight [3].

Other than size and mass, the hydrodynamic radius plays a vital role in determin-
ing gel filtration’s flow rate. During separation in gel filtration, the general assump-
tion is that molecules have symmetrical shapes with a similar hydrodynamic radius
that fall in the resolution range of the matrix used. However, protein molecules that
deviate from this assumption (i.e., asymmetric with larger hydrodynamic radius) will
be eluted prior to the ones having same molecular weight but are symmetric with
lower hydrodynamic radius. For example, fibrous proteins and some protein
aggregates are asymmetric with higher hydrodynamic radius compared to their
globular counterparts [3].

8.4 Choice of Matrix in Gel Filtration Chromatography

Matrix is a chemically inert but mechanically stable substance with a homogeneous
porous structure and pore size. Gel filtration matrices are made from a wide variety
of materials including agarose (Sepharose™ series), dextrans (Sephadex™ series),
polyacrylamide (Bio-Gel series), polyvinylpyrrolidone, polyvinylethylcarbitol,
silica-based materials, and cellulose. These materials have different pore size and
particle size distribution that help in separation of molecules belonging to different
ranges of molecular weights. Some of the commercially available matrices are a
mixture of the above-mentioned substances such as dextran–agarose (Superdex™
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series), dextran-polyacrylamide (Sephacryl™ series), etc. as shown in Table 8.1.
Each of them have distinct properties with certain pros and cons, and are suited for
particular types of applications [3].

The type of column appropriate for a particular analyte is determined from
“selectivity curve” that plots Kav (partition coefficient) versus log10 of MW for a
set of standard molecules that is represented by the equations provided below.

Kav ¼ Ve � V0ð Þ= Vt � V0ð Þ ð8:3Þ
Kav ¼ log MWð Þ þ b ð8:4Þ

here “b” is the intercept on the Y-axis. The steeper the curve, the higher the
resolution is reached [13]. The matrix is chosen for a particular analyte when its MW
falls within the range of selectivity curve [13].

The variables such as buffers, organic solvents, pH, and temperature should be
considered while choosing the matrix because they should be compatible with
molecules or analytes being separated. The matrix should not adsorb the analytes
during the separation process. For difficult separation problems, the resolution of the
material will be critical and in these instances properties such as bead size, selectivity
(given by the pore size distribution), and separation volume (available pore volume)
become essential. Another factor to consider is the effect of the sorption properties
(physicochemical property that includes both adsorption and absorption) of the
matrix under running conditions. Although virtually no support can be expected to
be completely free from sorption properties, the nature and degree of these properties
vary with the nature of the matrix. Sometimes, these properties have been used to
achieve increased separation of the sample component [14, 15].

Table 8.1 List of various commercially available media for gel filtration chromatography [3]

Sl. no. Type of media Commercial name Molecular weight range (kDa)

1 Agarose Bio-Gel A-0.5
Bio-Gel A-1.5
Bio-Gel A-5
Sepharose 6B
Sepharose 4B

10–500
10–1500
10–5000
10–4000
60–20,000

2 Dextran Sephadex G-50
Sephadex G-75
Sephadex G-100
Sephadex G-200

1.5–30
3–80
4–150
5–600

3 Polyacrylamide Bio-Gel P-10
Bio-Gel P-30
Bio-Gel P-100
Bio-Gel P-150
BioGel P-200

1.5–20
2.5–40
5–100
15–150
30–200

4 Dextran-polyacrylamide gels Sephacryl S-200
Sephacryl S-300
Sephacryl S-400

5–250
10–1500
20–8000
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8.5 Resolution of Gel Filtration Chromatography

Resolution can be defined as the extent of separation between peaks that correspond
to MW of different analyte molecules.

Mathematically Resolution (Rs) can be expressed as:

Rs ¼ Vr2� Vr1
W1þW2

2

ð8:5Þ

where Vr1 and Vr2 are the elution volumes of two consecutive peaks, whereas W1

and W2 are their peak widths, respectively [16] (Fig. 8.4).
There are different factors that determine resolution as described below. There-

fore, by carefully balancing these parameters one can achieve good selectivity and
sharp peaks in gel filtration chromatography.

8.5.1 Parameters Affecting Resolution

Several factors influence resolution. Pore size of the particles, particle size and
distribution, column dimensions, medium packing density, flow rate, sample volume
as well as viscosity of the sample and buffer. The medium selectivity is described by
the selectivity curve (as mentioned above), in which a partition coefficient, Kav, is
plotted against the logarithm of the molecular weight for a set of standard proteins.

The different parameters affecting resolution are discussed below.

W1 W2

(Vr2 –Vr1)

Fig. 8.4 Graphical representation of parameters affecting resolution (Rs) of gel filtration
chromatography
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8.5.1.1 Column Parameters
In GFC, maximum resolution is obtained with long columns. The ratio of the length
of the cylindrical column to its diameter may vary from 20 to 100 [17]. A wide
variety of pre-packed columns with different materials and sizes are available.
Packing instructions are given below; however, for efficient packing, one needs to
strictly follow the product manual’s instructions. The loosely packed column with
gaps either on top or bottom severely affects the resolution, pressure, etc.

8.5.1.2 Packing the Column
A column needs to be properly packed to obtain good resolution of protein separa-
tion through gel filtration chromatography. For proper packing of a column, the
protocol to be followed is provided below:

According to the manufacturer’s recommendation, add an appropriate amount of
double distilled autoclaved water to the gel or dry gel powder. The gel can be
pre-swollen at 90 �C for 1–5 h or kept at room temperature for 3–72 h. Never use
a magnetic stirrer as it damages the beads. Gently mix the pre-swollen slurry and
degas it. Fix the column vertically and pass the buffer to remove air bubbles in the
outlet tube. Block the outlet tube and pour the gel slurry to the required height with
the help of a glass rod. A gel reservoir can be used for smooth and continuous
pouring of the gel. Allow the gel to settle, remove the excess buffer, and put the
adaptor. Nowadays, a wide variety of pre-packed columns are commercially avail-
able that cater to specific separation requirements, which might be used for obtaining
higher resolution [12].

8.5.1.3 Air Bubbles, Uneven Packing, and Cracks
Air bubbles in the column affects its packing and hence care should be taken to
prevent air bubbles or remove them if found. The presence of air bubbles can be
checked via transmitted light. It is recommended to use colored protein markers such
as blue-dextran 200, cytochrome-c, and myoglobin to check the uneven packing, air
bubbles, and cracks present in the column [12].

8.5.1.4 Choice of Eluent
For separation of proteins of interest through GFC, a favorable eluent condition is to
be maintained. Although the elution profile is independent of the type of buffer used,
it is important to provide a stable environment to the macromolecules. This is
achieved on a case-to-case basis with the help of additives such as metal ions,
cofactors, and protease inhibitors. It is to be noted that high concentrations of salts
or solvents that give peaks at 215 nm or 280 nm wavelengths should be avoided [12].

8.5.1.5 Effect of Flow Rate
Since resolution is inversely proportional to the flow rate, a high resolution in GFC is
achieved through use of very low flow rate. The optimum flow rate depends on the
column and pump systems mentioned by the manufacturer. However, in GFC, the
approximate flow rate range of 2 mL/cm2/h to 30 mL/cm2/h is preferably used [12].
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8.5.1.6 Column Cleaning and Storage
To maintain a standard resolution as well as performance, gel filtration matrices must
be cleaned according to the manufacture’s instructions. Three basic cleaning
protocols are recommended—simple, rigorous, and harsh. Simple is recommended
with a low concentration of acetic acid or NaOH when there is an increase in back-
pressure due to presence of contaminants. Rigorous cleaning is recommended when
the following are observed: an increase in back-pressure; a color change at the top of
the column; and a loss of resolution. Harsh cleaning is recommended when the
column is contaminated mainly due to microbial growth. The use of 0.02% sodium
azide in autoclaved water has proven to be useful to prevent microbial growth and is
highly recommended for column storage [3].

8.5.1.7 Sample Preparation
A series of precautionary steps are required during sample preparation to achieve the
best possible resolution. A sample or protein concentration of up to 50 mg/mL can be
used for a non-viscous protein sample. The sample must be clear and free from any
particulate matter, which is usually achieved by filtration using 0.22 μm syringe
filter, or centrifugation at 10,000 � g for 15–30 min prior to injection. Furthermore,
sample stability test can be performed before injecting into the gel filtration column
under required salt, pH, and temperature conditions. This will prevent the sample
from aggregating or precipitating, which further leads to column clogging and
contamination or bacterial growth. High sample viscosities should be avoided. The
sample volume should be 3–5% of the total column volume [12].

8.6 Applications of Gel Filtration Chromatography

As discussed earlier in this chapter, gel filtration chromatography has immense
applications in protein biochemistry. Apart from serving as the last important step
in recombinant protein purification, it is also used for desalting of proteins and
determination of their molecular weights, hence oligomeric properties.

Some of the major applications with appropriate protocols are provided below.

8.6.1 Molecular Weight Determination

Gel Filtration Chromatography is one of the simplest tools to determine molecular
weight (hence oligomeric property) of a protein of interest. The easy availability and
user-friendly attributes of a gel filtration system make it one of the most popular and
widely used tools in protein biochemistry laboratory. Since the proteins are run
under their native conditions, this technique is also capable of determining the
oligomeric property of a protein [18, 19].

An elaborate protocol for molecular weight determination using GFC is provided
below.
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8.6.1.1 Operating Procedure
The setup is as follows.

GFC System
1. Chromatography system: Any commercially available FPLC system with a UV

detection system and a fraction collector.
2. Gel filtration column (choice should be based on the application and molecular

weight of the desired macromolecule—refer to Table 8.1).
3. Necessary accessories:

(a) Vacuum filtration unit (for filtering buffer and protein samples).
(b) 0.22 μm syringes and filters.

Reagents
1. Protein of interest (usually 1 mL of solution with a final concentration of ~2 mg/

mL).
2. Molecular Weight Standards: Can be made in the lab or purchased; MW range is

usually between 12 and 200,000 kDa (for example: 1 mg/mL BSA, 1 mg/mL
MBP, 1 mg/mL β-casein, and 1 mg/mL lysozyme).

3. Blue Dextran for determination of void volume.
4. Molecular weight standard buffer: 50 mM Tris–HCl, 100 mM salt, pH 7.5

(Buffer A).
5. Sample elution buffer: 50 mM Tris–HCl, 150 mM salt, pH 7.5. It is advisable to

add a reducing agent such as Dithiothreitol or DTT (since the markers and the
protein of interest might have multiple cysteine residues). Variation in buffer
composition is possible (e.g., 20 mMNa2HPO4/NaH2PO4 and 200 mMNaCl, 1%
(v/v) Glycerol at pH 7.5). Glycerol can be used to maintain stability of the protein
of interest. ~200 mM salt is added to the buffer to maintain stability of the protein
as well as to prevent it to stick to the column wall.

6. Distilled water (1 L).
7. 20% Ethanol in distilled water (1 L)—for cleaning.

Standard Operating Tools
Read the manufacturer’s instructions for standard operating procedure and
maintenance-related specifications. Every system operating window consists of a
system controller, method editor, and evaluation workspace.

1. System controller: This wizard is for connecting and running the system manually
and to calibrate pumps and detectors.

2. Method editor: For creating a new method, defining flow rate, amount of water or
buffer to pass, equilibration time, injection time and fraction collection time, etc.

3. Evaluation: For analyzing the data, comparing the peaks and exporting data, etc.
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The automated system has pump modules, precise UV detectors, conductivity
measures, and a pH meter. The system is connected with its supporting software that
runs under user-friendly operating systems.

Running the Experiment-Instrumental Setup
1. Turn on the chromatographic system followed by software on the computer and

connect it with the system.
2. Create method: Define the parameters such as pressure limit, UV

monochromators, flow rate (~0.5 mL/min), volume of the equilibration buffer
(~2 column volume), injection time, fraction volume, time of collection, and
other required information.

3. It is preferred to inject the protein after equilibration is over to prevent protein
aggregation in the loop.

4. Check the tubing connections prior to injecting the protein. System pump is
connected to the column directly.

5. Set up the fraction collector: Using the fraction collector, define the type of rack,
collection scheme, and fraction size in mL.

Running Analyte Through the GFC Column
Step 1:

1. Column Standardization:
Before injecting the standards, wash the column with at least 1 column volume of
autoclaved double distilled water and equilibrate using 2 column volume of a
MW marker buffer. If the protein is being run for the first time, the UV absor-
bance needs to be monitored at different wavelengths (215 nm, 254 nm, and
280 nm) and then standardized. The flow rate should not exceed ~0.5% of the
column volume per minute. The UV monitor needs to be set to “zero” once the
reading becomes stable.

2. Obtaining the standard curve:
(a) Take 1 mg/mL blue dextran (~ 1 mL volume) and inject into the column and

elute with Buffer A. Calculate the volume of the buffer required to reach the
middle of the peak (as seen on the computer monitor). This measure gives the
value of the void volume (V0).

(b) Either use commercially available protein standards or use 1 mg/mL BSA,
1 mg/mL MBP, 1 mg/mL β casein, and 1 mg/mL lysozyme and run them
individually through the column and elute with 2 column volume of Buffer
A. Since the elution volume includes the volume of the protein, the volume
can be reset to “zero” prior to each injection. Measure elution volume of each
standard macromolecule (Ve).
Note: If more than three protein markers are used, mixing may cause peak
interference because BSA might form a complex with other proteins. It is
advisable to prepare an individual or multiple marker groups of 2–3 proteins
with significant size differences.
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(c) Plot Kav (Y-axis) versus the logarithm of molecular weight, i.e., log10MW
(on the X-axis) for the protein standards (refer to Eqs. (8.1, (8.2, (8.3, and
(8.4). Fit the data to a straight line, which is the standard curve (Fig. 8.5a).
Once the column is standardized, the values obtained can be used multiple
times until there is a major protocol change or the column repacking has
been done.

Note: If a problem arises regarding UV signal stabilization, column
cleaning is recommended.

Step 2: Determination of the MW of the protein of interest:

1. Wash the column with at least 0.5 to 1 column volume of double distilled water
and Buffer A.

2. Equilibrate the column with 2 column volumes of elution buffer. Set the UV
reading to “zero” once the signal gets stabilized.
Note: For an unknown protein, use of multiple wavelengths to measure the peak
intensity is advisable (including 215 nm, 260 nm, and 280 nm). This will help
choose the best wavelength to use for the particular protein sample.

3. Prior to loading onto the column, concentrate the protein to 1 mL volume with a
final concentration not less than 1 mg/mL.

4. Elute the protein with at least 1 column volume of the elution buffer. Calculate
Ve/Vo and plot the point on the standard curve to obtain the MW (Fig. 8.5b).

5. The eluted protein (corresponding to the peak observed) is collected in the
fraction collector and run on SDS-PAGE for checking its purity (Fig. 8.5c) and
further storage.
Note: If the protein has no tryptophan (that absorbs at 280 nm or 295 nm), set the
UV measurement wavelength to either 260 nm (for Tyrosine) or 215 nm (peptide
bonds).

Protein

Void

K a
v

Log10 (MW)

cba

Fig. 8.5 (a) Using standard molecular weight markers, a standard curve is plotted and Kav values
of the marker proteins are determined experimentally. (b) Chromatogram of the protein of interest
as well as the void volume is shown in the graph obtained from the GFC system. (c) The collected
fractions were pooled, concentrated, and run on SDS-PAGE. The protein band shows>95% purity.
Marker: Molecular Weight marker; Protein: Protein of interest
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Note: The plot of Kav versus log10 (MW) yields a straight line. It is important
to note that, Kav value of the protein of interest should ideally fall between 0 and
1 and can be obtained from the graph. Kav> 1 indicates some interaction between
the sample and the column. On the other hand, Kav < 1 indicates the formation of
channels in the column. In any case, where there is a deviation from linearity,
consider replacing the column.

8.6.2 Purification of Recombinant Proteins

Proteins expressed and purified in bacterial system are mainly used for biochemical,
biophysical, and structural characterizations. Therefore, large amount of protein with
>95% purity is preferred for these studies. Proteins obtained from the bacterial
system are usually run through affinity chromatography, and if required followed by
ion-exchange chromatography (IEC). This gives the protein of interest a reasonable
level of purity (might vary from protein-to-protein). The last polishing step is then
achieved by running the protein through an appropriate GFC column.

The protocol for protein purification though similar is much simpler than the one
discussed above. The protein of interest is used as the loading sample and the eluent
from the peak (as displayed in the chromatogram on the system computer) is
collected in the fraction collector. However, for an unknown protein, it is important
to have a rough estimate of the elution volume, which is achieved by calculating its
elution volume from an already determined standard curve [20, 21].

8.6.3 Desalting and Buffer Exchange

“Desalting” of proteins refers to removal of salt or other undesirable contaminants
such as nucleotides and chemicals from a protein solution. On the other hand,
“buffer exchange” refers to replacement of the existing buffer with a final buffer
that might be required to store the protein under stable and native conformation
and/or conducive for certain biochemical, biophysical, and structural analyses [22].

Although the principle behind both the procedures is very similar, there are
certain subtle differences in approach as well as applications. For desalting purpose,
the GF column is equilibrated with water, while in buffer exchange, the column is
equilibrated with the desired buffer solution for the protein. In both the cases, the
existing buffer solution within the column is replaced with either water or a different
buffer system. Along with the previous buffer, other impurities also pass out of the
column.

In both the techniques, the size of the column plays a crucial role and hence
standardization of the column size becomes necessary. This is because a very large
column might lead to dilution of the protein sample and a smaller one will lead to
inadequate separation or exchange.
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8.6.4 Miscellaneous Applications

The versatility of gel filtration chromatography has led to a variety of applications
that encompass various scientific disciplines and their interfaces. It has also created a
niche both in industries and in clinical applications. The various other applications of
GFC include group separation that allows fast separation of macromolecules from
natural extracts and chemicals [22–24], separation of proteins through PEGylation
[25], separation of proteins from peptides [26, 27], separation of viruses [28, 29], and
separation of oligonucleotides from contaminants [30, 31]. Furthermore, GFC has
found immense application in the fields of enzymology, endocrinology, and clinical
pharmacology [32–36] as well.

8.7 Troubleshooting Tips for Running GFC

Different problems encountered while running a gel filtration column and their
troubleshooting tips are provided in Table 8.2 below.

Table 8.2 Troubleshooting tips for running various experiments using gel filtration
chromatography

Sr.
no. Problem Recommendation

1. Column gets dried Pass 20% methanol followed by water and observe for void
volume change and back-pressure. If it changes, then
repack the column according to the manufacturer’s
instructions. The dried column produces channels within
the column and perturbs the resolution and hence repacking
becomes imperative

2. Poor resolution a. Decreasing the flow rate might improve resolution
b. Revisit your choice of column and type of matrix for the
particular protein of interest since fractionation range and
pore-size diameter play important roles in resolution.
Therefore, switching to a more appropriate column-matrix
combination might help
c. Clean the column with appropriate buffers and
detergents, organic solvents, denaturing agents (within
allowed concentration and tolerable range of the matrix) in
an increasing manner as suggested in the users’ manual. If
there is no improvement, disassemble the column and
repack it after washing the beads and other column
components

3. UV lamp is unstable and
making noise

Pass at least two column volumes or more buffer by keeping
UV “ON” while enabling auto-zero option frequently in
between. The buffer should not contain components that give
signals or noise. Always make fresh buffers if you are adding
DTT (reducing agent), which often gets oxidized over time
and creates this issue. The column and flow system should be
clean to prevent growth of any microorganism

(continued)
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8.8 Conclusions

Gel Filtration Chromatography has become an indispensable tool in protein
purifications. Due to its simplicity, robustness, and versatility, it has found
applications beyond separation of macromolecules and created a place for itself in
biomedical research. The huge popularity of GFC has eventually led to significant
advancements in its instrumentation as well as broadening of the gamut of its
applications at the interface of academia and industry.

Upgradation in the classical GFC technique include recent development of
leading-edge tools such as Absolute Size-Exclusion Chromatography (ASEC) and
SEC-MALS. The former technique combines principles of dynamic light scattering
with that of size exclusion chromatography to obtain absolute size of proteins and
other macromolecules. GFC/SEC coupled with DLS is capable of enhancing DLS
resolution and is used for aggregation studies [37]. Furthermore, SEC-MALS, which
combines the power of size-exclusion chromatography with multi-angle light scat-
tering, offers an advanced and faster analytical technique that bypasses the lengthy
column calibration step [37].

Acknowledgments The authors thank Advanced Centre for Treatment, Research and Education in
Cancer (ACTREC) for providing necessary infrastructure and resources for successful completion
of the chapter. The authors acknowledge Ms. Chanda Baisane, Bose Lab, ACTREC for formatting
the manuscript.

Table 8.2 (continued)

Sr.
no. Problem Recommendation

4. Air bubbles in column, or
in the eluent

Air bubbles are found in the gel bed when eluents are not
thoroughly degassed or the column temperature is
increased. Since air bubbles affect the resolution to a greater
extent, extensive washes with degassed buffer might solve
the problem. Consider repacking the column if the problem
persists after washes

5. Very high column
pressure

The column and flow system should be rigorously cleaned
to eliminate the possibility of growth of microorganisms
that sometime lead to high column pressure

6. Broad peaks Might be due to loss of column efficiency. To take care of
this problem: use mobile phase of lower viscosity; lower the
flow rate; pack the column with smaller particle-sized
beads; inject smaller sample volume; and elevate column
temperature. However, if the problem still persists, then
replace the column
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Problems

Multiple Choice Question
1. In Gel Filtration Chromatography the best resolution is usually achieved

with the following combination:
(a) Faster flow rate, short and wide columns, small pore-size gel, and less

sample volumes (1–5% of the total column volume).
(b) An optimum flow rate (slow or medium), long and narrow columns,

small pore-size gel and sample volumes (1–5% of the total column
volume).

(c) Faster flow rate, short and wide columns, large pore-size gel, and less
sample volumes (1–5% of the total column volume).

(d) An optimum flow rate (slow or medium), long and narrow columns,
large pore-size gel, and high sample volumes (10–25% of the total
column volume).

2. Which one of the following statements is true?
(a) Kav value of the protein of interest should fall between 0 and 1 and can

be obtained empirically by substituting the values (known total,
void, and elution volumes) in the standard equation.

(b) Kav value of the protein of interest should fall between 0 and 1 and can
be obtained experimentally from the standard graph (known molec-
ular weight markers).

(c) Kav value of the protein of interest should be any integer and can be
obtained experimentally from the standard graph (known molecular
weight markers).

(d) Kav value of the protein of interest should be any integer and can be
obtained empirically by substituting the values (known total, void,
and elution volume) in the standard equation.

3. A gel filtration column is filled with Polyacrylamide media (Bio-Gel P-150)
with a molecular weight separation range of 15–150 kDa. A mixture of four
different proteins: Protein A (MW 55 kDa); Protein B (MW 35 kDa);
Protein C has a molecular weight (MW 200 kDa), and Protein D
(MW 10 kDa). Protein B has a tendency to form aggregates (>300 kDa)
in small proportions. Therefore, the order of their elution time would be:
(a) Protein D will be eluted first, followed by B, A, C and aggregates will

be eluted last.
(b) Aggregates will be eluted first, Protein C will be the second to elute,

followed by A, B, and D.
(c) Aggregates and Protein C will elute simultaneously in the void volume,

followed by D, B, and finally A.
(d) Aggregates and Protein C elute simultaneously in the void volume,

followed by A, B, and finally D.
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Subjective Question
1. A researcher was trying to characterize the native oligomeric status of one

of the least studied member “PROTEIN X” of a member of a serine
protease family. “PROTEIN X” has been purified using Ni-NTA chroma-
tography and subsequently subjected to gel filtration chromatography using
Superdex 200 10/300 HR column (Vt¼ 120 mL) (GE Healthcare, Uppsala,
Sweden). The elution volumes with other necessary information are
provided in the table below. Blue Dextran was used to determine the void
volume of the column. The standard proteins BSA, MBP, and lysozyme
were run on the same column and their elution volumes are provided.
Answer the following two questions from the following information:
(a) Calculate the Kav of the standards.
(b) Find the Kav values and thereafter calculate the molecular weights and

oligomerization status of newly characterized “PROTEIN X.”

S. no Protein Mol. wt. Elution volume

1 Blue Dextran 2000 kDa 46.5 mL

2 BSA 66.5 kDa 77 mL

3 MBP 45 kDa 86.5 mL

4 Lysozyme 14 kDa 111.5 mL

5 “PROTEIN X” ? Peak 1: 64 mL (major peak)
Peak 2: 87 mL (minor peak)
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Protein Purification by Reversed Phase
Chromatography and Hydrophobic
Interaction Chromatography

9

Rucha Kulkarni and Kakoli Bose

Abstract

With the increasing analysis and studies on purified proteins and peptides with
respect to their structure and function, the need for high resolution separation of
these biomolecules becomes important. Although affinity, ion exchange and gel
filtration chromatography techniques are routinely used in protein purification,
sometimes the protein (mainly highly hydrophobic) fails to attain the required
purity for its further characterization. Reversed Phase Chromatography (RPC)
and Hydrophobic Interaction Chromatography (HIC) are two recently developed
techniques that make use of protein surface hydrophobicity as a parameter for
their separation. RPC and HIC thus aid in the purification of hydrophobic proteins
that are otherwise difficult to purify and characterize. These techniques provide
great flexibility in the choice of separation buffers, thus helping a large variety of
analytes to be separated. RPC and HIC have gained popularity because of the
wide variety of nonpolar analytes that can be separated based on the principle of
surface adsorption. This chapter elaborates more on the principle of these
techniques, their protocols and applications.
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9.1 Introduction

Purification of the protein is an indispensable prerequisite for its structural and
functional characterization [1]. This process involves a series of steps that begin
from cloning in a vector and transformation in a suitable host system as discussed in
Chap. 2. With the increase in number of recombinantly expressed proteins for basic
research for clinical and industrial applications, the complexity pertaining to their
purifications increase manifold. Post bacterial cell lysis, usually, a simple two or
sometimes three step protocol is followed for purification of recombinant proteins
that include affinity chromatography (His6, GST, or MBP tags), ion exchange
(cation/anion) or IEX chromatography, and the final polishing by gel filtration
chromatography (GFC) that have been elaborated in Chaps. 6, 7, and 8. Although
the caveat of obtaining >95% pure recombinant protein for structural and functional
studies in a laboratory setup is generally achieved through these steps, certain
proteins do require special attention. Separation of highly hydrophobic proteins
[2], using the abovementioned tools, often does not produce expected results.
Such proteins have to be separated by modifying certain parameters such as using
a stationary and mobile phase that binds and elutes proteins with large hydrophobic
patches.

With rapid advancement in chromatography, various properties of proteins have
been continuously harnessed so as to devise distinct purification strategies for
different genre of proteins. Two of the recently developed chromatographic methods
for such proteins include RPC and HIC that utilize surface hydrophobicity of the
proteins for their separation [3].

In this chapter, we will therefore focus on using the principle of surface
hydrophobicity of the protein as the defining factor for its separation and purification
[4]. The chromatographic methods discussed in this chapter include reversed phase
chromatography (RPC) and hydrophobic interaction chromatography (HIC). How-
ever, it is important to note that these are not stand-alone techniques and mostly give
desired level of purity when used in combination with affinity, IEC, and/or GFC.

The term reversed phased stems from the fact that there is a reversal in the
stationary phase, which is hydrophobic unlike the other conventional chro-
matographic techniques. The hydrophilic mobile phase enables the apolar protein
molecules to get adsorbed onto the stationary phase while allowing the other
impurities to elute out of the column [5]. This phenomenon is termed as surface
adsorption chromatography which will be described in detail in this chapter, along
with protocols pertaining to purification of recombinant proteins and
troubleshooting tips.

9.2 Principle of Surface Adsorption Chromatography

Adsorption generally refers to a surface phenomenon in which molecules from gas,
liquid, or solid adhere to a solid surface. This adhesion creates a film of the
molecules often called the adsorbate onto the solid surface or adsorbent. However,
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in chromatographic separation, the adsorbent is the stationary phase and the adsor-
bate is the mixture of macromolecules or analytes that adhere to the stationary phase
and get separated. Since this chapter focuses on recombinant protein purification, the
analytes here are protein molecules. The separation is based on the principle of
competitive replacement of analytes by the mobile phase (that is elution buffer)
[6]. Few important factors on which adsorption of protein molecules depend are:

1. The binding strength between the protein and the stationary phase
2. The surface area of the stationary phase resin
3. Displacement of the mobile phase by the bound protein
4. The binding strength between stationary phase (matrix) and the mobile phase

The ability or the strength with which the mobile phase can elute the bound
protein sample is often termed as the eluotropic strength [7]. For example, a mobile
phase with a high eluotropic strength will elute the protein more quickly. Thus,
depending on the stationary phase used, a suitable mobile phase with a good
eluotropic strength must be chosen.

The different types of stationary phase support generally used in adsorption
chromatography include:

1. Polar acidic support (silica)
2. Polar basic support (alumina)
3. Nonpolar support (polystyrene)

The major distinguishing factor between normal phase and reversed phase chro-
matography is that the former uses polar support as stationary phase while the latter
uses nonpolar supports. Thus, solutes (proteins) are retained based on their polarity.

This chapter would elaborate more on RPC and HIC that are based on the
principle of adsorption chromatography using nonpolar matrix as the stationary
phase to separate hydrophobic (nonpolar) proteins.

9.3 Reversed Phase Chromatography

As mentioned above, the stationary phase or the ligands on the matrix are hydropho-
bic or nonpolar in reversed phase chromatography (RPC) [8]. This technique is
specifically important for certain hydrophobic proteins that cannot be efficiently
purified using the other three chromatographic techniques described in the previous
chapters [9, 10]. This technique uses very stringent hydrophobic medium for stron-
ger interactions and hence can separate macromolecules or polypeptides of very
small size difference [11, 12]. However, this high resolution is often achieved at the
expense of loss of native conformation and activity of proteins, since organic
solvents denature proteins and hence limits its use in studies where a functional
protein or enzyme is not required [13].
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9.3.1 Principle of Protein Separation in RPC

The separation in this type of chromatography takes place based on the hydrophobic
interaction between the nonpolar solute molecules in the mobile phase and the
hydrophobic ligands on the stationary phase matrix as illustrated in Fig. 9.1. This
technique is based on the partitioning principle to separate the components of the
mixture. The partitioning of the solute is dependent on many factors like binding
properties of the stationary matrix, hydrophobic character of the solute, and the
overall composition of the mobile phase. The initial conditions for chromatography
are such that they favor adsorption of the hydrophobic components onto the matrix
followed by a change in conditions that favor desorption of the solute molecules
back into the mobile phase [14, 15].

For eluting the proteins adhered to the matrix, normal phase chromatography uses
the isocratic elution principle, where the elution buffer is consistent for a particular
elution profile [16]. However, generally in case of reversed phase chromatography,
gradient elution is used. Under aqueous conditions, strong adsorption of proteins on
the reversed phase matrix takes place, thus attaching the proteins to the matrix. At the
time of desorption, a very narrow range of organic solvent is required to elute the
proteins adhered to the matrix. Since any biological mixture would contain protein
molecules with a diverse affinity for the matrix, a range of different concentrations of
the organic elution buffer is used for eluting the bound protein in a gradient manner.

Some of the powerful attributes of RPC such as high resolving capacity, repro-
ducibility, and recovery of the proteins has made it a popular tool in separation of
proteins and peptides for certain specific studies. Moreover, RPC allows the separa-
tion conditions to be adjusted such that the researcher can either choose to bind the
biomolecules that are of interest and allow other nonspecific molecules to pass
through or vice versa. However, the former method is preferred for better yield.
Given its efficiency in separation of peptides [17], the major use of this technique lies
in its analytical applications rather than preparative [18]. Nevertheless, it is useful in
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Fig. 9.1 Diagrammatic
representation of reversed
phase chromatography matrix.
The figure represents the
binding of nonpolar
hydrophobic protein
molecules to the reversed
phased matrix. As shown in
the figure, the hydrophilic or
polar protein molecules that
cannot bind to the matrix are
washed out of the column
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obtaining highly purified proteins in preparative scale for studies as well as offers
separation of chemically and structurally similar proteins.

9.3.2 Overview of Steps in RPC

The first and foremost step in purification involves overexpressing the protein of
interest in a suitable host system. The protocol standardization for RPC depends on
the nature of protein and how the biomolecule would be used after purification.

9.3.2.1 Column Equilibration
As observed and followed for every other chromatographic technique, the column
equilibration constitutes the first step in RPC as depicted in Fig. 9.2. The packed
column is equilibrated with a reversed phase medium under suitable conditions of
pH, ionic strength, and polarity (hydrophobicity). Certain organic solvents can be
used to refine the polarity of the mobile phase, ensuring that it is low enough so as to
dissolve partially hydrophobic molecules but at the same time high enough for
binding of the hydrophobic molecules to the hydrophobic matrix [19].

9.3.2.2 Binding of the Extract on Column (Capture)
In the next step, the mixture of proteins or the sample solute that needs to be
separated is allowed to bind on to the equilibrated matrix (Fig. 9.3). This is mainly
done to isolate, concentrate, and stabilize the protein to be separated. The solvent
used to equilibrate the packed column and the one used for dissolving the sample to
be loaded is usually the same. The sample is allowed to bind on to the column by
adjusting the flow rate such that optimum binding occurs. Washes with the column
equilibration buffer are given for removing the unbound solute molecules. Some-
times, addition of ion-pairing agents such as mild acids (0.1% Trifluoroacetic acid or
TFA) that enhance the hydrophobic interactions between the protein sample and the
matrix are used in the buffer. They do so by binding to the charged groups on
proteins and thus suppressing their effect on hydrophobic interactions.

Column with hydrophobic 
ligands 

Column equilibra�on with a 
suitable organic solvent 

Fig. 9.2 The figure
represents the column
equilibration step in RPC. The
matrix is allowed to
equilibrate in a buffer of
suitable pH, ionic strength,
and hydrophobicity in which
the protein will be purified
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9.3.2.3 Elution of Protein Molecules (Desorption)
After allowing the solute molecules to bind onto the matrix, they are then desorbed
(Fig. 9.4) using a gradient of mobile phase with increasing percentage of organic
solvent content that gradually allows increase in the stringency of washes and helps
in desorption of bound solutes (here protein), from the matrix depending on their
hydrophobic content. The less hydrophobic proteins would elute out of the column
in the earlier washes as compared to the more hydrophobic proteins. Usually, the pH
of the gradient of elution buffers is kept constant. The eluants from different
gradients of elution buffers are collected in separate tubes and later run on an
SDS-PAGE to check for purity of proteins of interest in the eluted fractions.

Protein mixture in equilibra�on 
buffer to be loaded onto the  

column 

Protein mixture is allowed to 
bind to the column

Fig. 9.3 The figure represents binding step in RPC in which the protein of interest is allowed to
bind onto the resin

Gradient of elu�on buffer to 
desorb the bound protein 

With stringent washes the 
protein of interest is eluted

Matrix containing the 
bound protein

Fig. 9.4 The figure represents hydrophobic protein elution step in RPC where the bound protein is
eluted using an elution buffer of increasing organic solvent content
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9.3.2.4 Cleaning of Column and Storage
The next step involves the cleaning of the matrix for reusing in the next round of
separation. This is achieved by washing the column with 100% organic solvent so
that any tightly bound hydrophobic molecules will be eluted, thus removing all
bound biomolecules before its reuse. This is followed by re-equilibrating the column
with the initially used solvent for storage until next set of purifications.

A reversed phase chromatography medium usually comprises hydrophobic
ligands attached to a chemically and mechanically stable matrix. The commercially
available base matrix is either made of silica or polystyrene (Table 9.1) [11], the
latter being more robust and stable at higher pH conditions [20]. The diameter of the
bead determines its particle size, which is important for its ability towards efficient
separation. The larger particle size media are more apt for large scale preparative
scale purification.

9.3.3 Protocol for Protein Purification Using RPC

Step 1: Preparation for Purification
This step is required to decide the buffer system and ion-pairing agents that would be
used so that the protein binds onto the column.

Step 2: Column Equilibration
The most widely used columns for RPC are C8 and C18, where the numbers denote
the length of alkyl chains attached to the stationary phase. The longer the alkyl chain,
more is the hydrophobicity. Thus, C18 is the most preferred column for RPC where
long retention times are needed as it has the highest level of hydrophobicity. The
protocol for RPC column equilibration mentioned here is for C18 [21, 22].

Table 9.1 A detailed summary of the variety commercially available media (matrix) for reversed
phase chromatography with its specifications and applications in protein purification

Column name Resin Use

1. Sephasil C4 (for protein)
Sephasil C8 and C18 (for
peptides)

Silica (5 μm
bead size)

a. Purification of recombinant proteins and
synthetic peptides
b. High resolution analysis

2. Sephasil C4 (for protein)
Sephasil C8 and C18 (for
peptides)
(Numbers denote length of
alkyl chains attached to the
resin)

Silica (12 μm
bead size)

a. Purification of proteins, nucleotides and
peptides

3. SOURCE 5, SOURCE
15, SOURCE 30
(Numbers denote the bead size
of the resin)

Polystyrene/
divinylbenzene

a. These resins are very stable at high pH
b. Used for purification of synthetic
peptides, oligonucleotides and recombinant
proteins
c. Resin stays stable to some extent even
with fluctuations in flow rate and pressure
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Conditioning or equilibration of the column is an important step prior to loading the
protein to enable optimal protein binding. The equilibration buffer is the same as the
one used for dissolving protein sample.

Composition of equilibration buffer:
Buffer A: 0.1% TFA in water, pH 2.0 (the pH of the buffer and the concentration

of organic modifier used is usually kept low to enhance the hydrophobic interactions
between the protein and the matrix since the charged groups on the protein are
masked in acidic conditions so that they don’t interfere in the hydrophobic
interactions).

Buffer B: NaOH 10 mM in water, pH 12 (higher pH ensures that all the
hydrophobic and tightly bound impurities in the form of proteins or peptides elute
before loading the column for next round of protein purification).

Steps for equilibration are as follows:

• Give three column volumes (CV) of washes with buffer B.
• Run a gradient from 100% buffer B to 100% buffer A.
• Equilibrate the column in buffer A until all signals on the monitor are stable.

Note: The solvents and the additives that constitute the mobile phase should be of
highest purity often referred to as HPLC (high pressure liquid chromatography)
grade. Before adding the mobile phase onto the column, it should be degassed under
vacuum to prevent gas formation. If any particulate solid additive is to be added to
the mobile phase, it must first be filtered to prevent clogging of the column.

Step 3: Loading Protein onto the Matrix
Before loading the sample onto the RPC column, it should be free of any particulate
matter to avoid column blockage. Dissolve the protein sample in abovementioned
equilibration buffer A. Centrifuge the samples at 10,000 � g for 10 min or filter
through 0.22 or 0.45 μm filter. The filter should be resistant to the solvents used in
buffers. After filtering the sample, load it onto the column immediately to prevent
any side reaction such as oxidation.

Step 4: Elution
Most of the RPC protocols contain two elution buffer systems eluent A and eluent
B. Eluent A consists of a lesser concentration of the organic modifier about 5% and
eluent B consists of higher organic modifier concentration about 80%. Both the
eluents should contain at least 0.1% of an acid which would act as ion-pairing
agent [23].

Elution buffer for silica-based matrix: (mostly used for proteins and peptides):
Eluent A: 0.1% TFA in water, 5% acetonitrile.
Eluent B: 0.1% TFA in acetonitrile (maximum 80%).
Eluent A is added to the column first followed by eluent B in which the protein is

eluted. The buffers need to be filtered through a 0.22 μm filter to remove particulates
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and degassed under vacuum before use. Composition of elution buffers used is
dependent on the choice of base matrix [24].

Eluted protein is then run on SDS-PAGE for determination of purity. Clean
fractions are either used immediately for studies that are previously designed or
are flash-frozen for long-term storage.

Step 5: Column Regeneration and Storage
Common protocol followed for cleaning a reversed phase column is as follows:

• At a low flow rate equilibrate the column with mobile phase A, which is 0.1%
TFA in water.

• Run a gradient through the column from 100% mobile phase A to 100% mobile
phase B (mobile phase B is 0.1% TFA in 2-propanol).

• Equilibrate the column with 100% mobile phase B and then bring it back to 100%
mobile phase A.

• Equilibrate the column with the mobile phase buffer used for next round of
purification. If the mobile phase used for purification has a composition which
differs significantly from mobile phase A in which the column is present (step 3),
the new mobile phase must be introduced into the column slowly in a linear
gradient.

The columns are generally stored in 20% ethanol at 4 �C. Seal the column well to
prevent drying of the column.

9.3.4 Some Important Factors that Govern Optimum Separation
and Resolution in RPC

9.3.4.1 Length of the Separation Column
Unlike smaller peptides, the separation of larger proteins using reversed phase
chromatography is not much dependent on the length of the column. Since desorp-
tion of large proteins takes place in a very narrow concentration range of organic
solvent used for elution, the column length does not make any difference in
improving the resolution of the reversed phase chromatography [25]. Moreover,
use of gradients of the organic solvent as mobile phase further reduces the depen-
dency on column length for higher resolution.

9.3.4.2 Flow Rate
Flow rate is often thought to have an effect on resolution of separated molecules in
column chromatography. For reversed phase separation, lower flow rates decrease
the resolution for larger molecules, although opposite effect is observed for separa-
tion of smaller molecules. This might be due to occurrence of longitudinal diffusion
of larger molecules if they are retained for a larger amount of time due to lower flow
rates [26].
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9.3.4.3 Temperature
Temperature has an effect on the viscosity of the mobile phase used for separation;
the latter has more profound effect on smaller peptides compared to protein
molecules.

9.3.4.4 Mobile Phase
The mobile phase or buffer in reversed phase chromatography comprises commonly
used organic solvents/modifiers such as acetonitrile and methanol. Isopropanol is
used at times to enhance the elution strength. Tetrahydrofuran is another type of
organic modifier used for elution. In addition, the mobile phase usually contains low
levels of trifluoroacetic or phosphoric acid. The role of the acids is to protonate the
matrix and form ion pairs with the eluates. Ion-pairing agents such as perchlorate can
be used at neutral pH.

Any organic solvent used should not absorb in the UV range since elution of
sample is majorly detected by UV absorbance. Generally, acetonitrile or ethanol in
water serves as the best options since they do not interfere with the absorption
measurements of proteins and peptides [27].

9.3.4.5 Gradient Elution
Gradient refers to a range of different concentrations of the organic solvent used as
the mobile phase. The gradient of the organic modifier is such that at the start of the
gradient, the organic modifier is highly polar (more aqueous content) and proceeds
towards a less polar (less aqueous content) state. A broad gradient is usually
preferred when the parameters for reversed phase chromatography are to be
standardized [28].

9.3.4.6 Retention of Proteins
The retention strength increases roughly with the size and the hydrophobicity of a
given substance. In case of proteins and larger polypeptides, the prediction of the
retention behavior becomes difficult due to the complexity of their three-dimensional
structures. Moreover, under the conditions of RPC with its acidic and hydro-organic
mobile phases, many proteins tend to denature and unfold either partially or
completely when adsorbed on the resin. Oxidation, deamidation, aggregation, and
fractionation are also possible. The use of RPC in preparative work commonly
requires refolding of the protein into its native configuration after separation.
Although challenging, this has been shown to be possible for a number of peptides
and smaller proteins, which are of interest to the pharmaceutical industry such as
human insulin and human growth hormone (hGH). Moreover, studies have shown
that use of salts in the elution buffer stabilize the native conformation of the proteins
of interest [13]. Nevertheless, purifying larger proteins in their native forms by RPC
is still a big challenge and needs further technical advancements in the field.
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9.3.5 Different Uses of RPC

9.3.5.1 Desalting and Protein Concentration
The major drawback of chromatographic techniques like gel filtration is sample
dilution. However, with RPC that relies on the principle of adsorption, the protein
gets concentrated while being eluted. Furthermore, sample concentration gets cou-
pled with buffer exchange or desalting and the concentrated macromolecules or
elutes are collected in organic solvents of low polarity [29].

9.3.5.2 High Resolution Separations
It is often possible to obtain high resolution separation with RPC due to its robust-
ness. Such applications include separation of individual peptide fragments from an
enzymatically digested protein sample. Certain parameters need special attention
such as column flow rate, column length, and the mobile phase composition to
achieve such high resolution [18].

9.3.5.3 Large Scale Preparative Purification
High resolution separation combined with scaling up is used for large scale protein
purifications. The purification is first standardized on a smaller bead size matrix and
then scaled up retaining the selectivity of the matrix by using larger bead size [30].

9.3.6 Applications

RPC has found applications in many analytical and preparative biochemical
separations of hydrophobic biomolecules with good quality resolution and recovery.
Thus, it is has become one of the most routinely applied separation techniques for
specific needs in protein laboratories today. It is mostly used as a polishing step
when all the conventional chromatographic techniques such as affinity, IEC, and
GFC do not produce desired level of purity for certain proteins with high hydropho-
bic contents.

9.4 Hydrophobic Interaction Chromatography

As discussed above, RPC helps in the separation and purification of hydrophobic
(nonpolar) moieties based on hydrophobic interactions between the matrix and the
analyte. One more technique that makes use of a similar principle for separation of
hydrophobic protein molecules is hydrophobic interaction chromatography (HIC).
The main difference between HIC and RPC is that, the latter uses less stringent
conditions and binding affinity between the stationary phase and the
macromolecules is less.
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9.4.1 Principle of Hydrophobic Interactions

Protein folding is a very organized and ordered process in which they fold by
minimizing the exposure of nonpolar (hydrophobic) residues to water [31, 32]. In
this process of minimizing the exposure to water, the protein molecules tend to
associate with each other and aggregate in order to achieve thermodynamic stability
that is a state of lower energy [33]. The three-dimensional structure of a protein is the
result of intra- and intermolecular interactions between their well-formed secondary
structures. The sum of hydrophobic residues in the buried and exposed patches
determines the degree of hydrophobicity of protein. Since the number of hydropho-
bic amino acids varies, their distribution and strength of hydrophobicity are the
characteristic features of each protein, and hence specific separation is performed
with hydrophobic supports or matrices [34].

9.4.2 Difference between RPC and HIC

Unlike RPC, where solutes are adsorbed and separated in the nonpolar stationary
liquid phase, the solutes (proteins) are adsorbed and separated on a stationary solid
phase in HIC [35]. Furthermore, the surface of an RPC medium is more hydrophobic
compared to HIC. HIC works better in more polar and less denaturing environment
(organic solvents) as compared to RPC. The consequence is that, eluted proteins are
mostly denatured in RPC. However, in HIC, care is taken to maintain native
conformations of proteins with minimum structural damage and retention of activity
of enzymes, thus making it more popular in research laboratories compared to RPC.

9.4.3 Principle of HIC

The term Hydrophobic Interaction Chromatography was coined by Hjertén et al. in
1973 [36]. He also described this technique as a salt-mediated separation of proteins.
The separation is largely based on the hydrophobic interactions between the sample
protein and the adsorbent matrix. Addition of salts leads to engagement of water
molecules in solvating predominantly the salt ions, thus significantly reducing the
number of water molecules available for interacting with the hydrophilic amino
acids as shown in Fig. 9.5.

The principle behind interaction of hydrophobic ligands adsorbed onto the
stationary phase and the sample hydrophobic protein is similar to the interaction
between two hydrophobic molecules (proteins) leading to an increase in the overall
entropy as shown in Fig. 9.6 [37].

Thus, addition of salts would either favor or disrupt hydrophobic interactions
depending on their influence on the polarity of the solvent. The influence of these
interactions often follows the Hofmeister series [5]. Hydrophobic interaction pro-
moting anions are listed in the descending order starting from the anion with
maximum strength to increase hydrophobic interactions. Ions that promote
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hydrophobic interactions are termed as lyotropes and those that disrupt these
interactions are termed as chaotropes [38]. The best examples of lyotropic salts
that facilitate hydrophobic interaction in aqueous solution are ammonium sulfate and
sodium chloride. These salts are commonly added when protein purification is done
using HIC [5].

A protein sample is applied onto the HIC column matrix. The sample application
takes place under high salt conditions. High salt conditions aid in promoting

High salt concentra�on

Low salt concentra�on

Highly ordered 
water molecules

Hydrophobic surface

Protein molecules

Less ordered 
water molecules

Fig. 9.5 Effect of salts on hydrophobic interactions: Water molecules shield the hydrophobic
surfaces of protein molecules as well as the matrix ligands. Thus, hydrophobic molecules merge
together so as to minimize the area exposed to water, thereby maximizing the entropy. Addition of
salts enhances the hydrophobic interactions as explained above and control the equilibrium of the
hydrophobic interaction

Self associa�on of proteins leading to 
increase in entropy

Base matrix
(sta�onary phase)

Protein ligand binding leading to 
increase in entropy

Base matrix
(sta�onary phase)

Fig. 9.6 Diagrammatic representation showing that the association of a hydrophobic ligand with
hydrophobic matrix is similar to the association between two hydrophobic proteins driven by an
increase in the entropy
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interactions between the hydrophobic region of protein and the matrix by decreasing
the solvation of the sample. This phenomenon is often called “salting out of
proteins” [39]. More the hydrophobicity of the sample, lesser the salt needed. Elution
buffer contains a lower salt concentration to elute the sample. Organic modifiers or
mild detergents are sometimes added to the elution buffer to help in efficient elution
of the bound protein. Organic solvents help in the elution of proteins that are tightly
bound onto the matrix by altering the polarity of the mobile phase and thus help in
weakening the interaction [40].

9.4.4 Some Important Factors that Govern the Optimum
Separation and Resolution in HIC

9.4.4.1 Stationary Phase
In HIC, hydrophobic ligands are immobilized on stationary phase that is known as
the base matrix. Common examples of base matrices for stationary phase include
agarose, polystyrene-divinyl benzene, methacrylate, and silica. Ligands with varying
degrees of hydrophobicity are commercially available that are coupled to the base
matrix for adsorbing the protein. Hydrophobicity in stationary phases differs
according to the type of ligand used, ligand chain length, ligand density, and the
type of solid support/matrix [5]. For example, short n-alkyl hydrocarbons as shown
in Table 9.2 are the most preferred ligands as they possess a pure hydrophobic
character that helps in protein separation at a high resolution. Aryls (phenyl groups
added onto the matrix as ligands) are sometimes used as ligands as they promote
both hydrophobic and aromatic interactions. They lack overall charge, do not exhibit
pure hydrophobic character, and are a mixture of hydrophobic and aromatic
characters. The hydrophobicity of stationary phase and the strength of interaction
increases with the increase in number of n-alkyl residues [5].

Another factor affecting the strength of hydrophobic interactions between
immobilized ligand and protein is ligand density, also known as ligand loading.
Although protein surface hydrophobicity is considered the most influencing factor, it
is the size of the protein that determines the relationship between ligand density and
protein retention. Ligand density can be manipulated to obtain distinct types of
stationary phases with different selectivity and binding capacities [41, 42].

Table 9.2 List of popular commercially used matrices for HIC along with the ligands that can be
conjugated to the matrices for enhancing hydrophobic interactions [5]

Matrix name
Base matrix
material Ligands used for attachment

SOURCE 15 Polystyrene/
divinylbenzene

Phenyl group, Butyl groups, Octyl group, Ether
group, Isopropyl group

Sepharose high
performance

6% Agarose

Sepharose fast flow 6% Agarose

Sepharose fast flow 4% Agarose
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9.4.4.2 Matrix
Matrix of the HIC column contributes significantly towards the degree of hydropho-
bic interaction [43]. An inert matrix with high binding capacity ensures minimum
nonspecific interactions with the sample. Furthermore, a matrix with high physical
and chemical stability stays unaltered under extreme conditions such as high salt
concentrations. The most widely used supports are hydrophilic carbohydrates (e.g.,
cross-linked agarose), silica, or synthetic copolymer materials (polystyrene/
divinylbenzene). Using the same type of ligand, the selectivity of the stationary
phases can bring about a change in function and use of the different types of
supports. The initial HIC matrix was made of polysaccharides such as agarose,
cellulose, and dextran. These matrices were extensively used for conventional HIC
but the drawback of using these matrices was that they could withstand only low
pressure. Nowadays, inorganic supports like silica- or polymer-based HIC columns
are generally used. Some commercially available solid supports as well as the latest
silica-based porous particles are available with alkyl-amide or butyl phases
[43]. State-of-the-art columns can now withstand pressure drop of up to
100–400 bar. Table 9.2 below summarizes the commercially available matrices
for HIC.

9.4.4.3 Mobile Phase
Characteristics of mobile phase such as type and concentration of salt used, pH,
temperature, and presence of additives greatly influence the selectivity and retention
in HIC. Different types of salts have the ability to increase hydrophobic interactions
depending on their type and concentration. The addition of these salts increases the
protein-ligand interaction in HIC. The effect of different salt concentration on
protein precipitation follows the order in the lyotropic series, also known as
Hofmeister series (Table 9.3) for protein precipitation from aqueous solution
[5]. In this series, salts are arranged based on their decreasing ability of protein
precipitation. In general, sodium, potassium, and ammonium sulfates produce high
precipitation effect by increasing ligand protein interactions as well as stabilize
protein structure. Apart from salt type, another important parameter that influences
the HIC retention is salt concentration. The binding of protein onto HIC matrix will
increase linearly at a specific salt concentration and will continue to increase in an
exponential manner at higher concentrations. On the basis of their position in
lyotropic series, different salt concentration is required to produce same precipitation
effect. Stronger salts are required in low concentration (1–1.5 M), whereas weaker
salts are required at higher concentrations (3–5 M) to maintain same retention. The
salts used in HIC must have high solubility in order to avoid salt precipitation when
used at higher concentrations.

Table 9.3 List of anions and cations in the Hofmeister series that act as lyotropes and chaotropes
[5]

Anions PO4
3� > SO4

2� > CH3COO� > Cl� > Br� > NO3
� > CLO4

� > I� > SCN�

Cations NH4
+ > Rb+ > K+ > Na+ > Cs+ > li+ > Mg2+ > Ca2+ > Ba2+
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In the table above, the anions and cations listed are in the order of decreasing
strength of hydrophobic interactions (decreasing lyotropic strength). Thus, phos-
phate and ammonium ions have a strong tendency to promote hydrophobic
interactions and are strong lyotropes. The lyotropic strength decreases from left to
right for both cations and anions and thus the ions towards extreme right do not
promote hydrophobic interactions effectively.

9.4.4.4 pH
The role of pH on protein retention in HIC is complex. Generally, the hydrophobic
interactions between the ligand and proteins decrease with increase in pH (up to
9–10), which is due to increase in hydrophilicity resulting from altered protein
charge. On the other hand, there is increase in hydrophobic interactions with
decrease in pH. However, it is usually observed that retention of proteins in HIC
changes drastically at pH range of 5–8.5, and this shift is protein dependent as the
overall charge on every protein is distinct [44]. This suggests that this characteristic
could be optimally harnessed for efficient protein purification by HIC.

9.4.4.5 Temperature
The binding of protein on the adsorbent in HIC is an entropy-driven process. By
increasing the temperature, there is an increase in the interactions between the
protein and the adsorbent. The strength of van der Waals forces that contribute to
hydrophobic interactions increases with increasing temperature. However, an oppos-
ing effect can be seen because of the effect of temperature on the conformational
state of different proteins and their solubility. So, the purification process that is
developed at room temperature might not replicate in the cold room or vice versa.
This parameter can also be modulated during elution step to achieve weaker
interactions and separate protein under milder conditions without denaturation [45].

9.4.4.6 Additives
Addition of additives has various effects on the purification process. They not only
improve protein solubility or modify its conformation but also aid in the elution
process [46]. For example, adding a low concentration of water-miscible alcohol
(ethanol), detergents (Triton-X-100), and chaotropic salts to the mobile phase results
in weakening of protein-ligand interaction. The nonpolar region of alcohol and salts
competes for the ligands, resulting in displacement of bound protein from the ligand.
Chaotropic salts assist in decrease in retention of protein via disruption of the
structure of protein. At higher concentration, these salts can denature protein or
make them nonfunctional. Therefore, use of the chaotropes in the elution buffer is
only done when there is quite strong hydrophobic interaction between protein and
the ligand or during column cleaning.
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9.4.5 Sample Preparation for HIC

For the target protein to bind onto the HIC adsorbent, the buffer that contains the
protein sample must have a high salt concentration. The type of salt and its precise
concentration should be standardized to prevent precipitation and obtain optimum
yield [47]. Salt concentrations within the range of 0.5–2.0 M are widely used in HIC.
The concentration of salt may be greater than 2.0 M only when a stronger binding is
needed and the protein is stable in the presence of such high salt concentration [48].

Note: Use of extreme buffer pH should be avoided to maintain a stable interaction
between protein and the adsorbent.

9.4.6 Overview of Important Steps in HIC

Basic steps of protein separation remain the same for RPC and HIC. Given below is a
brief description of some important purification steps for HIC.

9.4.6.1 Equilibration of HIC Column
The buffer used for equilibration is the same in which the protein is kept for binding.
The salt concentration and the pH of the buffer should be such that the protein binds
to the column. The flow rate is maintained in a way that the adsorbent remains stable.
The range of flow rates that can be used are often mentioned by the manufacturer’s
guidelines. The velocity of the buffer flowing through the column is usually
maintained between 50 and 300 cm/h [5, 49].

9.4.6.2 Protein Loading
In this step, the protein is allowed to bind onto the adsorbent under optimal pH and
salt concentrations that would promote hydrophobic interactions. The nonspecifi-
cally bound proteins are washed away in the buffer washes that are given before the
protein is eluted due to their lesser affinity towards resin. 3–10 CVs of washes can be
given to get rid of the impurities. The salt concentration used for washing steps is
intermediate to that of the loading and the elution steps [5].

9.4.6.3 Elution of the Bound Protein
The routinely used method of elution comprises a buffer with a decreasing gradient
of salt concentration for separation of the protein of interest from the impurities and
subsequent elution from the resin (adsorbent). The salt concentration gradient helps
in decreasing the affinity between the bound protein and the adsorbent, thus aiding in
the elution step. Alternatively, in another approach, the impurities are allowed to
wash away in the elution steps, while the protein of interest stays bound to the
column [5]. Apart from this, use of organic solvents, chaotropic agents, and
detergents is also possible as described below.

There are four ways of collecting the elutes from the column [5]:
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1. Using a decreasing salt concentration gradient—such conditions help in decreas-
ing the hydrophobic interactions between the bound protein and adsorbent and
facilitates desorption of the protein.

2. Use of organic solvents—such solvents often termed as the organic modifiers
(e.g., acetonitrile and isopropanol) change the polarity of the solvent, thus helping
in the elution of the bound protein.

3. Use of chaotropic salt is another way to disrupt hydrophobic interactions.
4. Use of detergents—these have been widely used specifically to purify membrane

proteins using HIC. Detergents are known as protein displacers and help in
eluting the protein from the column.

It is important to note that proteins can also be eluted under denaturing conditions
(presence of high amounts of organic solvents) where the native conformation is not
retained. However, this approach is advisable either when the protein’s native
structure and/or its function is not of prime importance or there is a possibility of
refolding the protein back to its native form (reversible change in conformation) post
purification. However, if the biological activity of the protein is not of concern, then
strong alcoholic eluents can be used.

9.4.6.4 Column Regeneration
The adsorbents in HIC can be used for multiple rounds of purification. Therefore, to
increase their durability, the resins need to be regenerated after few rounds of protein
purification. The cleaning methods employed and the reagents used for cleaning
should be suitable for the base matrix and the ligands used, as their stability is to be
maintained. 6 M guanidine hydrochloride is often used and preferred for removing
the tightly bound proteins from the matrix. If detergents have been used in
the purification buffers, they are often removed by adding ethanol or methanol in
the regeneration step. Caustic solution of 1 M NaOH is used for sanitization of the
matrix. Post regeneration, the column is stored in the storage solution as mentioned
in the guidelines given by the manufacturer [5]. The caveat to be followed is that the
storage solution should not impair the stability of the base matrix and the hydropho-
bic ligands used.

9.4.7 Standard Protocol for HIC

Step 1: Preparation for Purification
This step is required to decide the buffer system and the salt that would be used for
the protein to bind onto the column. Salt concentration used should be such that the
protein binds effectively onto the column and at the same time should not precipitate.
The range of salt concentration used is from 0.5 to 2.0 M and the pH between
5 and 7.
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Step 2: Column Equilibration
Any of the columns mentioned in Table 9.2 can be used for HIC since these columns
are stable enough to withstand harsh conditions like high salt concentration and pH.

Equilibrate the column in the same buffer in which the protein is present. Give 3–5
column washes with the buffer maintaining the flow rate between 50 and 300 cm/h.
The pH and the salt concentration should be optimum for binding the protein.

The duration of equilibration step is 2 h.
Following options for equilibration buffers can be explored for a protein purifi-

cation on HIC column.

1. 50-mM Phosphate (Na2HPO4 and NaH2PO4) + 3-M Ammonium Sulfate, pH 7.0
Ammonium sulfate is the preferred salt when the protein to be separated does not
bind effectively to the resin. It is a precipitant that favors hydrophobic
interactions [5].

2. 50-mM Phosphate (Na2HPO4 and NaH2PO4) + 3-M sodium chloride, pH 5.0
Sodium chloride can be used when the protein has a strong hydrophobic character
by itself. Moreover, if the pH is kept low, it further promotes hydrophobic
interactions since the acidic groups interact with charged amino acids that may
interfere with the hydrophobic interactions [5].

Step 3: Loading Protein onto the HIC Matrix
The protein sample is loaded onto the HIC column and allowed to bind. After an
interval of 1–2 h, the column is washed with 3–10 CVs of equilibration buffer used
in previous step to get rid of impurities.

Wash buffer composition used:
50 mM Phosphate buffer (Na2HPO4 and NaH2PO4), pH 7.0.
Make up the volume to 1 l with purified water and filter through 0.2-μm filter. Set

the pH to 7.0.
The wash buffers may or may not contain salt. If it contains salt, its concentration

should be less than the protein loading buffer.

Step 4: Elution
A decreasing linear salt gradient of about 10 CVs is used for protein elution from
column. The fractions are collected and analyzed for the presence of protein either by
measuring the absorbance at 254 nm or by running the elutes on an SDS gel.

Elution buffers used are:

1. 50-mM Phosphate (Na2HPO4 and NaH2PO4) + 0–1.0 M Ammonium Sulfate,
pH 7.0

2. 50-mM Phosphate (Na2HPO4 and NaH2PO4) + 0–1.0 M Sodium Chloride,
pH 7.0
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The salt concentration here is lowered for the protein to elute from the resin. Rest
of the buffer composition remains the same as that used for column equilibration.

Step 5: Column Regeneration and Storage
The reusable column is regenerated after few rounds of purification as described
above and stored in 20% ethanol for next round of purification.

The important steps in HIC are mentioned in Fig. 9.7 below.

9.4.8 Applications

HIC that exploits the hydrophobic interaction of proteins has been widely used in
combination with other purification strategies that separates according to parameters
that include size (Gel filtration), charge (Ion exchange chromatography), and ligand
affinity (Affinity chromatography). The order in which different purification
techniques are combined determines the outcome of the separation process.

9.4.8.1 HIC in Combination with Ion Exchange Chromatography
HIC could be used along with Ion exchange chromatography. Since both of these
techniques work on the principle of hydrophobic interactions and charge, respec-
tively, the eluted material from IE column can be directly loaded with minimal
sample treatment onto HIC columns. For example, recombinant HIV reverse tran-
scriptase was purified using multistep purification strategy involving ion exchange,
ammonium sulfate precipitation, and HIC [50]. Here, the protein of interest is first
purified using IEX by applying the lysate directly to the column. After this first step
of purification based on charge, the hydrophobic protein was concentrated using
ammonium sulfate precipitation and loaded onto the HIC column for further
purification.

9.4.8.2 HIC in Combination with Gel Filtration Chromatography
HIC provides an efficient way of concentrating a sample using a strong salt solution
like ammonium sulfate and this serves as a major advantage of using this technique
prior to gel filtration where sample volume is limited and a high concentration is
required. Also, a hydrophobic protein is not effectively purified on GFC resins;
hence an HIC step before GFC becomes important. Here, the protein purified from
the HIC resin is concentrated using ammonium sulfate and applied onto the GFC
resin. This purification strategy was successfully employed for purification of human
pituitary prolactin protein [51].

9.4.8.3 HIC for Studying Changes in Protein Conformation
HIC can also be used to identify any change in the protein conformation since it may
alter the physicochemical properties including hydrophobicity of protein. This
alteration with respect to hydrophobicity parameter can be explored by HIC. This
is because any change in the protein conformation may result in the rearrangement of
hydrophobic residues affecting the binding of the protein onto the HIC resin. For
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example, conformational isomers of α2�macroglobin were separated by HIC using
this principle [5]. However, the major drawback of HIC arises when the binding is
too strong and elution buffer requires organic solvents and detergents. This leads to
protein denaturation as previously discussed [5].

9.4.9 Recent Modifications and Improvements in HIC

9.4.9.1 Dual Salt Load Conditioning
As the name suggests, this is a modification of the process in which two salts are
used for increased binding and protein purity. In one of the applications in which two
salts, phosphate and citrate were used showed nearly two-to-three-fold increase in
binding capacity of the protein. Also, the product quality (purity) was comparable
and same as that obtained when only one of the salts was used. The increase in
protein binding to the column was due to increased exposure of hydrophobic
surfaces of the protein when two different salts are used [5].

9.4.9.2 Improved Resins
High quality resins developed recently have been shown to have a very good binding
capacity due to optimal resin pore size, which aids in more than 90% protein
recovery from the column. The most recent type of resin termed monolith is
considered to be the fourth-generation matrix [5]. Monolith resins are produced by
polymerizing a liquid precursor into a continuous porous matrix in which the
particles are coalesced. The advantage of using monolith is that it enables the
scientists to control two parameters together:

• Advantage of optimizing the nature of material and its porosity that would in turn
affect the separation.

• Allows scientists to optimize and control the pore size of the resins that in turn
affects the permeability of the material. Controlling the pore size also allows
regulation of pressure fluctuations in the column.

Though these columns allow a faster rate of separation, one of the drawbacks of
using monolith is its lower binding capacity due to reduced surface area [5].

9.4.9.3 Membrane HIC
Another recent advancement in HIC is the use of membranes instead of resins as they
are found to provide an increased flow rate [52]. Membranes also have the advantage
of lower processing times and lesser buffer volume as compared to the resin.
Membranes have often been used to get rid of impurities that interfere with the
purity of the desired protein. Cellulose membranes have been widely used for protein
and enzyme purification with some common hydrophobic ligands like octyl, butyl,
phenyl groups and polyethylene glycol. Use of membranes for HIC made the process
significantly faster.
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9.4.9.4 Flow Through Mode
The flow through mode has been applied to HIC to make it a high throughput
technique [5]. In this mode, the impurities and the aggregates are retained onto the
membrane and the product of interest flows through the column. The aggregates and
the impurities have more affinity towards the resin than the product; hence they are
retained and eventually are separated from the desired product. This modified
technique has many advantages over conventional HIC including requirement of
less salt in elution buffer and elimination of gradient elution step.

9.4.10 Advantages of Using HIC

Some of the proteins have the tendency to aggregate and hence these aggregates
need to be separated from their desirable monomeric form. HIC is the best tool that
can be used to separate such aggregates as it is more efficient in providing superior
selectivity in separation of misfolded proteins [5].

One of the disadvantages of HIC is the use of high salt concentration for
enhancing the hydrophobic interactions. The high salt concentration might interfere
with the downstream processing and further biophysical and functional
characterizations.

9.5 Conclusion

Reversed Phase Chromatography (RPC) and Hydrophobic Interaction Chromatog-
raphy (HIC) have found wide applications at the lab research level. Purification of
hydrophobic proteins has been a challenge for researchers, which was majorly
overcome with the help of RPC and HIC. To cater to the unmet needs of recombinant
hydrophobic protein purifications, several research endeavors have been undertaken
for improvement in the RPC and HIC techniques. As a consequence, newly designed
columns have become more robust in operations and protein recovery. Despite few
shortcomings, RPC and HIC, combined with other conventional chromatographic
techniques, have helped researchers to purify many hydrophobic proteins with very
high purity.

9.6 Troubleshooting for RPC and HIC

Problem Cause Solution

1. Clogged column Presence of protein aggregates
and particulates

Replace column, use 10% dextran
sulfate or 3%
Polyvinylpyrrolidone (PVP) to
remove particulates before
chromatography

(continued)
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Problem Cause Solution

Protein precipitates formed due to
removal of stabilizing agents
from the buffer system

Clean/regenerate the column, use
different eluent that maintains the
protein in stable state

2. Protein does not
elute in the organic
solvent gradient

pH of the buffer is not maintained Adjust the pH so that the protein
remains stable

3. Low resolution Selectivity of the matrix is poor
Column is overloaded Flow rate
is too high

Change the ion-pairing agent (e.g.,
TFA)
Clean/regenerate the column; load
less sample
Decrease the flow rate to get well-
resolved peaks

4. Cracks in packed
bed

Air leak in the column creating
excess pressure

Check for leaks in the column,
repack the column

Acknowledgments The authors thank Advanced Centre for Treatment, Research and Education in
Cancer (ACTREC) for providing necessary infrastructure and resources for successful completion
of the chapter. The authors acknowledge Ms. Chanda Baisane, Bose Lab, ACTREC for formatting
the manuscript.

Problems

Multiple Choice Questions
1. A mobile phase with high eluotropic strength would lead to:

(a) Tighter binding between protein and matrix
(b) Faster elution of the protein from matrix
(c) No effect on elution
(d) Lowering the resolving capacity

2. Ion-pairing agents are used for:
(a) Enhancing elution
(b) Increasing resolving capacity
(c) Enhancing hydrophobic interactions between matrix and protein
(d) Equilibrating the matrix

3. One of the advantages of HIC over RPC is:
(a) It helps in the separation of hydrophobic proteins
(b) It has high resolving capacity
(c) It uses nonpolar mobile phase for elution
(d) It does not denature protein
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Subjective Questions
1. A moderately hydrophobic protein was separated using HIC in 50 mM

phosphate buffer (Na2HPO4 and NaH2PO4), 100 mM NaCl at pH 7.0. It
was found that the protein yield was very less after performing HIC. What
parameters should be changed or worked upon to increase the yield of the
protein?

2. A hydrophobic protein was purified by RPC for which 0.1% TFA
(trifluoroacetic acid) in water, pH 2.0 (buffer A) and 10 mM NaOH in
water, pH 12 (buffer B) were used as equilibration buffers. A 10–60%
gradient of acetonitrile was used as the organic modifier for elution. The
eluates contained negligible amount of the target protein. Also, there were a
few impurities along with the desired protein. What could be the probable
solution for these issues?

References

1. Berg JM, Tymoczko JL, Stryer L. Biochemistry. 5th ed. New York: W H Freeman; 2002.
2. Crabb JW, Heilmeyer LMG. Micropreparative protein purification by reversed-phase high-

performance liquid chromatography. J Chromatogr. 1984;296:129–41.
3. Fausnaugh JL, Kennedy LA, Regnier FE. Comparison of hydrophobic-interaction and reversed-

phase chromatography of proteins. J Chromatogr. 1984;317:141–55.
4. Malmsten M. Ellipsometry studies of the effects of surface hydrophobicity on protein adsorp-

tion. Colloids Surf B: Biointerfaces. 1995;3(5):297–308.
5. McCue JT. Chapter 25: Theory and use of hydrophobic interaction chromatography in protein

purification applications. In: Burgess RR, Deutscher MP, editors. Methods in enzymology.
New York: Academic Press; 2009. p. 405–14.

6. Rifai N, Wittwer ARHCT, Hoofnagle A. Principles and applications of clinical mass spectrom-
etry, small molecules, peptides, and pathogens. 1st ed. Netherland: Elsevier; 2018.

7. Patel HB, Jefferies TM. Eluotropic strength of solvents: prediction and use in reversed-phase
high-performance liquid chromatography. J Chromatogr A. 1987;389:21–32.

8. Aguilar M-I. Reversed-phase high-performance liquid chromatography. In: Aguilar M-I, editor.
HPLC of peptides and proteins: methods and protocols. Totowa, NJ: Springer New York; 2004.
p. 9–22.

9. Josic D, Kovac S. Reversed-phase high performance liquid chromatography of proteins. Curr
Protoc Protein Sci. 2010;61:8.7.1–8.7.22.

10. Mehta A. Principle of reversed-phase chromatography HPLC/UPLC. 2012. https://
pharmaxchange.info/2012/12/principle-of-reversed-phase-chromatography-hplcuplc-with-ani
mation/.

11. Reversed phase chromatography, principles and methods. Buckinghamshire: Amersham
Biosciences.

12. Shabram P, Scandella C. Adenoviral vectors for gene therapy. New York: Academic Press;
2016.

13. McNay JL, O’Connell JP, Fernandez EJ. Protein unfolding during reversed-phase chromatog-
raphy: II. Role of salt type and ionic strength. Biotechnol Bioeng. 2001;76(3):233–40.

9 Protein Purification by Reversed Phase Chromatography and Hydrophobic. . . 245

https://pharmaxchange.info/2012/12/principle-of-reversed-phase-chromatography-hplcuplc-with-animation/
https://pharmaxchange.info/2012/12/principle-of-reversed-phase-chromatography-hplcuplc-with-animation/
https://pharmaxchange.info/2012/12/principle-of-reversed-phase-chromatography-hplcuplc-with-animation/


14. Horvath C, Melander W. Liquid chromatography with Hydrocarbonaceous bonded phases;
theory and practice of reversed phase chromatography. J Chromatogr Sci. 1977;15(9):393–404.

15. Janson J-C. Protein purification: principles, high resolution methods, and applications, Methods
of biochemical analysis, vol. 54. New York: John Wiley & Sons; 2011.

16. Schellinger AP, Carr PW. Isocratic and gradient elution chromatography: a comparison in terms
of speed, retention reproducibility and quantitation. J Chromatogr A. 2006;1109(2):253–66.

17. Field JK, Euerby MR, Petersson P. Investigation into reversed phase chromatography peptide
separation systems part II: an evaluation of the robustness of a protocol for column
characterisation. J Chromatogr A. 2019;1603:102–12.

18. Dorsey JG, Dill KA. The molecular mechanism of retention in reversed-phase liquid chroma-
tography. Chem Rev. 1989;89(2):331–46.

19. Valkó K, Snyder LR, Glajch JL. Retention in reversed-phase liquid chromatography as a
function of mobile-phase composition. J Chromatogr A. 1993;656(1):501–20.

20. Davankov VA, et al. Hypercrosslinked polystyrene as a novel type of high-performance liquid
chromatography column packing material: mechanisms of retention. J Chromatogr A. 2003;987
(1):67–75.

21. Shen C-H. Quantification and analysis of proteins. In: Diagnostic Molecular Biology.
New York: Academic Press; 2019.

22. Mant CT, Zhou NE, Hodges RS. Correlation of protein retention times in reversed-phase
chromatography with polypeptide chain length and hydrophobicity. J Chromatogr
A. 1989;476:363–75.

23. Guo D, Mant CT, Hodges RS. Effects of ion-pairing reagents on the prediction of peptide
retention in reversed-phase high-resolution liquid chromatography. J Chromatogr
A. 1987;386:205–22.

24. Jennissen HP, Heilmeyer LMG. General aspects of hydrophobic chromatography. Adsorption
and elution characteristics of some skeletal muscle enzymes. Biochemistry. 1975;14(4):754–60.

25. Bietz JA. Separation of cereal proteins by reversed-phase high-performance liquid chromatog-
raphy. J Chromatogr A. 1983;255:219–38.

26. McCalley DV. Effect of temperature and flow-rate on analysis of basic compounds in high-
performance liquid chromatography using a reversed-phase column. J Chromatogr A. 2000;902
(2):311–21.

27. Brettschneider F, et al. Replacement of acetonitrile by ethanol as solvent in reversed phase
chromatography of biomolecules. J Chromatogr B. 2010;878(9):763–8.

28. Snyder LR, Dolan JW, Gant JR. Gradient elution in high-performance liquid chromatography:
I. Theoretical basis for reversed-phase systems. J Chromatogr A. 1979;165(1):3–30.

29. Pohl T, Kamp RM. Desalting and concentration of proteins in dilute solution using reversed-
phase high-performance liquid chromatography. Anal Biochem. 1987;160(2):388–91.

30. DeAmicis C, et al. Comparison of preparative reversed phase liquid chromatography and
countercurrent chromatography for the kilogram scale purification of crude spinetoram insecti-
cide. J Chromatogr A. 2011;1218(36):6122–7.

31. Chandler D. Interfaces and the driving force of hydrophobic assembly. Nature. 2005;437
(7059):640–7.

32. Pace CN, et al. Forces contributing to the conformational stability of proteins. FASEB
J. 1996;10(1):75–83.

33. Schauperl M, et al. enthalpic and entropic contributions to hydrophobicity. J Chem Theory
Comput. 2016;12(9):4600–10.

34. Queiroz JA, Tomaz CT, Cabral JMS. Hydrophobic interaction chromatography of proteins. J
Biotechnol. 2001;87(2):143–59.

35. Fausnaugh JL, Kennedy LA, Regnier FE. Comparison of hydrophobic-interaction and reversed-
phase chromatography of proteins. J Chromatogr A. 1984;317:141–55.

36. Eriksson KO, et al. Application of high-performance chromatographic and electrophoretic
methods to the purification and characterization of glucose oxidase and catalase from Penicil-
lium chrysogenum. J Chromatogr. 1987;397:239–49.

246 R. Kulkarni and K. Bose



37. Breiten B, et al. Water networks contribute to enthalpy/entropy compensation in protein-ligand
binding. J Am Chem Soc. 2013;135(41):15579–84. (1520–5126 (Electronic))

38. Collins KD. Ions from the Hofmeister series and osmolytes: effects on proteins in solution and
in the crystallization process. Methods. 2004;34(3):300–11.

39. Curtis RA, et al. Protein-protein interactions in concentrated electrolyte solutions. Biotechnol
Bioeng. 2002;79(4):367–80. (0006–3592 (Print))

40. Arakawa T, et al. Solvent modulation of column chromatography. Protein Pept Lett. 2008;15
(6):544–55. (0929–8665 (Print))

41. Lin F-Y, et al. Microcalorimetric studies of interactions between proteins and hydrophobic
ligands in hydrophobic interaction chromatography: effects of ligand chain length, density and
the amount of bound protein. J Chromatogr A. 2000;872(1):37–47.

42. Deitcher RW, et al. A new thermodynamic model describes the effects of ligand density and
type, salt concentration and protein species in hydrophobic interaction chromatography. J
Chromatogr A. 2010;1217(2):199–208.

43. Ochoa JL. Hydrophobic (interaction) chromatography. Methods Mol Biol. 2011;681:431–7.
(0300–9084 (Print))

44. Xia F, Nagrath D, Cramer SM. Effect of pH changes on water release values in hydrophobic
interaction chromatographic systems. J Chromatogr A. 2005;1079(1):229–35.

45. Haidacher D, Vailaya A, Horváth C. Temperature effects in hydrophobic interaction chroma-
tography. Proc Natl Acad Sci. 1996;93(6):2290.

46. Shukla AA, et al. Preparative purification of a recombinant protein by hydrophobic interaction
chromatography: modulation of selectivity by the use of chaotropic additives. Biotechnol Prog.
2002;18(3):556–64.

47. Senczuk AM, et al. Hydrophobic interaction chromatography in dual salt system increases
protein binding capacity. Biotechnol Bioeng. 2009;103(5):930–5.

48. Szepesy L, Rippel G. Comparison and evaluation of HIC columns of different hydrophobicity.
Chromatographia. 1992;34(5):391–7.

49. McCalley DV. A study of column equilibration time in hydrophilic interaction chromatography.
J Chromatogr A. 2018;1554:61–70.

50. Unge T, et al. Expression, purification, and crystallization of the HIV-1 reverse transcriptase
(RT). AIDS Res Hum Retrovir. 1990;6(11):1297–303.

51. Department of Molecular Biology & Biotechnology. Protocols and tips in protein purification.
Sheffield: The University of Sheffield; 2002.

52. Ghosh R. Separation of proteins using hydrophobic interaction membrane chromatography. J
Chromatogr A. 2001;923(1–2):59–64. (0021–9673 (Print))

9 Protein Purification by Reversed Phase Chromatography and Hydrophobic. . . 247



Purification of Difficult Proteins 10
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Abstract

Protein expression and purification have been reviewed comprehensively over the
years by researchers. Despite the advances in technology made in this field of
research, a huge number of proteins still baffle researchers by the difficulty posed
in producing sufficient amounts of protein amenable for downstream processes
such as structural and biochemical studies. Membrane proteins are an important
case in point. This chapter compiles the most popular resources available for the
production of a few categories of challenging proteins. While a number of
strategies have been described to tackle the problems of expression and purifica-
tion, an optimal protocol well suited for a specific protein is usually a result of
extensive screening.
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10.1 Introduction

Recombinant protein production technology has revolutionized the field of
biological and biomedical science. It has not only made it possible to produce
large amounts of proteins that might be limited in their natural sources, but also
provide material for use in functional, structural, and biochemical studies [1]. More-
over, recombinant proteins are being increasingly used for a number of medical
conditions (such as insulin) and even produced at an industrial scale [2]. It is indeed
intriguing that de novo proteins not found in nature are also being produced with the
long-term goal of developing multifunctional drug vehicles at the nanoscale range
[3, 4]. Despite the advances in technology, protein production has often hit
roadblocks. While facing the task of purification of proteins one might come across
proteins that “misbehave.” Problems might include negligible expression, poor
yield, aggregation, denaturation, improper folding, toxicity, or nonfunctionality to
mention a few [5, 6].

These “difficult-to-purify” proteins can be classified into different groups and the
most prominent categories include membrane proteins, toxic proteins, and inclusion
bodies. Membrane proteins in this regard need special mention as they comprise
30% of the cell’s protein pool and more than 50% of currently available drugs in the
market [7, 8]. Nonetheless, this category of proteins is notorious for the challenges it
presents during production and as a result a great deal of information is available
from investigators who have optimized ideal conditions for expression and purifica-
tion. Due to the diverse nature of proteins belonging to a particular group, develop-
ing a generalized protocol suited for purification is almost an impossible feat to
achieve and every protocol needs to be customized for the protein of interest.
However, this chapter attempts to highlight key clues to approach the purification
of difficult-to-purify proteins with a special focus on membrane proteins. In addition,
two other categories, namely toxic proteins and inclusion bodies, will be briefly
discussed. Note should be taken that the procedures employed for the latter two
categories often overlap with that of membrane proteins and have been described in
common unless otherwise indicated.

10.2 Types of Challenging Proteins and their Purification

10.2.1 Membrane Proteins

10.2.1.1 Overview
Membrane proteins (MPs) constitute around one third of a cell’s proteins in living
organisms and are important targets for over half of all drugs [7]. They participate in
important biological processes such as cell signaling, molecular transport, photosyn-
thesis, bioenergetic processes, and catalysis [9, 10]. Structurally, they can be broadly
classified into four main categories: Peripheral, Amphitropic, Lipid-linked, and
Integral (Fig. 10.1) [9–11].
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Peripheral Proteins
Peripheral proteins do not penetrate the width of the lipid membrane and are loosely
attached on the surface through electrostatic interactions or hydrogen bonds
[10]. Therefore, these proteins can be easily removed by changes made in pH or
salt concentration and rendered water soluble. Cytochrome c and MBP are two
common examples of peripheral proteins [12, 13]. Cytochrome c readily dissociates
from the mitochondrial membrane by treatment with 0.15 M KCl, thereby
demonstrating the ease with which peripheral proteins can be separated.

Amphitropic Proteins
Amphitropic proteins are a relatively new class of proteins, which exhibit dual
nature, i.e., they can shuttle between a globular water-soluble and a loosely
membrane-bound form through electrostatic and hydrophobic forces [9, 14]. The
shift in form happens through a conformation change triggered by modifications
such as phosphorylation, acylation, or ligand binding, which in turn exposes a
previously hidden membrane binding site on the protein. Subsequently, contact
with the membrane is made by inserting a hydrophobic stretch of amino acids,
such as alpha-helix, into the lipid bilayer. Colicin A, Alpha-hemolysin, and globular
pyruvate oxidase from Escherichia coli are some classic examples of amphoteric
proteins.

Lipid-linked Proteins
Lipid-linked proteins are proteins that are tethered to the membrane through one or
more lipid groups that are covalently attached to them [9, 10]. These proteins are
usually covalently modified by three different types of lipids, isoprenoid groups,
fatty acyl groups, and glycoinositol phospholipids (GPIs), and are referred to as
“prenylated,” “fatty acylated,” and “GPI-linked,” respectively.

Peripheral 
Membrane Protein

Peripheral 
Membrane Protein Integral Protein

Transmembrane 
Protein

Fig. 10.1 Types of membrane proteins. The cartoon represents a biological lipid bilayer in which
membrane proteins are embedded. The peripheral proteins are loosely attached to one side of the
membrane (outer or inner), while the integral proteins remain deeply embedded. The integral
proteins that span the entire lipid layer are known as transmembrane proteins
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Integral Membrane Proteins
Integral membrane proteins are characterized by regions that help permanently lock
them into the plasma membrane [9, 10]. They can exist in different forms: type I
integral membrane protein, type II integral membrane protein, C-terminally
anchored integral membrane protein, type II signal anchored protein and a
multi-spanning membrane protein based on the orientation and mode of integration
of the hydrophobic region of these proteins. Depending on the number of times the
membrane-spanning domain passes through the plasma membrane, they are referred
to as bitopic (single pass) or polytopic (multi pass). On the other hand, integral
proteins that remain associated with just one side of the membrane are known as
monotopic, for example, prostaglandin H2 syntheses 1 and 2 [9]. The nonpolar
interaction forces between the membrane spanning hydrophobic regions and the
lipid bilayer counter the forces trying to push this region out into a water-filled area
ensuring that the integral proteins stay in place and never leave the membrane. These
proteins can be removed only by detergents, nonpolar solvents, and denaturants that
disrupt the hydrophobic interactions in the plasma membrane and are therefore
relatively difficult to isolate (Fig. 10.2). Functionally, they act as channels,
transporters, and receptors and are often involved in cell adhesion [9, 11]. Examples
of such proteins include Integrins, Insulin receptors, and Cadherins [15, 16].

10.2.1.2 Problems Encountered
A number of factors make the expression, purification, crystallization, and structure
resolution of membrane proteins difficult such as their relatively hydrophobic
surfaces, flexibility, low levels of expression, and instability [6]. Naturally, mem-
brane proteins exist in very low abundance that makes purification from their natural
sources challenging. Moreover, overexpression in other model systems often leads
to low expression or production of nonfunctional proteins due to inadequate mem-
brane insertion and protein folding apart from the possibility of leading to cell
toxicity (Fig. 10.3) [17]. Choosing an appropriate expression system is therefore a
crucial step in this process. Purification of membrane proteins is challenging since
they are embedded in the lipid bilayer. Furthermore, protein purification handling
and analysis involves procedures that have been designed for aqueous environments
[6, 17]. Solubilization may be accompanied with drastic protein loss due to aggre-
gation/denaturation and/or loss of activity which present further challenges in
characterizing these molecules.

10.2.1.3 Conventional Strategies Employed for Purification
A successful strategy includes the selection of appropriate host strain, vector,
promoter, selection markers, optimal gene sequence and methods employed for
expression and purification of such proteins [18]. The following sections succinctly
describe all of the necessary steps involved.

Source
Natural: In case the membrane proteins are produced abundantly in their natural
source, a highly specific initial purification method that does not require a tag is
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Detergent treatment for 
membrane protein solubiliza�on

Detergent micelle Membrane lipid-detergent 
hybrid micelle 

Detergent-enclosed membrane protein

Purifying detergent-protein complex 
(By Centrifuga�on, Chromatography, 
etc.)

Replacing detergent with membrane lipids

Intact fragment of 
cell membrane 

Integral membrane 
proteins

Detergent

Membrane 
lipid
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Fig. 10.2 Solubilization of integral proteins by detergents. The schematic diagram represents the
steps involved in integral protein solubilization from the membrane using detergents. (a) Low
concentrations of detergent are used to perturb the membrane generating micelles containing lipid,
protein, and detergent. (b) These complexes are subsequently purified by centrifugation, chroma-
tography, etc. (c) The excess detergents are then removed to prevent complications in downstream
purification processes by transferring the membrane protein into a liposome or into a different
detergent
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employed. Ion exchange chromatography is usually used in combination with other
classical chromatography methods with gel filtration as the final purification step.
The final step is usually beneficial in removing aggregates and impurities while
simultaneously allowing for buffer exchange. For example, Bovine Rhodopsin, a
G-coupled protein receptor (GPCR), is purified from bovine retina where the protein
is expressed in high levels [19]. However, the use of natural sources can be limiting
if the protein is expressed in low amounts naturally. Furthermore, it does not provide
the possibility of genetically modifying these proteins either for easy purification or
labeling for nuclear magnetic resonance (NMR)/crystallographic studies.

Heterologous hosts: Recombinant membrane proteins can alternately be
expressed in a variety of hosts that can be either prokaryotic or eukaryotic. E. coli,
Rhodobacter spp., and Lactococcus lactis are common examples of prokaryotic
systems whereas yeast, insect, and mammalian cells serve as eukaryotic hosts [20–
22].

Expression Systems
Maximizing membrane protein expression requires choosing the most appropriate
combination of key elements such as the vector and expression host. Conventional
cloning methods have evolved to allow parallel expression screening through rapid
cloning of genes into multiple expression vectors simultaneously. For example,
Gateway technology is based on site-specific recombination by bacteriophage
lambda to integrate DNA into bacterial chromosome. The integration is catalyzed
by Int/IHF enzymes between att recombination sites. The process is reversible and

Cloning and expression of 
eukaryo�c gene in bacterial 

cell

Properly folded protein

Improperly folded 
protein

Inclusion Bodies

Eukaryo�c Cell

Bacterial Cell

Fig. 10.3 Misfolding of proteins in heterologous protein expression. The figure highlights the
problem of protein misfolding encountered during heterologous expression of eukaryotic genes in
prokaryotic hosts (bacterial cell). There are multiple reasons for misfolding and may happen due to
inadequate membrane insertion, lack of appropriate posttranslational modifications, or absence of
folding aids such as chaperones. These may lead to formation of insoluble inclusion bodies in the
bacterial host or lead to cell toxicity
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excision is catalyzed by the Xis enzyme. This method is widely used to clone
membrane protein (MP) ORFs into vectors [23]. Creator and the fragment exchange
(FX) cloning are some of the other widely used techniques for high-throughput
cloning of MPs [24]. The Creator system uses the Cre-loxP recombinase method to
rapidly transfer gene of interest into multiple expression vectors [25]. The FX
cloning system on the other hand uses Type IIS restriction enzyme and negative
selection markers to clone into “initial cloning vectors” with different antibiotic
resistances. The ORF can be subcloned from these initial vectors to several different
expression host vectors readily [26]. However, it is impossible to predict if a protein
of interest will express sufficiently and be easily purified or characterized. Therefore,
once the gene of interest is cloned in expression vectors, it is ideal to test different
expression systems for production of MPs. Moreover, it is also important to keep in
mind that each of these systems has its pros and cons.

Prokaryotic Cells
Prokaryotic cells such as E. coli, R. sphaeroides, and Lactococcus lactis are pre-
ferred choices for expression of membrane proteins (both prokaryotic and eukaryotic
MPs) due to the range of advantages they offer [20–22, 27]. It is quick, cheap and
easy to use. It also allows for rapid screening of constructs for high yield. However,
these systems have certain limitations when it involves heterologous production of
MPs, which include the absence of posttranslational modifications, toxicity, and the
requirement of codon-optimized genes [28]. Although, the high costs of the eukary-
otic expression systems for eukaryotic MP production have paved the way for cost-
effective bacterial-based alternatives.

Over time, the E. coli system still remains a favorite since it is easy to grow and
innumerable genetic/molecular/biochemical methods have been optimized for MP
production in E. coli. The BL21 (DE3) strain is driven by the lacUV5 promoter and
the bacteriophage T7 RNA polymerase (T7 RNAP) [29]. This leads to the synthesis
of more mRNA and therefore more protein. However, overproduction of MPs can
often lead to cell toxicity or integration into inclusion bodies which may not yield
functional proteins after extraction and refolding. Hence a number of strains were
developed to minimize this effect and increase MP yields. The C41 (DE3) and C43
(DE3) strains, which are derivatives of BL21 (DE3), were developed to produce
“toxic” membrane proteins by lowering the expression of T7 RNAP [30]. Similarly,
the Lemo21 (DE3) strain fine tunes the expression of T7 RNAP by encoding the T7
Lys gene under control of a rhamnose promoter. The T7 RNAP expression in turn
provides a broad range of expression for the protein of interest. GFP-fusions of MPs
have been successfully produced in Lemo21 systems, which also ensure that the
proteins are well folded for further structural/functional assays. BL21 (DE3) pLysS,
BL21 (DE3) Codon Plus, and Rosetta™ 2(DE3) cells have also been used success-
fully in the homologous and heterologous production of membrane proteins [30].

L. lactis, a gram-positive lactic acid bacterium, compatible with a wide range of
expression vectors and inducible promoters, is also used for MP production such as
the human KDEL receptor [20]. L. lactis has multiple features that are advantageous
for the production of MPs [20]. Its slower growth rate helps difficult proteins to fold
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properly, allows co-production of chaperones along with MPs, expression of
multiple plasmids, and aids incorporation of amino acid derivatives (such as
Seleno-methionine) in MPs produced for further structural characterization. Another
gram-positive bacterium, B. subtilis, which is widely used for production of secre-
tory proteins, has now been modified to eliminate its stress-responsive systems to
make this system amenable to large amounts of MP production [30]. With a large
variety of hosts available for MP production, it is always preferable to choose a host
system that closely resembles the natural host of the target MP.

Eukaryotic Cells
Yields of eukaryotic membrane proteins in prokaryotic hosts are usually not suffi-
cient for functional and structural studies. Therefore, eukaryotic hosts are increas-
ingly used for the production of eukaryotic MPs. S. frugiperda, HEK 293, and yeast
cells including S. cerevisiae and P. pastoris have been used for the production of
MPs, which constitute around 26% of all eukaryotic membrane proteins [31, 32].

MP production in yeast is fast (however, needs longer time than bacteria),
economical, easy to cultivate, amenable to genetic modifications, and also provides
for posttranslational modifications that are absent in bacteria such as disulfide-bond
formation, prenylation, phosphorylation, acylation, and O- and N-linked glycosyla-
tion [33]. Adenosine A2A and the histamine H1 GPCRs from P. pastoris have been
successfully characterized [34, 35]. P. pastoris is able to produce large amounts of
protein due to its ability of reducing production of toxic ethanol [32]. Additionally, it
can be grown in bioreactors to maximize yield. Protein production in this system is
also governed by methanol-inducible promoters, which result in high yield without
the need for a high copy number gene. S. cerevisiae, on the other hand, has been
extensively studied as a host strain and therefore a number of genetic and biochemi-
cal methods have been standardized for optimal protein production [31, 33]. Rat
TRPV2 channel and human GLUT1 glucose transporter in complex with cytochala-
sin are MPs that have been characterized from S. cerevisiae [36, 37] . The ability of
S. cerevisiae for in vivo homologous recombination also makes it well suited for
high-throughput production of MPs.

Higher eukaryotic hosts such as baculovirus/insect cells and various mammalian
cells are frequently used for the production of eukaryotic MPs especially when
PTMs and native folding are important [38]. Moreover, they provide a more native
lipid environment for proper protein function. Insect Spodoptera frugiperda (Sf9,
Sf21) and Trichoplusia ni (Hi5) infected by the baculovirus Autographa californica
multinucleopolyhedrovirus (AcMNPV) are the most commonly used systems for
membrane protein expression [39]. Baculovirus systems are also safe since they do
not infect mammals. The lytic, dsDNA virus is noninfectious and its promoters are
inactive in mammalian cells. However, it is relatively expensive to use this system
due to its complex metabolism mechanism and inability to grow in minimal medium.
It is also expensive to produce isotope-enriched proteins for advanced structural
characterization like NMR [30]. Chinese hamster ovary cells (CHO), human embry-
onic kidney cells (HEK293), baby hamster kidney cells (BHK-21), and monkey
kidney fibroblast cells (COS-7) are some commonly used mammalian cell lines
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[40]. Yield is usually low and varies widely depending on the MP of interest. Also,
they are quite expensive in producing sufficient amounts of target protein for
structural analysis. These systems are used for MPs that require specific PTMs
and/or subcellular environments for optimal folding and activity, which is not
possible in prokaryotes or lower eukaryotes.

Cell-free (CF) Expression System
This system is rapidly becoming a fast, efficient, open, and inexpensive method for
production of membrane proteins directly into detergent micelles without the
limitations of conventional expression systems described earlier [41]. It also solves
the problems of protein translocation into the lipid bilayer, yield (>1–2 mg/mL),
background expression, and detergent compatibility. Moreover, this system operates
over short reaction times and small volumes. The ease with which CF allows the
labeling of proteins (fluorescent amino acids, seleno-methionine, 15N/13C) or the
addition of protein-specific supplements such as substrates, chaperones, inhibitors,
and coenzymes makes it an attractive system as well [41].

CF systems can be differentiated on the basis of a variety of factors such as kinds
of extracts used, method of expression, and type of reaction setup [42]. The most
commonly used extracts are Escherichia coli, wheat germs, insect, yeast, CHO,
HeLa cells, and rabbit reticulocytes. However, only a specific type of posttransla-
tional modification/(s) may be allowed in each of these systems, which could be
limiting, e.g., di-sulfide bridges (E. coli, wheat germ) and glycosylations
(reticulocytes). MPs such as epidermal growth factor receptor proteins, transporters,
and KcsA potassium channel have been successfully expressed in CHO, E. coli, and
insect CF systems, respectively. MPs can be produced in CFs as precipitates in a
non-hydrophobic environment, called precipitate mode. In detergent-based mode,
they are produced directly in detergent micelles where they remain soluble. Lastly, in
lipid-based mode, they are produced within liposomes and may be integrated into
them. Reaction setups consist of either the one- or the two-compartment system (aka
continuous exchange CF method) where the reaction mix is separated by a semi-
permeable membrane from a feeding mixture containing low molecular weight
compounds that are continually exchanged between the two compartments.

In CF systems, the cell line of choice is cultured and lysed keeping the ribosomal
activity in the lysate intact. The cell extract is subsequently prepared from the lysates
using different clarifying methods and then used to produce the protein of interest
[43]. During extract preparation, the presence of exogenous (supplemented) or
endogenous microsomes (consisting of endoplasmic reticulum fragments) assists
correct folding of membrane proteins, which is crucial to the process. For example,
rabbit reticulocyte, wheat germ, and E. coli require exogenous addition of micro-
somal structures for membrane protein production during extract preparation, while
HeLa, CHO, and insect platforms are equipped with endogenous microsomes
resulting from rupturing of their endoplasmic reticulum. While the CF platforms
may vary depending on the organism used, the basic steps of the process remain the
same [44].
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CF expression kits provide an easy method of production of MPs and contain
individually purified components required for transcription and translation. They
complete protein synthesis in just 2–4 h and can be set up easily. The most integral
components of this method are the genetic material and the reaction mixture. The
genetic material containing the protein of interest can be linear, circular, or a PCR
fragment. The essential components of this template include in-frame start-stop
codons, a suitable promoter sequence, upstream ribosome binding site (RBS),
downstream spacer, and a terminator. mRNA can serve as template too; however
pre-processing is required in eukaryotic systems to yield a mature mRNA. In CF
expression, the commercially available vectors already have the required features for
optimal transcription and translation incorporated in them that minimizes the hassles
of complex processing steps. The reaction mix contains the transcriptional and
translational machinery including RNA polymerase, ribosomes, tRNA, amino
acids, cofactors, energy source, and cellular components for adequate protein fold-
ing. These are mostly derived from cell extracts. The general methodology involves
thawing the expression components on ice: cell extract, RNase inhibitor, RNA
polymerase, protein synthesis reaction buffer (nucleotides, amino acids and energy
source). This is followed by adding the components in the required ratio to make a
working reaction mix, and incubation at 37 �C with shaking for 2–4 h. The proteins
can thereafter be analyzed by SDS-PAGE or western blot. Usually, a 50 μL reaction
yields 0.5 mg/mL of protein. The protein of interest can be subsequently purified
using affinity chromatography such as Ni-NTA column.

Summary of the Expression Systems
A brief summary of the popular expression systems along with their advantages and
disadvantages have been tabulated below (Table 10.1) [28, 30, 33, 42, 44–47].

Techniques for Purification

Construct Design
One of the most important criteria in membrane protein production is the design of
the expression construct with focus on promoter strength and fusion tags. The
construct should help in optimal transcription, translation, and translocation of
protein to the membrane followed by easy detection and isolation. It is also impor-
tant that the design should not alter the structure–function of the protein grossly. An
ideal expression vector includes a selection marker, an origin for replication, and a
suitable promoter-terminator flanking the sequence.

Sequences, Tags, and Cleavage Sites
Signal sequences, which are short N-terminal amino acid stretches targeting the
protein to the membrane, are often added or modified since they have a huge effect
on protein production and help increase expression [30]. For example, a signal
sequence named “α-mating factor pre-pro-sequence” is used for expression in
P. pastoris and S. cerevisiae to increase secretion [48]. Similarly, protein coding
sequences are often modified to facilitate higher yield of protein for structural
studies. Two commonly used approaches include the introduction of single or
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Table 10.1 A brief summary of expression systems

Expression
system Cell lines and popular strains Advantages Disadvantages

Prokaryotic E. coli
C41 (DE3), C43 (DE3):
express MPs and toxic proteins
from various organisms.
BL21 (DE3) pLysS: has p15A
origin, pLysS plasmid
produces T7 lysozyme to
control range of expression,
suitable for MPs and toxic
proteins.
BL21 (DE3) CodonPlus:
carries extra copies of the argU,
ileY, and leuW tRNA genes.
The tRNAs encoded by these
genes recognize the
AGA/AGG (arginine), AUA
(isoleucine), and CUA
(leucine) codons.
Rosetta2 (DE3): universal
translation due to 7 additional
tRNAs for rare codons.
Lemo21 (DE3): Rhamnose-
dependent tunable T7 RNAP
expression, reduces inclusion
body formation, suitable for
MPs and toxic proteins, when
grown without rhamnose it is
same as pLysS containing
strain.

1. Fast growth
2. Inexpensive
3. High yield
4. Easy to culture
5. Suitable for
bioreactors
6. Amenable to genetic
and biochemical
modifications to
optimize yield
7. Allows cheap NMR
active isotope labeling

1. Minimal PTMs
available
2. Overexpression
may lead to
inclusion bodies
3. Codon usage
different from
eukaryotes

L. lactis
NZ9700, NZ9700: nisin-
controlled gene expression
system (NICE) for production
of MPs.

B. subtilis
B. subtilis168 with
overexpression of SecDF,
B. subtilis WB600 with
co-expression of GroES,
DnaK, PrsA are some
engineered strains for high
yield of heterologous proteins.

Lower
Eukaryotic

Saccharomyces cerevisiae
BJ2168, DSY-5: protease-
deficient strains used in
structural characterization

1. Relatively fast
growth
2. Inexpensive
3. High yield
4. Suitable for
bioreactors
5. Eukaryotic PTMs
available.

1. Glycosylation
not same as
mammalian cells
2. Culture time
more than bacteriaPichia pastoris

SMD1163: codon optimized,
N-linked glycosylation site

(continued)
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multiple point mutations and replacement of unstructured loops with stably folding
domains [30, 45, 49]. These methods are usually aimed at increasing the stabilization
of the proteins and the counter heterogeneity generated by posttranslational PTMs.
Both these methods have been used to crystallize GPCRs from insect and bacterial
cell lines [30].

Epitope tags and fusion partners make the task of detection and purification
simple and quick. Carboxy-terminal (C-terminal) tags along with signal peptides at
the N-terminus are preferred while designing constructs [45, 49]. Multiple tags have
also been advantageous as is the case with GPCRs. It is advisable to insert a cleavage

Table 10.1 (continued)

Expression
system Cell lines and popular strains Advantages Disadvantages

6. Suitable for secreted
or intracellular proteins
7. Allows cheap NMR
active isotope labeling
8. Endotoxins
eliminated
9. Easy to culture

removed
KM71: no modifications

Higher
eukaryotic

Insects
Spodoptera frugiperda
Sf21: derived from pupal
ovarian tissue of the fall army
worm
Sf9: clonal isolate of Sf21
Ideal for easy transfection,
purification of recombinant
proteins

1. High expression
2. Relatively fast
growth
3. Optimal protein
folding
4. Moderately scalable
5. Extensive PTMs
6. Endotoxin-free

1. Expensive
2. Glycosylation
not same as
mammalian cells
3. Viral infection
may lyse cell and
lead to protein
degradation

Mammalian
HEK293: well suited for both
transient and stable
transfection
CHO: good growth in
suspension systems and
bioreactors

1. Good expression
2. Moderately scalable
3. Optimal protein
folding
4. Extensive PTMs
5. Endotoxin-free

1. Expensive
2. Complex factors
needed for growth

Cell free Cell extracts used
E. coli, wheat germ,
reticulocytes: minimal
posttranslational modifications
available
Insect, yeast, CHO, HeLa cells:
adequate posttranslational
modifications available

1. Systems are
commercially
available and easy to
set up
2. Scalable
3. Conditions can be
easily optimized
4. Use of non-natural
amino acids/isotope
labeling for NMR
5. PCR products also
serve as template
6. Endotoxin-free

1. Limited PTMs
2. Expensive
3. Good yield
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site between the sequences for easy removal of the tag after purification, if required.
The table below (Table 10.2) summarizes the different tags that are routinely used as
well as their key features.

Cleavage sites are incorporated in constructs to allow the option of removing tags
using site-specific proteolysis by an enzyme [45, 49]. Tobacco etch virus (TEV)
protease, enterokinase, thrombin, and factor Xa have been successfully used for this
purpose [30]. TEV particularly is popular due to its easy production, viability, and
specificity. Chemical reagents for tag removal such as cyanogen bromide (CNBr)
make for a cheap option; however, they are harsh and may affect the protein. These
chemicals have been used for purification of inclusion bodies nonetheless. Inducible
self-cleaving tags have been developed to avoid limitations of the conventional
methods. For example, in the IMPACT™ system, tags rely on an internal sequence
(inteins) that self-excise upon activation and join the remaining portions (exteins) to
produce two independent products [50]. Controlled intracellular processing (CIP)
involves proteolytic cleavage of the tag intracellularly from an independently
expressed tagged protein upon induction

Promoters and Plasmids
In E. coli, most MPs are expressed using the T7 RNA polymerase (T7RNAP), T5-,
ara-, and tet-promoters based system [29, 30]. T7 based expression systems are
compatible with the DE3 gene, whereas the T5 promoter can be paired with any
E. coli strain. Overproduction of MPs can be toxic for the host cells and therefore
repressor systems in E. coli help tune the protein production by different
concentrations of inducers. In the lacI repressor system, the lacI tetramer binds
T7RNAP attachment site (T7 promoter, pT7) and blocks transcription of the gene
[29, 30]. Isopropyl β-D-1-thiogalactopyranoside (IPTG) displaces lacI and triggers
transcription. Additionally, the amount of protein can be titrated using different
concentrations of IPTG. However, basal expression or “leaky” expression of protein
is an issue in the absence of the inducer. In this regard, the ara and tet expression

Table 10.2 Tags used for protein purification

Tag Features

Poly-histidine tag (His) 1. 3–12 residues
2. Small size does not affect protein structure or
function
3. Low toxicity
4. Easy purification using IMAC
5. Well suited for protein-protein interaction studies

FLAG Well suited for protein-protein interaction studies

GFP 1. Easy to monitor protein folding and yield
2. Well suited for protein-protein interaction studies

AviTag 1. Tighter binding
2. Allows biotinylation. Can be used for biotin-
streptavidin interactions

Others: poly-Arg, FLAG, c-myc,
streptavidin-based, GST

1. Easy purification
2. Well-suited for protein-protein interaction studies
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systems provide much stronger repressors [30]. In the ara expression system, araC
dimer (repressor) transcribed from the araC promoter, creates a DNA loop and
blocks both araC and araBAD (pBAD) promoters. Induction by arabinose causes
the displacement of araC and start of transcription from pBAD promoters. This
system allows protein expression strictly when it is induced; however, there is no
scope for tuning the protein expression by varying inducer concentration. In the tet
system, tetR repressor is displaced by tetracycline and tetA codes for antibiotic
resistance to tetracycline. It is also compatible with any E. coli strain. The table
below (Table 10.3) shows some of the popular promoter-plasmid combinations
suitable for MP production.

In yeast, strong inducible (e.g., pAOX1) promoters are used, which trigger
expression only after the cell density has reached an optimal level [45]. This ensures
that cell toxicity is minimal due to leaky expression of toxic MPs. Some commonly
used inducible promoters in yeast are GAL1 (Galactokinase), GAL10 (α-D-galac-
tose-1-phosphateuridyltransferase), and MET25 (O-acetylhomoserine
sulfhydrylase) in S. cerevisiae and AOX1, AOX2, and FLD1 in P. pastoris
[31, 45]. Constitutive promoters (e.g., pGAP: Glyceraldehyde-3-phosphate dehy-
drogenase and pTEF: Translation elongation factor 1) are also not uncommon.
S. cerevisiae make use of high copy number plasmids that make up for promoters
that are weaker than that of P. pastoris

In baculovirus system, pFastBac vector under the control of the strong coat
protein forming promoter (AcMNPV polyhedron promoter) is used [45]. Other
commonly used promoters include p6.9 and p10. While, pFastBac-Dual, pOET,
pVL1392-3, and pBAC-1 are the plasmids of choice compatible with the aforemen-
tioned vectors [30]. For mammalian cells, both transient and stable transfection
methods are compatible. Strong constitutive promoters in mammalian systems
include the human cytomegalovirus (CMV from herpes virus) immediate early
promoter and the simian virus 40 (SV40) early promoter [30]. Inducible systems
make use of the Tet operator sites (TetO) downstream of the CMV promoter. When
induced with tetracycline, TetR repressor is not allowed to bind TetO site allowing
transcription. A variety of plasmids are compatible with the promoters as shown
below (Table 10.4).

Table 10.3 Promoters and plasmids used for membrane protein production in E. coli

Promoter Plasmid Inducer

T7/lac (T7 bacteriophage promoter) pET,
pRSET

IPTG

T5/lac (T7 bacteriophage promoter) pQE IPTG

araBAD (arabinose metabolic operon promoter) pBAD Arabinose

tet (tetracycline promoter) pASK-IBA Anhydrotetracycline
(AHT)

tac (E. coli tryptophan operon and lac operon promoter
derived)

pMAL,
pGEX

IPTG
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Antibiotic and Drug-based Screening
Assessing plasmid stability in a particular bacterial host and medium is a beneficial
step to consider before large-scale production of proteins [28, 51]. The procedure
includes screening of a few independent colonies plated on agar with and without
antibiotic in varying dilutions. Stability is determined by the number of colonies
obtained under both conditions. If number of colonies is the same, it is advisable to
proceed with large-scale preparations. Otherwise reviewing appropriate hosts such
as C41(DE3)/C43(DE3)/Lemo21(DE3)/BL21(DE3) pLysS, which are amenable for
stably expressing genes, is considered prudent before moving on to the next step [28]

Another strategy to screen E. coli strains with higher protein production for MPs
include expressing the gene of interest from two separate plasmids with different
cytoplasmic selection markers, such as one plasmid containing a kanamycin resis-
tance marker and the other plasmid containing a mouse dihydrofolate reductase
(trimethoprim resistant) marker [28]. Colonies screened on appropriate medium with
the two selection drugs are further selected considering that it indicated clones with
increased capability of target protein production. Similarly, MPs with β-lactamase
drug resistance marker have also made it possible to select strains with improved
protein production by screening for increased ampicillin resistance [30]

Culture Growth Conditions
Poor and unmonitored culture conditions can result in reduced cell growth, accumu-
lation of proteins in inclusion bodies, and/or cell toxicity. Some factors that are taken
into consideration for improved yield include lowering the culture temperature,
optimizing the inducer concentration, and choosing a suitable induction time
[30, 47]. Shorter induction time periods work well for MPs since they stand the
risk of autoproteolysis due to cell toxicity. For example, to increase the stability of
plasmids coding MPs when propagated in E. coli, the bacteria may be cultured at
30 �C instead of the usual 37 �C. A dose-dependent screening of inducer concentra-
tion (for example 0.01–2 mM of IPTG) is also beneficial to identify an optimum
expression level of the protein of interest. For large-scale cultures, protocols involv-
ing cell growth to an OD of 0.6–1.0 followed by induction for 1–3 h before
harvesting have also been employed [30, 47]

Table 10.4 Promoters and plasmids used for membrane protein production in yeast

Promoter Type and source of promoter
Compatible
plasmids

CMV Constitutive, human cytomegalovirus pcDNA3.1, pCMV,
pEG
BacMam

EF1a Constitutive, human elongation factor 1 alpha pEF

SV40 Constitutive, simian vacuolating virus 40 PSF-SV40

CMV/
TO

Inducible, hybrid of CMV promoter and tetracycline
operator 2 (TetO2) sites designed for high-level tetracycline-
regulated expression

pcDNA4/TO,
pACMVtetO CMV
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Insect cells grow ideally at 27–28 �C without the need of CO2. Both serum-
containing and serum-free media work well; however, it is advisable not to abruptly
change the type of media, which might lead to loss of cells as they adapt to a specific
medium [52]. Cultures can be in suspension or adherent. Adherent cultures are loose,
so EDTA or harsh trypsinization is not required to detach them. Several different
factors can be optimized for maximum protein production such as cell density, the
ratio of cells to virus, time length of infection, use of protease inhibitors, and
changing growth temperature [52]. These conditions need to be optimized
depending on the protein of interest. In higher eukaryotes, complex media with
nutrients that satisfy the requirements of growth, maintenance, as well as protein
expression is an absolute necessity [52]. Additionally, growth factors such as insulin
or insulin-like growth factor (IGF) are also required. Parameters such as pH,
osmolarity, and redox potential should also be monitored [52]

Detergents and Buffers
Detergents are an important consideration in protein purification since they coat
hydrophobic regions of the protein to allow solubilization by forming micelles.
Chaotropic agents (such as I�, ClO4

�, and SCN�) that disrupt hydrogen bonds
and decrease the hydrophobic effect are also essential in favoring protein disaggre-
gation [53]. It is ideal to use agents that do not disrupt protein structure since the
process of refolding a denatured protein is extremely challenging. A suitable deter-
gent/buffer for purification needs to be determined based on the nature of the protein
and involves a lot of trial and error; more so since the choice of agent may also affect
downstream processes. Buffers containing high salts are also often used as they aid
solubilization by decreasing the electrostatic interactions between proteins and
charged lipids of the membrane. Peripheral proteins are easily dissociated and agents
commonly used for the process include acidic/alkaline buffers, metal chelators
(EDTA, EGTA), chaotropic ions, denaturing agents (8 M urea or 6 M guanidine
hydrochloride), and salt solutions/high ionic strength buffers (1 M NaCl or KCl)
[53, 54]. Integral proteins on the other hand are separated using organic solvents or
detergents (ionic, nonionic, or zwitterionic) [54, 55]. It is imperative that detergent
quality should not be compromised upon and care must be taken to use compatible
additives in the buffer that do not affect detergent solubility, critical micelle concen-
tration (CMC), cloud point, and aggregation number [53–55]. CMC is the cutoff
concentration above which micelles form, whereas cloud point is the temperature at
which micelles aggregate to form a separate phase that is immiscible with the
aqueous phase. A detergent screening step is usually helpful in such cases. Detergent
mixtures can also be tried. Ideally, detergent concentrations should be above the
CMC during solubilization; however, during purification it should be ten times
lower. The following table (Table 10.5) lists some of the detergents routinely used
in purifications.

It is also worthwhile to keep in mind that detergents used for solubilization may
not work well with downstream processes such as biophysical characterization or
crystallization. Therefore, after initial extraction, excess detergent should be
removed or exchanged for an alternative detergent so that it does not affect the
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stability of the proteins. Techniques include chromatographic supports, thorough
washing with buffer, precipitation, ultrafiltration, and dialysis for detergent
exchange or removal [53–55]

10.2.2 Toxic Proteins

10.2.2.1 Overview
Proteins which cause death of host cells on expression or problems in cultivation and
maintenance during the growth phase are termed as toxic proteins [56, 57]. This is a
problem one often encounters with heterologous expression of proteins in E. coli,
even though thousands of proteins have been successfully expressed to very high
levels in BL21 (DE3). E. coli system provides an economical way of mass producing
important/commercial proteins. Therefore, cell toxicity can prove to be a major
impediment to this process. Literature suggests that about 80% recombinant proteins
expressed are toxic to some degree for their hosts, and about 10% of these cause
significant damage [57]. While insoluble and dysfunctional proteins do not belong to
this category, they do increase the metabolic burden of the host cell. However, some
partially soluble or functional proteins may still be toxic to the host cell. A classic
example of such a toxic protein is the mammalian gene bax, a member of the bcl-2
family and a positive modulator of apoptosis [58].

10.2.2.2 Problems Encountered
Protein toxicity can manifest itself in different ways. Obtaining few or no colonies
compared to regular transformation experiments is most likely a sign of toxicity. The
transformation efficiency of vectors coding toxic proteins is significantly lower than
that of control vectors or vectors of nontoxic proteins. Observing a smaller percent-
age of positive clones is also a common phenotype. In E. coli, leaky promoters such
as lac allow some expression of protein in the absence of inducer [30]. This might
lead to plasmid instability and/or loss of plasmid, a common problem with ampicillin
markers. Such cultures grow slowly and cannot reach normal cell density or do not
grow at all. Upon induction, some proteins are so toxic that they inhibit growth and
also kill host cells [57].

Table 10.5 Different types of detergents used for purification of membrane proteins [53]

Type of
detergent Examples

Ionic Cetyltrimethylammonium bromide (CTAB), Sodium cholate, Sodium
deoxycholate

Nonionic N,N-bis(3-D-gluconamidopropyl)cholamide (Big Chap), Octaethylene glycol
monododecyl ether (C12E8), Triton X-100, Triton X-114

Zwitterionic 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS),
3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxypropane-1-sulfonate
(CHAPSO), Dodecyldimethylamine oxide (LDAO)
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10.2.2.3 Conventional Strategies Employed for Purification
Solutions to tackling the problem of cell toxicity include a multipronged strategy.
This includes ways in which the toxic gene can be tolerated by host cells during
growth, efficient expression, and high production of the protein on induction without
killing off the cells (Fig. 10.4).

Plasmid Stability/Toxicity Test
At the very outset, it is advisable to test the culture to determine the fraction of cells
that still carry the target plasmid (plasmid stability). The general method has been
discussed in detail in Sect. 10.2.1.3.7 under “Antibiotic and Drug-Based Screening.”
Similarly, the plasmid toxicity test is a comparison of the number of colonies
obtained on agar plates with and without the inducer. Toxicity is indicated by the
absence of colonies on plates containing antibiotic and inducer despite successful
transformation and growth in the presence of antibiotic. This preliminary test is a
good point to start and decide on adopting an appropriate strategy subsequently.

Expression Hosts
A tight control of toxic gene expression or preventing “leakiness” is one of the key
factors responsible for successful production of toxic proteins in E. coli [57]. In this
regard, some host strains work a great deal better with toxic proteins than the parent
BL21 (DE3) cells. Host strains that include C41 (DE3), C43 (DE3), and Lemo21
(DE3) are well suited for the production of toxic proteins by allowing “tunable”

Using
low copy plasmids

Low expression 
temperaturetemperaturep

Reducing promoter 
usage frequency

Segrega�on in 
inclusion bodies

Secre�on out of 
cytoplasm

REDUCTION OF TOXICITY

LOWERING EXPRESSION LEVELS SAFE LOCALISATION

Fig. 10.4 Overcoming protein toxicity. The figure underscores the multipronged approach
involved in tackling protein toxicity. The left section of the diagram shows how leaky or overall
expression can be lowered until induction by a number of ways such as using low-copy plasmids,
reducing promoter usage frequency, or lowering temperature. Additionally, the right section of the
diagram shows how reduced cell growth or death can be prevented by sequestering toxic proteins in
inclusion bodies or secreting them directly into the cytoplasm
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expression whose features have been covered in great depth in Sect. 10.2.1.3.2 under
“Prokaryotic Cells.” C41(DE3) or C43(DE3) strains particularly can enhance the
plasmid stability for toxic proteins [30]. Some specialized strains not covered in the
aforementioned section have been highlighted in the table below (Table 10.6)
[46, 57].

Construct Design

Promoters, Plasmids, and Tags
Toxic protein production can be regulated by multiple ways. Some of these include:
the use of T7 RNAP with tightly regulated promoters, use of low copy number
plasmids, constitutive expression of phage T7 lysozyme from the pLysS/pLysE
plasmids to reduce basal expression, and the use a strong terminator upstream of
inducible promoter [30, 57]. In case of T7 based promoters and the co-expression of
lysozyme from a compatible pLysS or pLysE, the amount of T7RNAP expressed far
overcomes the effect of the repressor upon subsequent induction by IPTG. The
“leakiness” of lac promoters and how this condition can be salvaged to benefit toxic
protein production has been highlighted in Sect. 10.2.1.3.7 under Construct
Design—Promoters and Plasmids. Moreover, suitable promoters such as the
arabinose promoter and the benefits of pLysS/pLysE plasmids have also been
discussed briefly in the previous sections. Some other vectors not covered earlier
have been highlighted in the table below (Table 10.7) [46, 57].

Large tags such as GST or Trx (thioredoxin) are known to alleviate toxicity.
However, in some cases tags are also known to do otherwise, so choice of tags is

Table 10.6 E. coli strains used for production of toxic proteins

E. coli strains Features

BL21-AI Combination of T7 RNAP and PBAD promoter

PB4144 This strain has a temperature-sensitive allele of the supF suppressor that
converts stop codon UAG to tyrosine

CopyCutter™ and
EPI400™

Can regulate the copy number of ColE1-type plasmids (containing
colicin E1 gene)

ABLE C and ABLE
K

Can reduce the copy number of ColE1-derived plasmids by 4- and
10-fold, respectively

BL21(DE3)NH Ability to tolerate the expression of unstable genes

ECF529, ECF530 Have copies of plasmid replication regulator π controlled by PBAD
promoter, which allows a tight control of the plasmid copy number

Table 10.7 Vectors commonly used for cloning toxic proteins

Vectors Features

pETcoco-1 Allows arabinose-dependent control of copy number

pOU61 Allows thermal control of copy number

pETKmS1, 2, 3 Includes stabilizing sequences

pLAC11, 22, 33 Use of the highly repressible full-length lac promoter-operator region
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extremely important. Expressing only individual/hydrophilic/less toxic domains
instead of the full length protein may solve the problem completely [30, 45,
49]. Alternatively, direct secretion of the protein in the periplasmic space or in the
medium may circumvent the problem of toxic protein accumulation inside the cell
and allow for easy purification. While it might not be a very convenient method,
expressing toxic proteins in inclusion bodies as aggregates is also a strategy that is
sometimes adopted. The aggregated proteins are not toxic and can be recovered by
denaturation and refolding. However, this is a difficult purification strategy since
refolding and obtaining proteins in fully functional form might be quite challenging,
which is discussed in detail in Sect. 10.2.3 under Inclusion bodies.

Culture Conditions
Optimizing culture conditions can help efficient toxic protein expression immensely.
Induction conditions such as induction time, concentration, and temperature can be
manipulated [30, 47, 52]. Induction time should be monitored so as to not exceed
optimum time and cell density to prevent cell death/protein degradation. A range of
inducer concentrations (IPTG 0.1–1.0 mM) should be tested and the lowest concen-
tration allowing optimal expression should be chosen. Very high concentrations
burden the cell’s machinery. Lower concentrations are usually preferred for toxic
proteins. Lower temperatures eliminate protein toxicity and increase protein solubil-
ity. Longer induction time goes well with lower temperatures because of reduced
protein synthesis. A commonly used temperature range includes 25–15 �C.

Antibiotic screening using high concentrations such as up to 200 mg/mL helps in
retaining the expression vector as described in Sect. 10.2.1.3.7 under “Antibiotic and
Drug-Based Screening.” Alternately, use of antibiotic timentin (~75 μg/mL) instead
of ampicillin is also recommended [30]. Growing cultures by directly inoculating
colonies from an agar plate is one of the unconventional methods of growing toxic
proteins. Similarly, addition of 1% glucose to lactose-rich culture medium to repress
induction of the lac promoter by lactose is also used [6, 57].

10.2.3 Inclusion Bodies

10.2.3.1 Overview
Expression of huge amounts of recombinant proteins in E. coli (>2% of total cellular
proteins) sometimes leads to the formation of aggregates referred to as “inclusion
bodies” [59]. They usually gather in the cytoplasm or are secreted in the periplasmic
space if signal sequences are used in the vector coding the proteins. Culture
conditions that might induce formation of inclusion bodies include high temperature,
high inducer of concentration, strong promoters, high copy number of target gene,
high hydrophobicity, lack of eukaryotic chaperones or posttranslational machinery
and reduced environment of bacterial cytosol [60]. Under such conditions, protein
translation rate is unusually high that puts the quality control machinery of the cell
under pressure resulting in the formation of partially folded/misfolded protein
aggregates. However, some advantages of inclusion body production of the target
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protein are high amount and purity. These proteins remain protected in inclusion
bodies away from action of proteolytic enzymes. It also offers a way to produce toxic
proteins without killing the cell. Inclusion bodies can form in yeast, insect, and
mammalian cells as well. E. coli inclusion bodies appear as dense, refractile spheri-
cal/cylindrical particles of 0.2–1.5 μm in diameter with rough or smooth edges.
Found on either one or both poles of the cell, on cell division, they are inherited by
only one of the daughter cells. Interleukin-1β, β-lactamase and Human granulocyte-
colony stimulating factor (GCSF) form inclusion bodies while retaining biological
activity. They also possess secondary structures and are referred to as “non-classical
inclusion bodies” [59].

10.2.3.2 Problems Encountered
Inclusion bodies impose a major hurdle in purifying recombinant proteins from the
host. Purification involves isolation, solubilization, and refolding to yield functional
proteins [61]. Despite technological advances, extraction and refolding yields very
poor yield of final product. Extraction of protein from washed pellets using
chaotropes such as urea and guanidine hydrochloride (GdnHCl) often leads to
complete loss of existing secondary structures and results in aggregation of protein
molecules even during the refolding process [60].

10.2.3.3 Conventional Strategies Employed for Purification
When faced with a problem of inclusion bodies, one can either optimize to make the
target protein soluble or purify protein from the pellets and refold (Fig. 10.5).
Briefly, changes in culture conditions such as reduced temperature, induction time,
inducer concentration, cell density in addition to solubility-increasing tags,
co-expression of chaperonins and use of appropriate expression hosts help in
increasing solubility [60, 62]. Some of these factors have been discussed compre-
hensively in the previous sections. This section focuses specifically on purification
of proteins from solubilized pellets.

Cell Disruption Isolation and Solubilization
Cell rupture methods can be mechanical such as sonication/homogenization, or
chemical (preferred) by use of cell lysis agents such as lysozyme [59, 60]. Inclusion
bodies are separated by centrifugation due to higher density; however, these extracts
are still contaminated with host proteins, cellular debris, and RNA and need to be
washedwith detergents such as deoxycholic acid and Triton X-100 [59, 60]. Addition
of DNase at this stage also removes contaminating DNA. The washed pellets are
then solubilized using denaturants such as urea and guanidine hydrochloride
(GdnHCl). β-mercaptoethanol (BME) or dithiothreitol (DTT) are added to prevent
incorrect formation of disulfide bonds in case the protein contains multiple cysteine
residues [59]. Since high concentration of these reagents often leads to total loss of
protein structure with problems in refolding, a “mild” method of solubilization is
recommended [59]. Mild solubilization using agents such as Tris–HCl buffer, low
concentration of Dimethyl Sulfoxide (DMSO), n-propanol, and sarcosyl is beneficial
for extraction of “non-classical inclusion bodies” with no need for refolding. For
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classical inclusion bodies as well reagents such as lower concentrations of urea,
organic solvents (ethanol, propanol to enhance folding), and high pH buffers in
combination with 2 M urea as well as detergents (SDS, CTAB, N-Lauroylsarcosine,
Lauroyl-L-glutamate) are recommended for mild and efficient solubilization. High
hydrostatic pressure (2–4 kbar) is also an efficient method that works by disrupting
aggregates and molecular interactions of inclusion bodies [59]. Subsequent removal
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Fig. 10.5 Purification of proteins from inclusion bodies. The figure enumerates the basic steps in
purification involving solubilization, extraction, and refolding to yield functional proteins. (a) Cells
are disrupted through mechanical or chemical methods and inclusion bodies are separated by
centrifugation. (b) These are subsequently washed to remove unwanted chemicals, (c) solubilized
using detergents, and (d) renatured or refolded to yield well-folded functional proteins. The
renaturation process usually involves dialysis and/or gel filtration. (e) The renatured proteins are
finally purified using a suitable technique such as chromatography
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of pressure spontaneously aids in refolding of the proteins. Temperature is rarely
used as a primary denaturing agent but reagents such as Gdn-HCl or urea are
commonly used and are more effective at elevated temperatures (37–60 �C)
[59]. However, it is to be noted that no single method works for all target proteins
and choice of reagent needs to be optimized.

Refolding
Refolding of the extracted proteins is achieved by removal of the denaturants and is a
critical step in purification of proteins from inclusion bodies. Denaturant is generally
removed by dilution and dialysis in a refolding buffer [63]. Conventional methods of
dilution and dialysis have many disadvantages such as requirement of huge amounts
of buffer, low yield, aggregation, and unsuitability for large-scale protein production
[64]. These bottlenecks were overcome with recent developments of various chro-
matographic methods allowing on-column refolding. Size exclusion, affinity chro-
matography, and ion exchange are used most extensively, while hydrophobic
interaction chromatography is sparingly used [60, 64]. Size exclusion chromatogra-
phy separates the folded form from the misfolded aggregated proteins on elution,
with the refolding buffer. In other methods, proteins are on immobilized solid
support before refolding [61]. More recent methods make the use of micro-fluidic
chips and urease enzyme. In micro-fluidic chips, the denaturant is passed in a
controlled manner through laminar flow in micro-channels. This allows control
over denaturant concentration and has been used successfully for refolding difficult
proteins like citrate synthase [60, 61, 63]. The urease method involves gradual
removal of urea from the solubilized protein solution mediated by a urease
enzyme-catalyzed reaction, thus reducing the requirement of large volumes of
refolding buffer [60].

Another important criterion is the composition of the refolding buffer. One
strategy that mimics in vivo refolding makes use of pro-peptides in the refolding
buffer to increase the refolding yield [59, 64]. A pro-peptide is generally found
between the signal peptide and the mature part of a polypeptide and helps proteins
fold in vivo. Other strategies use chaperones and other folding catalysts like
peptidylprolyl cis-trans isomerase or protein disulfide isomerase. However, there
is no universal buffer for refolding and the constituents need to be screened for each
protein of interest. One can choose from a variety of additives, which act as refolding
enhancers as listed below (Table 10.8) [59–61].

Table 10.8 List of additives generally used as constituents of refolding buffers for purification of
insoluble proteins

Category Additives

Chaotropes Urea, Guanidine hydrochloride

Amino acids Glycine, Arginine, Proline

Sugars and polyhydric
alcohols

Sucrose, Polyethylene glycol, Sorbitol, Glycerol

Others Sulfobetaines, substituted pyridines and pyrolles, Acid substituted
aminocyclohexanes
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10.3 Case Studies of Challenging Proteins

This section describes simplified protocols collected from literature that have been
optimized for a specific sample. These would provide simple steps for designing and
implementing one’s own protocols for handling challenging proteins.

10.3.1 Purification of the Recombinantly Expressed Membrane
Protein Ammonium Transporter (AmtB) from E. coli

This protocol is an example of a simple and cost-efficient method of efficiently
purifying AmtB for crystallization, by screening the most efficient detergents [65].
A total of 26 detergents, 4 types of chromatography columns, and various buffer
conditions were screened using a 96-well plate format.

10.3.1.1 Materials
1. Expression construct of AmtB gene with N-terminal FLAG and C-terminal 6-His.
2. E. coli C41(DE3) host cells.
3. Detergents: FOS-CHOLINE-10 (FC10), FC11, FC12, HEGA-10, Nonyl

maltoside, Decyl maltoside, Undecyl maltoside, Dodecyl maltoside, CHAPS,
CHAPSO, Nonyl thiomaltoside, Decyl thiomaltoside, Undecyl thiomaltoside,
Dodecyl thiomaltoside, Cymal-6, Cymal-7, LDAO, TDAO, C8E4, C8E6,
C10E5, C10E5, C12E8, Octyl glucoside, Nonyl glucoside, Triton X-100, Triton
X-114.

4. Buffer A (pH 8.0): 20 mM Tris–HCl, 50 mM NaCl, 0.5 mM Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP), 1 mg/mL cell wall disrupting enzyme lyso-
zyme, complete protease inhibitor cocktail EDTA-free and 10 units/mL
endonuclease benzonase.

5. Buffer P (pH 8.0): 20 mM Tris–HCl, 300 mM NaCl, 0.5 mM reducing
agent TCEP.

10.3.1.2 Method
1. Transformed E. coli C41 (DE3) cells were cultured in a shake flask at 37 �C till

an OD600 of 0.8 was reached.
2. The culture was induced with 0.1 mM IPTG at 20 �C overnight.
3. 1 mL aliquots of culture were transferred to a 96-well plate and cells were

harvested by centrifugation at 3000 � g for 10 min.
4. In each well, pellets were resuspended in 50 μL of Buffer A and a detergent

(1–2% concentration) from those listed in materials.
5. Cells were lysed at 4 �C for an hour and the suspension passed through a 96-well

filter plate to remove inclusion bodies and precipitates.
6. Filtrate was added to 25 μL Ni-NTA agarose resin in a 96-well plate format

containing Buffer P and an appropriate detergent.
7. Binding was allowed by 15 min agitation at 4 �C. Unbound material was

removed by centrifugation at 100 � g for 30 s.
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8. The resin was washed with 20 column volumes (CV) of 40 mM imidazole in the
Buffer P containing the appropriate detergent at 100 � g for 30 s. The bound
recombinant membrane proteins were eluted in 30 μL Buffer P containing
500 mM imidazole and the respective detergent, by centrifugation at 100 � g
for 1 min.

9. These samples were then analyzed by dot blot and SDS PAGE. 1 μL of sample
was transferred to nitrocellulose, dried, and the target 6-His-tagged proteins
were detected using western blotting probe [65]. The purity of the samples was
analyzed by SDS–PAGE.

10. The effect of different imidazole concentrations and four different types of metal
affinity columns was also investigated and optimal conditions were chosen for
large-scale purification and crystallization.

11. FC12 at 0.1% and TALON resin were chosen for large-scale purifications. Gel
filtration was also used to improve purity of AmtB. Some other detergents
showing low efficiency were also included in the large-scale purification to
study their effect in purification and crystallization.

12. AmtB was extracted with FC12 and subsequently purified with FC12, UDM,
DDM, Cy6, Cy7, OG, and LDAO.

AmtB crystals appeared in the first screen after 3 days in the presence of DDM and
Cymal-6. The crystals could diffract to �11 Å.

10.3.2 Extraction of Proteins from Inclusion Bodies in E. coli

This protocol describes the solubilization, extraction, and refolding of recombinant
protein from inclusion bodies [66, 67].

10.3.2.1 Materials
1. Reagents: 40% glucose (protein stabilizer), Ampicillin (100 mg/mL), IPTG

(100 mg/mL).
Stock solutions: lysozyme (50 mg/mL), DNase (1 mg/mL in 50% glycerol),
75 mM NaCl, MgCl2 (0.5 M in dH2O to remove impurities).

2. Buffers.
Solution buffer (pH 8.0): 50 mM Tris–Cl, 25% sucrose (protein stabilizer), 1 mM
NaEDTA (chelating agent), 0.1% NaAzide, 10 mM DTT (reducing agent).

Lysis buffer (pH 8.0): 50 mM Tris–Cl, 1% Triton X-100, 1% Na deoxycholate
(ionic detergent), 100 mM NaCl, 0.1% NaAzide (bacteriostatic agent),
10 mM DTT.

Washing buffer with Triton (pH 8.0): 50 mM Tris–Cl, 0.5% Triton X-100,
100 mM NaCl, 1 mM NaEDTA, 0.1% NaAzide, 1 mM DTT.

Washing buffer without Triton (pH 8.0).
Refolding buffer: 100 mM Tris–Cl, 400 mM L-Arginine, 2 mM NaEDTA,

0.5 mM oxidisedglutathione, 5 mM reduced Glutathione, protease inhibitors,
pH 8.0.
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Elution buffer for FPLC (pH 8.0): 150 mM NaCl, 20 mM Tris–Cl pH 8.0.

10.3.2.2 Method
1. Transformed E. coli cells were cultured in a shake flask with glucose and amp

till an OD600 of 0.7 was reached.
2. Culture was induced with IPTG for 3 h and pelleted by centrifugation.
3. Pellet was resuspended in 13 mL solution buffer and sonicated at 50% level 4–5,

30 pulses on ice.
4. To this suspension 100 μL lysozyme, 250 μL DNase I, and 50 μL MgCl2 were

added, vortexed, followed by addition of 12.5 mL lysis buffer.
5. After 30 min at room temperature, 350 μL NaEDTA was added and dropped in

liquid N2. Thereafter, 200 μLMgCl2 was added after thawing sample for 30 min
at 37 �C.

6. When viscosity decreased, 350 μL NaEDTA was added and centrifuged at 4 �C
to retrieve pellet.

7. Pellet was then resuspended in 10 mL washing buffer with Triton, sonicated on
ice, and centrifuged to discard the supernatant.

8. Pellet was again resuspended in 10 mL washing buffer without Triton, sonicated
on ice, and centrifuged to discard the supernatant.

9. Thereafter, pellet was dissolved in 9 mL of 8 M GdnHCL (pH 8.0) with 4 mM
DTT till it dissolved.

10. 1 mL of dissolved protein was added dropwise with a syringe to the refolding
buffer while vigorously stirring.

11. This solution was then stirred slowly for 8 h at 4 �C. Steps 10 and 11 were
repeated twice.

12. Finally sample was filtered and concentrated till 12 mL in a 200 mL concentrator
to get a good concentration of the protein. OD280 was measured.

13. For higher purity, sample was then passed through size exclusion column and
eluted in elution buffer.

14. Samples were then analyzed on SDS-PAGE for purity.

10.4 Conclusion

Recombinant protein production technology has made huge advances over time. An
integral part of this process involves overcoming challenges faced by researchers in
expressing and purifying “difficult” proteins. These types of proteins belong to a
number of categories such as membrane proteins, toxic proteins, inclusion bodies,
monoclonal antibodies, and intrinsically disordered proteins. The amount of litera-
ture available in each category is exhaustive and beyond the scope of a single
chapter. However, the most salient categories of challenging proteins have been
dealt with in this chapter with an aim to summarize the common problems encoun-
tered and the general methods one can use to work around them. These strategies can
be employed at different stages, from as early on as designing a suitable expression
construct to optimizing conditions of purification much later on. While the three
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categories of proteins discussed in the chapter differ in nature, the techniques used
for optimal production of these proteins often overlap. Overall, the conventional
ways to tackle these proteins include an appropriate construct design, optimizing
expression and culture conditions as well utilizing efficient methods and suitable
reagents for purification. Having said that, each protein is unique and these general
strategies need to be modified and customized for each individual candidate.
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Problems

Multiple Choice Questions
1. When designing a construct to adequately express a toxic protein in a host

system which of the following do you need to take into consideration:
(a) A tightly regulated promoter
(b) A low copy number plasmid
(c) Use a tag that alleviates toxicity
(d) All of the above

2. If you were tasked with quickly purifying a large amount of a membrane
protein to study the posttranslational modifications, the system you think
would be best suited for the job would be:
(a) E. coli
(b) Saccharaomyces cerevisiae
(c) Spodoptera frugiperda
(d) Cell-free system

3. Isolation of inclusion bodies can be achieved by:
(a) Centrifugation
(b) Use of detergents
(c) Both A and B
(d) Neither A nor B

Subjective Questions
1. A 30 kDa protein with a PI of 7.0 was expressed in BL21 (DE3) host cells

using a pET28a vector with N- and C-terminal Histidine tags. On
performing an expression check using centrifuged bacterial pellets, the
protein was found to be abundantly produced. However, post-purification
the protein was hardly visible on the SDS-PAGE gel. An expression check

(continued)
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using the supernatant and pellets of the centrifuged cells separately
indicated that the protein was insoluble.
Lysis buffer: 20 mM Tris–Cl (pH 8), 300 mM NaCl, 10 mM Immidazole, 5% Glycerol,
pH 8.

What are some of the steps that could be taken to salvage the protein from the
inclusion bodies?

2. The same protein 30 kDa protein (Q3a) could not be made to express in the
soluble fraction despite trying out multiple strategies. What should be the
best bet at this point?

References

1. Wingfield PT. Overview of the purification of recombinant proteins. Curr Protoc Protein Sci.
2015;80:6.1.1–6.1.35.

2. Pham PV. Chapter 19 - Medical biotechnology: techniques and applications. In: Barh D,
Azevedo V, editors. Omics technologies and bio-engineering. New York: Academic Press;
2018. p. 449–69.

3. Grayson KJ, Anderson JLR. Designed for life: biocompatible de novo designed proteins and
components. J R Soc Interface. 2018;15(145):20180472.

4. Quijano-Rubio A, Ulge UY, Walkey CD, Silva D-A. The advent of de novo proteins for cancer
immunotherapy. Curr Opin Chem Biol. 2020;56:119–28.

5. HjertÉN S, Pan H, Yao K. Some general aspects of the difficulties to purify membrane proteins.
In: Peeters H, editor. Protides of the biological fluids, vol. 29. Netherland: Elsevier; 1982.
p. 15–25.

6. Carpenter EP, Beis K, Cameron AD, Iwata S. Overcoming the challenges of membrane protein
crystallography. Curr Opin Struct Biol. 2008;18(5):581–6.

7. Ott CM, Lingappa VR. Integral membrane protein biosynthesis: why topology is hard to
predict. J Cell Sci. 2002;115(10):2003.

8. Newport TD, Sansom MSP, Stansfeld PJ. The MemProtMD database: a resource for mem-
brane- embedded protein structures and their lipid interactions. Nucleic Acids Res. 2019;47
(D1):D390–D7.

9. Hedin LE, Illergård K, Elofsson A. An introduction to membrane proteins. J Proteome Res.
2011;10(8):3324–31.

10. Yeagle PL. Chapter 10 - Membrane proteins. In: Yeagle PL, editor. The membranes of cells. 3rd
ed. Boston: Academic Press; 2016. p. 219–68.

11. Guo L, Wang S, Li M, Cao Z. Accurate classification of membrane protein types based on
sequence and evolutionary information using deep learning. BMC Bioinform. 2019;20(25):700.

12. Spaar A, Flöck D, Helms V. Association of cytochrome c with membrane-bound cytochrome c
oxidase proceeds parallel to the membrane rather than in bulk solution. Biophys J. 2009;96
(5):1721–32.

13. Hu J, Qin H, Gao FP, Cross TA. A systematic assessment of mature MBP in membrane protein
production: overexpression, membrane targeting and purification. Protein Expr Purif. 2011;80
(1):34–40.

14. Quagliariello E, Palmieri P. Structure and function of membrane proteins. Netherland: Elsevier;
1983. p. II.

15. Maître J-L, Heisenberg C-P. Three functions of cadherins in cell adhesion. Curr Biol. 2013;23
(14):R626–R33.

276 S. Acharya et al.



16. Clemmons DR, Maile LA. Minireview: integral membrane proteins that function coordinately
with the insulin-like growth factor I receptor to regulate intracellular signaling. Endocrinology.
2003;144(5):1664–70.

17. Zorman S, Botte M, Jiang Q, Collinson I, Schaffitzel C. Advances and challenges of membrane-
protein complex production. Curr Opin Struct Biol. 2015;32:123–30. (1879-033X (Electronic))

18. Mancia F, Love J. High-throughput expression and purification of membrane proteins. J Struct
Biol. 2010;172(1):85–93.

19. Blankenship E, Lodowski DT. Rhodopsin purification from dark-adapted bovine retina.
Methods Mol Biol. 2015;1271:21–38. (1940–6029 (Electronic))

20. King MS, Boes C, Kunji ERS. Chapter 4 –Membrane protein expression in Lactococcus lactis.
In: Shukla AK, editor. Methods in enzymology, vol. 556. New York: Academic Press; 2015.
p. 77–97.

21. Schlegel S, Hjelm A, Baumgarten T, Vikström D, de Gier J-W. Bacterial-based membrane
protein production. Biochim Biophys. 2014;1843(8):1739–49.

22. Zoonens M, Miroux B. Expression of membrane proteins at the Escherichia coli membrane for
structural studies. Methods Mol Biol. 2010;601:49–66. (1940–6029 (Electronic))

23. Reece-Hoyes JS, Walhout AJM. Gateway recombinational cloning. Cold Spring Harb Protoc.
2018;2018(1):pdb.top094912-pdb.top.

24. Bruni R, Kloss B. High-throughput cloning and expression of integral membrane proteins in
Escherichia coli. Curr Protoc Protein Sci. 2013;74:29.6.1–29.6.34. (1934–3663 (Electronic))

25. Festa F, Steel J, Bian X, Labaer J. High-throughput cloning and expression library creation for
functional proteomics. Proteomics. 2013;13(9):1381–99.

26. Geertsma ER. FX cloning: a versatile high-throughput cloning system for characterization of
enzyme variants. Methods Mol Biol. 2013;978:133–48. (1940–6029 (Electronic))

27. Erbakan M, Shen YX, Grzelakowski M, Butler PJ, Kumar M, Curtis WR. Molecular cloning,
overexpression and characterization of a novel water channel protein from Rhodobacter
sphaeroides. PLoS One. 2014;9(1):e86830.

28. Rosano GL, Ceccarelli EA. Recombinant protein expression in Escherichia coli: advances and
challenges. Front Microbiol. 2014;5:172. <bacterial-strains-for-protein-expression.pdf>

29. Kesidis A, Depping P, Lode A, Vaitsopoulou A, Bill RM, Goddard AD, et al. Expression of
eukaryotic membrane proteins in eukaryotic and prokaryotic hosts. Methods. 2020;180:3–18.

30. Routledge SJ, Mikaliunaite L, Patel A, Clare M, Cartwright SP, Bawa Z, et al. The synthesis of
recombinant membrane proteins in yeast for structural studies. Methods. 2016;95:26–37.

31. Byrne B. Pichia pastoris as an expression host for membrane protein structural biology. Curr
Opin Struct Biol. 2015;32:9–17.

32. Baghban R, Farajnia S, Rajabibazl M, Ghasemi Y, Mafi A, Hoseinpoor R, et al. Yeast
expression systems: overview and recent advances. Mol Biotechnol. 2019;61(5):365–84.
(1559–0305 (Electronic))

33. Fraser NJ. Expression and functional purification of a glycosylation deficient version of the
human adenosine 2a receptor for structural studies. Protein Expr Purif. 2006;49(1):129–37.
(1046–5928 (Print))

34. Shiroishi M, Kobayashi T, Ogasawara S, Tsujimoto H, Ikeda-Suno C, Iwata S, Shimamura
T. Production of the stable human histamine H1 receptor in Pichia pastoris for structural
determination. Methods. 2011;55(4):281–6. (1095-9130 (Electronic))

35. Moiseenkova-Bell V, Wensel TG. Functional and structural studies of TRP channels heterolo-
gously expressed in budding yeast. Adv Exp Med Biol. 2011;704:25–40.

36. Kapoor K, Finer-Moore JS, Pedersen BP, Caboni L, Waight A, Hillig RC, et al. Mechanism of
inhibition of human glucose transporter GLUT1 is conserved between cytochalasin B and
phenylalanine amides. Proc Natl Acad Sci. 2016;113(17):4711. <CPPS-10-591.pdf>

37. Marheineke K, Grünewald S, Christie W, Reiländer H. Lipid composition of Spodoptera
frugiperda (Sf9) and Trichoplusia ni (Tn) insect cells used for baculovirus infection. FEBS
Lett. 1998;441(1):49–52. (0014–5793 (Print))

38. Ooi A, Wong A, Esau L, Lemtiri-Chlieh F, Gehring C. A guide to transient expression of
membrane proteins in HEK-293 cells for functional characterization. Front Physiol.
2016;7:300.

10 Purification of Difficult Proteins 277



39. Khambhati K, Bhattacharjee G, Gohil N, Braddick D, Kulkarni V, Singh V. Exploring the
potential of cell-free protein synthesis for extending the abilities of biological systems. Front
Bioeng Biotechnol. 2019;7:248.

40. Schneider B, Junge F, Shirokov VA, Durst F, Schwarz D, Dotsch V, et al. Membrane protein
expression in cell-free systems. Methods Mol Biol. 2010;601:165–86.

41. Krinsky N, Kaduri M, Shainsky-Roitman J, Goldfeder M, Ivanir E, Benhar I, et al. A simple and
rapid method for preparing a cell-free bacterial lysate for protein synthesis. PLoS One. 2016;11
(10):e0165137.

42. Gregorio NE, Levine MZ, Oza JP. A user’s guide to cell-free protein synthesis. Methods Protoc.
2019;2:1.

43. He Y, Wang K, Yan N. The recombinant expression systems for structure determination of
eukaryotic membrane proteins. Protein Cell. 2014;5(9):658–72.

44. Bowers LM, LaPoint K, Anthony L, Pluciennik A, Filutowicz M. Bacterial expression system
with tightly regulated gene expression and plasmid copy number. Gene. 2004;340(1):11–8.

45. Kubicek J, Block H, Maertens B, Spriestersbach A, Labahn J. Expression and purification of
membrane proteins. Methods Enzymol. 2014;541:117–40.

46. Lin-Cereghino GP, Stark CM, Kim D, Chang J, Shaheen N, Poerwanto H, et al. The effect of
α-mating factor secretion signal mutations on recombinant protein expression in Pichia pastoris.
Gene. 2013;519(2):311–7.

47. Karyolaimos A, Ampah-Korsah H, Zhang Z, de Gier JW. Shaping Escherichia coli for
recombinant membrane protein production. FEMSMicrobiol Lett. 2018;365:15.<NEB Impact
system.pdf>.<Protein Expression - E.coli - Decreasing Protein Toxicity - EMBL.pdf>

48. Pedro AQ, Queiroz JA, Passarinha LA. Smoothing membrane protein structure determination
by initial upstream stage improvements. Appl Microbiol Biotechnol. 2019;103(14):5483–500.

49. Arnold T, Linke D. The use of detergents to purify membrane proteins. Curr Protoc Protein Sci.
2008;Chapter 4:Unit 4.8.1–4.8.30.

50. Smith SM. Strategies for the purification of membrane proteins. Methods Mol Biol.
2017;1485:389–400.

51. Lin S-H, Guidotti G. Chapter 35 Purification of membrane proteins. Methods Enzymol.
2009;463:619–29. <toxic proteins.pdf>

52. Saïda F, Uzan M, Odaert B, Bontems F. Expression of highly toxic genes in E. coli: special
strategies and genetic tools. Curr Protein Pept Sci. 2006;7(1):47–56. (1389–2037 (Print))

53. Donnelly MI, Stevens PW, Stols L, Su SX, Tollaksen S, Giometti C, et al. Expression of a
highly toxic protein, Bax, in Escherichia coli by attachment of a leader peptide derived from the
GroES cochaperone. Protein Expr Purif. 2001;22(3):422–9.

54. Singh A, Upadhyay V, Upadhyay AK, Singh SM, Panda AK. Protein recovery from inclusion
bodies of Escherichia coli using mild solubilization process. Microb Cell Factories. 2015;14:41.

55. Palmer I, Wingfield PT. Preparation and extraction of insoluble (inclusion-body) proteins from
Escherichia coli. Curr Protoc Protein Sci. 2004;Chapter 6:Unit 6.3.

56. Kumar D. Chromatographic protein refolding/renaturation. In: Reference module in life
sciences. Netherland: Elsevier; 2018. <Applied and Environmental Microbiology-1991-
Strandberg-1669.full.pdf>.

57. Singh SM, Panda AK. Solubilization and refolding of bacterial inclusion body proteins. J Biosci
Bioeng. 2005;99(4):303–10. (1389–1723 (Print))

58. Yamaguchi H, Miyazaki M. Refolding techniques for recovering biologically active recombi-
nant proteins from inclusion bodies. Biomol Ther. 2014;4(1):235–51.

59. Niegowski D, Hedrén M, Nordlund P, Eshaghi S. A simple strategy towards membrane protein
purification and crystallization. Int J Biol Macromol. 2006;39(1):83–7. <Isolation of proteins
from.pdf>

60. Palmer I, Wingfield PT. Preparation and extraction of insoluble (inclusion-body) proteins from
Escherichia coli. Curr Protoc Protein Sci. 2012;70(1):6.3.1–6.3.20.

278 S. Acharya et al.



Protein Quantitation and Detection 11
Raghupathi Kummari, Rashmi Puja, and Kakoli Bose

Abstract

The precise measurement of protein concentration is a prerequisite for proceeding
towards biochemical, biophysical and structural characterizations of a purified
recombinant protein. Accuracy in measurement of protein concentration is essen-
tial towards quantitative assays including enzyme kinetics, protein-protein inter-
action studies using biophysical probes, protein folding and structural analyses
where reproducibility of the experimental parameters within a narrow error range
becomes essential both in basic and industrial research. With advancement in
recombinant DNA technology and its wide application in obtaining pure protein
of interest, requirement of reliable protein quantitation tools became imperative.
This growing need urged researchers to develop various assays for determining
concentrations of proteins with precision and high sensitivity. Although no tool is
universally applicable, investigators can choose the most appropriate quantitation
assay based on sample amount, amino acid contents, etc. This chapter describes
fast and accurate protein quantitation tools that are routinely used in research
laboratories and can be adopted in high-throughput format as well. Furthermore,
it provides a detailed protocol of protein detection and purity determination
method using sodium dodecyl sulphate poly acrylamide gel electrophoresis
(SDS PAGE).
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11.1 Introduction

Recombinant proteins need to be quantified prior to their structural and functional
analyses. Biophysical studies demand proteins of high purity and of a precise
concentration. Therefore, methods to accurately quantitate proteins are very impor-
tant for their subsequent characterizations. This chapter therefore focuses on protein
quantification using spectroscopic methods in solution. These methods are fast, do
not require any treatment (chemical and enzymatic), and can be done with a crude
mixture or purified protein. These spectroscopic probes involve UV absorption,
colorimetric dye-binding as well as fluorescent based methods [1]. They have the
flexibility of either being used for measuring concentrations of individual proteins or
in high-throughput formats to cater to the requirements of specific experiments.
Furthermore, these are routine laboratory experiments with minimal instrumentation
and inexpensive reagents that are readily available in any laboratory. The selection
method can vary depending upon the sample type (peptides, proteins, chemical
modifications or post-translational modifications, etc.). However, we will focus the
discussion primarily on quantitation techniques pertaining to recombinant proteins
obtained from bacterial expression systems.

With progress in recombinant protein technology, parallel development of protein
quantitation tools has also taken place. Different conventional spectroscopic
techniques including UV absorption measurement, bicinchoninic assay (BCA),
Bradford assay, Lowry assay and so forth have been fine-tuned over the past decade
enabling their applications in high-throughput set-ups as well. However, it is impor-
tant to note that every tool has its own set of advantages and limitations and has to be
chosen based on its suitability in the particular case. For example, UV absorption
measurements at 280 nm might not be the best choice for proteins having none or
minimal number of aromatic acids, mainly tryptophan [2]. In that case, if the analyte
is pure and consists of one particular protein in greater proportion (for example, a
protein purified using affinity chromatography), Bradford and Lowry assays can be
used. However, if the protein is expressed in eukaryotic system and assumed to be
highly glycosylated, then Bradford and Lowry methods should be avoided [1]. Fur-
thermore, since recombinant protein obtained at the end of purification process is
often of limited quantity and sometimes might be of lower concentration, it is
important that the assay methods should be highly sensitive and require minimal
amount of protein samples. Hence, there are distinct criteria for different proteins
(as they differ in amino acid side chain sequences, isoelectric pI, secondary structure
and prosthetic groups) that need to be taken into consideration while choosing the
best quantitation technique, which have been discussed later in this chapter in detail.
This chapter concludes by describing protein detection method using SDS PAGE
that is routinely used in all laboratories.
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11.2 Types of Protein Quantitation Assays

There are several types of spectroscopic assays available for protein quantitation and
each has its own pros and cons as described in Table 11.1 (adapted and modified
from [3, 4]). No single assay is universally suitable and acceptable for all the
samples. It is the researcher to decide the type of assay to be used based on the
sample’s major content and volume, required accuracy for the experiment to be
performed, incubation time, reproducibility and presence of additional interfering
substances [1]. Some of the assays are currently available in microplate format
making them faster, easier, more sensitive and high-throughput. Comparison of
different types of spectroscopic techniques with their pros and cons is provided in
Table 11.1 below.

Table 11.1 Different protein quantitation techniques

Name of the
method,
detection limit
and wavelength
range Mechanism Advantages Limitations

Bradford Assay
20–2000 μg/ml
470 nm

• Protein-Coomassie
blue dye complex
formation

• Very sensitive
• Fast and simple
• Wide range
buffer
compatibility
• Inexpensive

• Requirement of
standards
• Wide variation in
response to different
proteins
•Nonlinear standard curve

Lowry Assay
10–1000 μg/ml
750 nm

• Proteins reduce cupric
to cuprous followed by
Folin–Ciocalteu
reduction

• Simple procedure
• Sensitive
• Microplate
format is possible

• Easily influenced by
variations in tyrosine and
tryptophan residues
• Time-consuming
• Can be interfered by
small compounds

BCA Assay
20–2000 μg/ml
562 nm

• Reaction occurs with
reduction of Cu2+ to
Cu+

• Very sensitive
• Rapid
• Has a wide range
of buffer
compatibility
• Response with
little changes
between different
types of proteins

• At room temperature, the
reaction doesn’t complete
with ease

UV Absorption
0.1–100 μg/ml
280 nm

• Absorption by
aromatic amino acids
(tyrosine, tryptophan
and phenylalanine)

• Sample can be
easily recovered
• Requirement of
very small volume
• Fast and simple
• Inexpensive

• Least sensitive method
Easily influenced by
presence of nucleic acids
and other additives such as
detergents and denaturants

Adapted from Refs. [3–5]
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General Considerations and Necessary Precautions
1. Micro well plates versus cuvette-based studies:

For any colorimetric study using spectroscopic tools, there is a choice between
high-throughput analyses with multiple samples (using microplate) versus
cuvette-based assays for single proteins. If there are multiple samples, and each
sample needs to be precisely measured in duplicates or triplicates, micro plates
are the best option for such situations. Furthermore, they are fast and require very
little protein sample. However, it is to be noted that 96-well quartz plates are
expensive and might go through scratches from multiple handling and hence care
should be taken while using them. In addition, this method does not comply very
well with UV absorption method of protein quantitation, where individual protein
sample needs to be blank corrected. On the other hand, if there is a single or very
less number of samples, cuvette-based assays using absorption spectrophotome-
ter is most appropriate. For cuvette-based assays, it is recommended to use a
two-beam instrument where a reference cell is present that can be used for buffer
measurement for blank correction. This prevents loss of accuracy due to instru-
mental drift as well as saves time for blanking each sample separately [1]. How-
ever, for any spectroscopic measurement, extreme care must be taken to clean and
dry the cuvette as fingerprints and dust particles pose impediment to experimental
precision. An appropriate washing solution should be used for cleaning the
cuvettes and dried with a stream of Nitrogen gas before proceeding with the
experiment [1].

2. Interfering substances:
It is difficult to obtain a sample devoid of all interfering substances, which might
be a by-product of certain steps in protein purification or stabilization. For
example, His-tagged protein solutions elute from the Ni-NTA column with a
high concentration of imidazole, and similarly GST-tagged proteins contain a
considerable amount of reducing agent (e.g. Dithiothreitol or DTT) to prevent
aggregation of the tag [6]. Some proteins require additional stabilizing agents like
glycerol or detergents for maintaining their stability post purification.

Therefore, prior to selecting the best protein quantitation method, it is impera-
tive to understand the tolerance level of each assay for such reagents or additives.
A list of threshold levels of additives for each type of assay can be considered
prior from the tables provided [1, 7–10]. Nonetheless, it is recommended to
remove the additives in an additional purification step if possible. For example,
imidazole can be removed through desalting using an additional gel filtration
chromatographic step as described in earlier sections of this book (Chap. 8).
However, it is important to note that these additional steps might often cause
dilution, incomplete recovery, precipitation, and aggregation of the protein sam-
ple, which can be minimized by following certain steps as discussed in [11]. For
biophysical and structural studies, where precision in protein concentration is of
foremost importance, standard graphs can be plotted in two different ways to rule
out the possibility of interference of additives in the buffer. Comparison of the
slopes of plots with the protein in water, and the other in the buffer solution would
confirm buffer interference if any [12].
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3. Selecting the standards and interpreting the results:
The total number of side-chains of amino acids in each protein is different and
they behave differently in each type of assay. A standard is a highly purified
homogenous sample protein with known concentration and easy availability. The
standard proteins are important for assay calibration and hence their selection
needs to be done judiciously. The most widely used standard is BSA, which is
inexpensive, stable and its pure form can be obtained commercially in a large
quantity [13]. Immunoglobulin g (IgG) and bovine gamma globulin (BGG) are
also some of the few standards used [14]. However, care should be taken to see
whether the standard is similar in amino acid composition to the protein of
interest; otherwise there will be either over- or underestimation of the protein
concentration as discussed later in the chapter.

It is important to measure the concentration of standards in triplicates to reduce
the error rate in the assay. Although a standard curve can be obtained with fewer
points, it is advisable to choose at least three to four points below and above the
test samples’ concentration range. The number of standards mostly depends upon
the non-linearity of the curve and degree of accuracy. Point-to-point interpolation
method can be used for calculations, using equation for linear regression line
obtained from minimum two points (just below and above the sample). The
quadratic curve fit for a nonlinear standard curve can be used for calculating
concentration using computer software [15].

4. Preparation of the sample:
It is advisable to prepare fresh sample every time; if it is not possible, addition of
antimicrobial agents and protease inhibitors are recommended to prevent the
microorganism growth and the degradation of the sample. The addition of
stabilizers and detergents must be within the assay’s permissible range [1, 7–
10]. It is recommended to remove the large particles using a 0.2-micron filter or
centrifugation at high speed to separate the aggregates and other contaminants. In
microplate format, lower volume sample (<5 μl) might cause pipetting errors for
viscous protein solutions; therefore, it is recommended to dilute the samples
appropriately. Regular change of pipette tips is recommended to prevent cross-
contamination from well to well.

11.2.1 Different Types of Protein Quantitation Assays

11.2.1.1 Dye-Based Assays
These assays that include BCA, Lowry, and Bradford are the routine laboratory
methods to estimate total amount or concentration of proteins of interest. All these
techniques depend on chemical reactions that lead to changes in colour, the intensity
of which is read as the output spectroscopically at a particular wavelength. For
example, the BCA assay utilizes the property of certain amino acids to reduce Cu
(II) to Cu (I) in an alkaline milieu to produce a purple coloured bicinchoninic acid
that shows an emission maximum at 562 nm [9]. Similarly, the Lowry assay shows
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an emission peak at 750 nm, and in Bradford assay, the wavelength shifts from
465 to 595 nm [8, 16].

Although there are several advantages of these assays that include inexpensive
and quick methods (within 3 h), certain limitations restrict their universal applicabil-
ity. Since the dye-based assays depend on the chemical reactions, the protein
environment and amino acid composition play pivotal role in determining the
efficacy of the assays on a case-to-case basis. Furthermore, the accuracy of these
colorimetric assays depends on proper calibration using protein standards and hence
the appropriateness of those chosen standards becomes crucial for any particular
experiment.

The efficiency of the assays depends upon certain important caveats as mentioned
below:

• Ensuring accessibility of the reaction site in the protein to the dye used in the
assay.

• Both the reference protein (for standardization) and protein under examination
should have similar amino acid composition.

• Since certain materials (salts and other additives) might hamper proper
measurements through interference. For example, certain additives such as poly-
ethylene glycol (PEG) that is used for protein stabilization might act as a deterrent
through steric hindrance.

• Certain proteins with predominance of small non-polar amino acids
(e.g. collagen) are less sensitive to colour development due to lesser
dye-binding capacity. Moreover, the quantitation becomes underestimated if it
is calibrated with a dissimilar protein like BSA that has high dye-binding
ability [17].

To circumvent the problem with accuracy as mentioned above, especially when
the proteins used for calibration are quite often dissimilar, a technique known as
amino acid analysis (AAA) becomes important [18]. Briefly, this method relies on
the concentration of free amino acids in the protein after they are subjected to
hydrolysis [19]. Although initially it was a complex and labour-intensive process,
recent developments have made the procedure more precise and simple [20].

The different types of dye-based assays are described in the subsequent sections.

11.2.1.2 Bradford (Coomassie Blue) Assay

Principle
First described by Bradford [7], at acidic pH, the anionic form of the dye, Coomassie
Brilliant Blue G-250, binds preferentially to certain amino acids present in the
protein (arginine, histidine, phenylalanine, tryptophan and tyrosine) and gets
stabilized [21, 22]. This leads to shift in its absorbance maximum (termed as
metachromatic shift) from 465 to 595 nanometres. A pictorial representation of the
assay is provided in Fig. 11.1. The limitation of the assay is that the majority of the
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signal is due to its interaction with arginine residues and hence the assay is very
much sequence-specific and varies from protein to protein.

Metachromasia is a phenomenon of characteristic alteration in the colour of
staining process that is carried out in biological tissues shown by certain stains
after their binding to particular substances, which are present in tissues, called
chromotropes.

This concept of metachromasia requires the presence of polyanions within the
tissue. When a concentrated basic dye solution such as toluidine blue is used for
staining such tissues, the bound dye molecules result in the formation of dimeric and
polymeric aggregates. The spectrum of light absorption of these dye aggregates
varies from the individual monomeric dye molecules. Cell and tissue structures,
which contain high concentrations of ionized sulphate and phosphate groups such as
the ground substance of cartilage, mast cell granules, and rough endoplasmic
reticulum of plasma cells, show the phenomenon of metachromasia.

Protocol
Reagents required:

Coomassie Brilliant Blue G-250 (Bio-Rad Laboratories), ethanol, phosphoric
acid, standard protein (e.g. BSA).

Preparation of the dye solution:
To prepare 1 L of dye solution, 100 mg of Coomassie Brilliant Blue �250 is

dissolved in 50 ml of 95% ethanol followed by addition of 85% phosphoric acid
(H3PO4) with continuous stirring. Upon complete dissolution of the dye, adjust the
volume to 1 L with distilled water and filter to remove precipitates if any. For long-
term storage, it is advisable to store the solution at 4 �C [1].

Experimental Procedure
• Prepare BSA standards (1, 0.5, 0.25 and 0.125 mg/ml from 1 mg/ml of BSA stock

in a buffer that is suitable for Bradford assay).
• Add standard solutions as well as proteins of interest into cuvettes or microwell

plates (as per the protocol). Blank solutions (buffer only) will also be added in
separate cuvettes or in wells of the 96-well plate for background corrections.

Coomassie Brilliant 
Blue

Coomassie- Protein 
Complex

Standard/
Protein

5-10 mins 
incuba�on 

at 37 °C λ595 nm

Fig. 11.1 Schematic representation of Bradford assay. The figure depicts determination of con-
centration of unknown protein from the fit to the standard curve plotted by measuring absorbance at
595 nm wavelength (λ595) using standard protein solutions of known concentration
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• Bradford reagent (as prepared above) is added to the proteins as well as blank
solutions in the ratio of circa 40:1.

• After 5–10 min of incubation at room temperature, measure the absorbance of
each sample (cuvette-based) or the microplate at 450 and 595 nm.

• Plot a graph with concentrations of the standard protein (known) on the X-axis
versus either the absorbance values at 595 nm or the ratio of 595/450 nm on the
Y-axis.

• The standard curve obtained can be fitted to a polynomial equation and the
concentration of the unknown protein can be obtained from the fit [23] as
shown in Table 11.2.

Note: Ensure that the temperature of the Bradford reagent attains room temperature
before adding it to the protein solutions. The experiment has a threshold size-limit
for proteins and peptides as minimum number of desired amino acids needs to be
present to get a proper spectroscopic signal [21].

11.2.1.3 Lowry Assay

Principle
The Lowry aka alkaline copper reduction assay [24] has been modified to a two-step
procedure that is based on combination of two simple steps that include reduction of
copper [25] and Folin-phenol method [26]. Since the second step enhances the
reaction obtained from step 1, it is one of the most accurate and sensitive methods
of protein quantitation [24]. Briefly, it involves reduction of Cu2+ to Cu+ by proteins
in an alkaline environment (biuret reaction) followed by a subsequent enhancement
step where Folin–Ciocalteu reagent (active component is mixture of
phosphomolybdic and tungstic acid) is reduced to emit an intense blue colour with
an emission maximum of ~750 nm [27] as shown in Fig. 11.2. This method also very
much depends on the presence of certain amino acids including tyrosine, tryptophan,
cysteine, and histidine and hence colour variation might occur for different protein
samples [8].

Table 11.2 Protein estimation by Bradford assay

BSA
standard
conc.
(μg/μl)

Add 5 μl
of each of
the serially
diluted
BSA
standard to
each well

Total
amount of
protein (μg)
in 5 μl
solution

Add 100 μl Bradford
reagent and read at
595 nm on a
microplate reader

Plot graph with known
concentrations of standard
solutions versus their
observed absorbance and
extrapolate the value of the
unknown sample from the fit0 0

0.0625 0.3125

0.125 0.625

0.25 1.25

0.5 2.5

1 5
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Protocol: There are several versions of the assay (each with subtle variations); the
most popular method will be discussed below.

Reagents Required
Sodium carbonate (Na2CO3), sodium hydroxide (NaOH), copper sulphate
(CuSO4.5H2O), sodium tartrate (Na Tartrate), Folin–Ciocalteu reagent, sodium
dodecyl sulphate (SDS), and standard protein solution (BSA).

Solution Preparatory Steps
Prepare sodium-carbonate solution by adding 10 g of the salt in 50 ml of double-
distilled (dd) water (Solution 1).

Prepare CuSO4�5H2O-sodium tartarate solution in the ratio of 1:2 by adding
100 and 200 mg of the salts, respectively, in 50 ml dd water: CuSO4 in
Na-Tartarate (Solution 2).

Mix Solutions 1 and 2 slowly such that CuSO4�5H2O dissolves (Solution 3). It
needs to be prepared fresh prior to the experiment.

Alkaline solution: Combine copper sulphate solution (Solution 3), 5% SDS (w/v)
and 3.2% NaOH (w/v) in the ratio of 1:1:2 (Solution 4).

Folin–Ciocalteu reagent: Commercially available Folin–Ciocalteu phenol reagent
is diluted with dd water in the ratio 1:5, with a final volume of ~60 ml.

BSA solution: 100 mg BSA was dissolved in 100 ml dd water (1 mg/ml stock
solution).

Experimental Procedure
• Take approximately 1 ml of protein of interest (unknown concentration) or

standard (BSA) within the concentration range of 5–100 mg/ml.
• Add alkaline solution (Solution 4) to the protein solutions and incubate for

10–15 min.
• Mix 500 μl of Folin–Ciocalteu solution (as prepared above) to the above solution,

vortex and incubate for 30 min.
• Combine the entire solution mixture by vortexing again post incubation.
• Measure absorbance at 750 nm.
• Prepare standard curve in the same way as mentioned for Bradford assay.

Cu (II) -Cu (I) 
Complex  

Standard/
Protein

Standard/Protein-
cuprous complex

Brilliant Blue color

λ750 nm

OH-

-C
C

OH-

Folin-Ciocalteu

Fig. 11.2 Schematic representation of Lowry assay. The figure is self-explanatory and the details
are provided in the protocol below
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• The standard curve though exhibits linearity within a small range of standard
concentration, polynomial, exponential, and logarithmic curves fit the data over a
larger range of standards and provide more precise results.

• The unknown protein concentration is then obtained from the fit to the curve.

Note: The experiment can be replicated in a microwell plate format where lesser
amount of protein and/or multiple samples are present. Moreover, several interfering
agents might lead to erroneous concentration calculations and care should be taken
to maintain the tolerance level of the assay in the buffer used. The BCA assay is more
sensitive than Lowry and hence has become more popular over the years.

11.2.1.4 Bicinchoninic Acid (BCA) Assay

Principle
The BCA assay follows similar principle as Lowry (reduction of Cu2+ to Cu+);
however the Folin–Cioalteu’s reagent is substituted with BCA. The chemical reac-
tion involving BCA is more robust and tolerant towards interfering compounds, thus
leading to more sensitivity and less variability [9]. The interaction of reduced
cuprous ions (that are formed as a consequence of Cu2+�protein reaction) with
Bicinchoninic acid solution leads to formation of a bright purple coloured solution
that can be spectroscopically measured at wavelengths between 500 and 570 nm [9]
as shown in Fig. 11.3. Although the initial protein-Cupric ion interaction is depen-
dent on types of amino acids as described earlier, the advantage of BCA assay is that
it is temperature dependent. Therefore, sensitivity and tolerance towards additives
can be modulated optimally by elevating the assay temperature [28] from 37 to
60 �C. Furthermore, the background noise and interference due to additives can be
reduced by varying the protein sample-BCA ratio (typically between 8- and 20-fold
of the latter is added to the sample or standard solution).

Protocol: (adapted from Ref. [1]).

Reagents
Sodium bicinchoninate, sodium carbonate (Na2CO3), sodium tartrate, sodium
hydroxide (NaOH), sodium bicarbonate (NaHCO3), CuSO4�5H2O, BSA.

Cu (II) Cu (I) 

Standard/
Protein

Reduc�on 
to cuprous

Intense 
purple color

λ562 nm

OH-

2 BCA 
molecules

Temp-
dependent 

reac�on

2
Chela�on

Fig. 11.3 Schematic representation of BCA assay. The figure is self-explanatory and the detail is
provided in the protocol below

288 R. Kummari et al.



Solution Preparatory Steps
Reagent A: 1 g sodium bicinchoninate, 2 g Na2CO3, 0.16 g sodium tartrate, 0.4 g
NaOH, and 0.95 g NaHCO3 are added to DD H2O and volume adjusted to 100 ml.
The optimal pH for the solution is 11.25 that is adjusted with NaOH solution.

Reagent B: 0.4 g CuSO4�5H2O dissolved in 10 ml DD H2O.
Both Reagents A and B are stable and can be stored at room temperature.
Working solution: Mix reagents A and B in the ratio of 50:1. A green coloured

solution is formed that is stable for 5–7 days at room temperature.

Experimental Procedure
• For protein of interest or standard solution, a volume of 200 μl–1 ml for cuvette-

based and ~25 μl for microplate-based assay is usually taken.
• Almost 20–60-fold BCA solution for the former and 8–10-fold for the microplate

method are added.
• The mixture is incubated at either 37 or 60 �C (based on the amino acid

composition and additives in buffer). A prior standardization step might help to
find the temperature that works best for that particular protein.

• Incubate the solution for ~30 min. Longer incubation period can be selected if
experiment is performed at room temperature.

• It is advisable to cover the micro plates especially if assay is performed at higher
temperature to minimize sample loss due to evaporation.

• The signal at 562 nm is measured where the intensity of the purple coloured dye is
maximum.

• Usually, the BCA assay produces a linear curve for a wider spectrum of concen-
tration; however quadratic equation is also used for a better fit and precise
analysis for a broader range of standard solutions.

Notes
This assay is sensitive to agents that reduce or chelate copper (e.g. DTT and

EDTA, respectively). If a highly concentrated solution precipitates, the sample needs
to be diluted to prevent the same.

11.3 Assays Involving Ultra Violet (UV) Absorption
Spectroscopy

Principle
This is one of the popular and routine methods for determination of protein concen-
tration in laboratories especially when protein is limited and needs to be recovered
post quantitation analysis. This method relies on absorption measurement at 280 nm
wavelength where predominantly aromatic amino acids, tyrosine, tryptophan and
phenylalanine absorb as shown in Fig. 11.4. Although role of phenylalanine is not
major, the presence of other two aromatic amino acids do play a pivotal role in the
accuracy of this method [29]. Therefore, it might not be a suitable method for
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proteins with minimal or no aromatic amino acids. However, it is extremely popular
due to its simplicity as standards are not required.

Protein concentration is calculated using Beer–Lambert law, the equation of which is
provided below [30, 31]:

A ¼ ε� c� l ð11:1Þ

where, “A” is measured absorbance at 280 nm; “ε” is the Extinction coefficient of
the protein [2]; “c” is concentration of protein and “l” is the path length of the cuvette
(usually 1 cm but might vary). The molar extinction coefficient of a protein with unit
of M�1 cm�1 shows the absorbance affinity of light on a particular substance or
chemical species at a particular wavelength.

Reagents: Autoclaved water, buffer, sample solution in the same buffer.

Protocol
• Turn on the spectrophotometer and keep the lamp on for 30 min and set the

wavelength to 280 nm.
• Use an appropriate buffer in which the sample is dissolved for blank correction.
• The reading must be between the ranges of 0.2 and 1 (not more than 1); if the

reading shows a value greater than 1, dilute the samples appropriately and take the
reading again. This is due to the fact that Beer–Lambert equation does not follow
linearity if the protein is too concentrated, i.e. absorbance reading goes above
1 [32, 33].

• For a protein with an unknown extinction coefficient (if sequence not known),
then a linear standard curve can be generated with a standard protein solution
(e.g. BSA) as described earlier. The protein concentration can then be determined
from the fit of the graph.

)UA(
ecnabrosbA

Wavelength (nm)

λ280

Fig. 11.4 Schematic representation of a typical blank-corrected protein spectrum with emission
maximum at 280 nm. AU represents “absorbance units”
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Cautionary note: Quartz cuvette and not plastic cuvettes are to be used for
measurement in the UV region as plastic cuvettes are not UV-transparent. Care
should be taken to properly clean quartz cuvettes after every measurement to prevent
cross-contamination.

Notes:
Buffer containing detergents (e.g. Triton X-100) should be avoided as they

absorb UV light. Blank correction should be done with the same buffer in which
the protein is present. The samples must be free from nucleic acid contamination as
they absorb strongly at 280 nm [34]. If the protein has either none/minimal or several
aromatic amino acids, this method might give incorrect results. Sample must be
filtered using 0.2 μm filters or centrifuge at high speed for 20 min to avoid aggregates
or other particles which absorb or scatter light. An alternative to 280 nm, other
wavelengths such as 205, 214 and 220 nm can be used to measure proteins and
peptide concentration where the absorbance from peptide bonds is calculated
[35]. The molar extinction coefficient can be obtained from Expasy ProtParam tool
(https://web.expasy.org/protparam/) [36]; however, the caveat is that the exact
sequence of the protein of interest along with any attached tag should be known.
Molar extinction coefficient can also be obtained mathematically using standard
formula provided by [2], and its modified version [37].

11.3.1 UV Absorption Using Micro-Volume Spectroscopy

Principle
This micro-volume spectroscopy (Nano drop instruments) is widely used in all
biochemical labs. The amount of sample needed is very less (typically 0.5 to
2.0 μl). These instruments allow very fast, accurate quantification of proteins. The
principle includes the use of inherent surface tension of liquids analysed to create
columns between ends of the optical sensor or fibres and the measurement of the
formed optical path [3].

Reagents: Autoclaved water, buffer, sample in the same buffer.

Protocol
• Open the arm of the equipment, clean it using a tissue wipe. Add 1 μl of DD water

to the sensor and bring down the arm.
• Open the respective Nano drop software and select “A280 or Protein Reading”

option, followed by the “Water” option.
• Clean the sensor and add a buffer in which the protein is present and click

“Blank” and wait for the calibration.
• Clean the arm and add 1 or 1.5 μl protein sample and click on “Measure”.
• Take the reading at least three times and check for consistency in the values

obtained (sometimes small air bubbles interfere with the readings).
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• Check for the contaminants (cross-check A260/A280 ratios: Pure nucleic acid
samples would have an A260/A280 ratio of ~1.8, while for protein, it would be
~0.6) [38, 39].

• Clean the arm with a tissue wipe and switch off the instrument.
• Protein concentration using Absorbance or Optical Density (O.D.) value is shown

by Eq. ((11.2) below:

O:D
Molar extinction coefficient=Molecular weight in Dalton

¼ concentration in
mg
ml

ð11:2Þ

Notes: The samples must be free from nucleic acid contamination as they absorb
strongly at 280 nm. Sample must be filtered using 0.2 μm filters or centrifuged at
high speed for 20 min to avoid aggregates or other particles, which absorb/scatter
light.

11.4 Troubleshooting for Protein Quantitation

1 Can the standard curve be extrapolated if the
data point of the sample is out of the
standard curve range?

No. It is very important to ascertain that the
sample data points fall within the standard
curve range. The dilution of either or both
sample and BSA should be adjusted.

2 Is BSA a good standard? The most commonly used protein standard
is BSA. It has limitations as it is difficult to
get very highly purified BSA protein
because of its high affinity for its binding
partners. It also has high sensitivity in
Bradford assay than other proteins, thus the
concentration of the protein sample is likely
underestimated [10]. Other proteins, such as
immunoglobulin G, and lysozyme can also
be used as protein standards.

3. How to apply dilution factors? Dilution factor is very important to consider
when the samples are diluted than the
standard protein or highly concentrated to
be assayed by any kit with lesser assay
range.

4. How to use Microsoft excel to plot graph
and apply standard curve?

Export your absorbance data to excel file
and save with particular label. In excel
sheet, first take average of the absorbance
readings and do blank subtraction. Different
formulae can be very easily used in
Microsoft excel files. Select the standard
protein concentration and blank-subtracted
absorbance values to plot scatter graph.
Then by clicking one of the points on graph,

(continued)
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open a dialogue box to add trend-line. Also
select polynomial graph and display
equation on chart. You will get equation in
format of Y ¼ mX + C, where X will be the
blank subtracted absorbance of test sample,
while Y will be the protein concentration of
sample.

5. The protein precipitates in sample. Remove or reduce the level of detergents in
your protein buffer by either diluting the
sample or dialyzing the protein sample.

11.5 Purity Analysis of Proteins of Interest

Apart from knowing the exact concentration of a purified protein before it can be
used for further in vitro characterization, it is also equally important to determine its
purity as most of the proteins for structural and biophysical studies need to be>95%
pure. One of the easiest, convenient and most widely used methods for identifying
the impurities present in the purified protein sample is by running it on SDS-PAGE
or Sodium Dodecyl Sulphate Poly Acrylamide Gel Electrophoresis [40, 41].

11.5.1 SDS PAGE

Principle
SDS PAGE is widely used for separating the mixture of proteins based on their size.
SDS, an anionic detergent, denatures as well as evenly coats the entire length of the
proteins with negative charge, so that the separation through electrophoresis is based
solely on the size of the protein [41]. However, it is important to note that the
monomeric size of the protein is determined using the method since SDS denatures
any oligomeric form of a protein. The presence of β-mercaptoethanol (βME) reduces
all disulphide bonds and helps in protein denaturation. It is also the best method for
detecting other protein impurities present in the purified protein sample. It comprises
a resolving gel at the bottom and a stacking gel on its top. The two types of gels help
separation of proteins of different sizes on the gel efficiently. They differ in pH, pore
size and in polyacrylamide content. While the stacking gel with very small pore size
allows the protein samples in the wells to line up and enter the resolving gel at the
same time; the resolving gel separates out protein bands based on their molecular
weights (M.W.). Although most SDS PAGE gels are prepared with a Bisacrylamide:
Acrylamide molar ratio of 1:29, which is sufficient to separate polypeptides that
differ in size by ~3%, the ratio can be further optimized based on different
requirements of separation. Bisacrylamide is a cross-linker that determines the
pore size and hence mobility of the protein molecules passing through the gel
[42]. Two other important reagents are Ammonium Per sulphate (APS), which is
an oxidizing agent, and N,N,N0N0-Tetra methylene diamine (TEMED), which acts as
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a catalyst. Both these reagents help polymerization of the Bisacrylamide/acrylamide
gel and make it ready for electrophoresis. The tracking dye that is added to the
protein solution with its extremely high mobility runs faster than the protein
molecules and ensures that the protein does not run out of the gel. The gels are
then stained normally with Coomassie brilliant blue that forms dye:protein complex
through interactions with charged amino acids. This is further stabilized by hydrogen
bonding, van der Waals and hydrophobic interactions. A schematic representing
proteins run on SDS PAGE gel is shown in Fig. 11.5.

Reagents

53 SDS sample loading buffer (10 ml)
(250 mM Tris–HCl pH 6.8, 10% SDS, 0.5% BME, 30% glycerol).

1 M Tris–HCl (pH 6.8) 2.5 ml from stock 1 M

SDS 10 g

Glycerol 3 ml

BME 0.5 ml from stock 14.3 M

Bromophenol blue 0.02 g

Milli Q Water 4 ml

30% acrylamide
(29.2% Acrylamide, 0.8% N0N0-bis-methylene-acrylamide)

Acrylamide 29.2 g (29.2%)

N0N0-bis-methylene-acrylamide 0.8 g (0.8%)

SDS-PAGE Running Buffer (13 SDS buffer) (for 1 L)
(25 mM Tris, 192 mM glycine, pH 8.3, 1% SDS)

Tris Base 3.02 g (25 mM)

Glycine 14.4 g (192 mM)

Milli Q water 1 L

No need to adjust pH

(continued)

SDS PAGE gel set-
up

Protein sample 
loading

SDS PAGE gel 
running

Protein bands on 
an SDS-PAGE gel 

Pure 
protein 
band

M

Fig. 11.5 Schematic representation of protein samples run on an SDS PAGE gel. The stained gel
shows a marker (M) on the extreme left lane, followed by protein samples that have impurities along
with them. The extreme right lane shows pure protein of interest, the molecular weight can be
estimated from the known molecular weight marker on the left

294 R. Kummari et al.



Staining/Destaining solution (for 1 L)
(50% water, 40% methanol, 10% acetic acid, 0.1% Coomassie blue R-250)

Methanol 400 ml

Acetic Acid (glacial) 100 ml

Milli Q 500 ml

Coomassie blue R-250 1 g

Destaining solution is the same, minus the Coomassie blue.

11.5.2 SDS-Page Gel Preparation

Experimental Procedure
• Clean and assemble the plates, secure with clamp, add water to check for the

leaks; if it leaks, then reassemble the plates.
• Remove water, make an appropriate percentage of resolving solution as men-

tioned in Table 11.3 and add resolving solution on top of the plates leaving 2 cm
for stacking gel. Allow it to polymerize (~30 min). Add 100% ethanol if you see
any air bubbles on the top.

• Prepare appropriate stacking gel as shown in Table 11.4, pour on the top of the
resolving gel, insert comb and allow the gel to polymerize.

• Fill the tank with 1� SDS buffer and transfer the plates to the gel-running
chamber. Remove the comb, fill the tank with 1� SDS buffer, load the samples
and run under appropriate conditions (~90–100 volts for 60–90 min).

• After the run is over, stain the gel followed by destaining to visualize the proteins
along with other impurities if any.

Table 11.3 Composition of resolving gel for SDS PAGE (Total Volume prepared: ~16 ml)

Percentage 6% 7% 10% 12% 15%

Distilled water (ml) 8.48 7.68 6.4 5.28 3.68

30% ACRYLAMIDE (ml) 3.2 4 4 6.4 8

1.5 M Tris–8.8 pH (ml) 4 4 4 4 4

10% SDS (μl) 160 160 160 160 160

10% APS (μl) 160 160 160 160 160

TEMED (μl) 16 14 8 8 8

Table 11.4 Composition
of stacking gel for SDS
PAGE (total volume ~9 ml)

Volume (ml) For two gels

Distilled water(ml) 1.4

30% ACRYLAMIDE (ml) 3.2

1.5 M Tris–pH 6.8 (ml) 4

10% SDS (μl) 160

10% APS (μl) 160

TEMED (μl) 16
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Notes:
For detecting low molecular weight proteins, Tris Tricine gel can be used, and for

the proteins with low concentrations, silver staining can be employed to visualize
them, which is 100 times more sensitive than Coomassie stain [43]. Suitable molec-
ular weight markers (can be laboratory-made or purchased) need to be run side by
side to have an estimate of the size of the protein. Analytical gel filtration (Chap. 8)
can be used to analyse the homogeneity of the sample. To understand the post-
translational modification present within the protein, various Mass Spectrometry
[44] methods can be employed. If the purified protein is found to have more than 5%
impurity, further purification is recommended prior to its characterization.
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Problems

Multiple Choice Questions
1. The statement that is false about the Bradford assay is:

(a) Ethidium bromide is the dye used in the assay
(b) The Bradford reagent dye colour changes from red to blue after binding

with protein
(c) The colour intensity is directly proportional to the bound proteins
(d) The Bradford reagent has an absorption maximum of 470 nm in the

absence of protein
2. The wavelength at which the absorption will be maximum after binding of

Lowry reagent with protein is:
(a) 295 nm
(b) 595 nm
(c) 750 nm
(d) 562 nm

3. For UV absorption spectroscopy, which of the following assumptions is
(are) correct?
I. The method is suitable for proteins with aromatic amino acids.
II. The absorption value should not be more than 1.
III. The method relies on Beer–Lambert law.

(a) I and II only
(b) II and III only
(c) I and III only
(d) All of them
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Subjective Questions
1. A researcher wants to check the concentration of the protein purified

through affinity chromatography. To quantify the proteins in the test
sample, a Bradford assay was carried out with 1 μl of test sample and
BSA as standard (5 μl). The following absorbance values were recorded
(A1, A2, and A3 being triplicates) at 595 nm. Calculate the protein concen-
tration using the readings provided in the table below:

A1 A2 A3

Blank 0.221 0.217 0.214

0.0625 mg/ml BSA 0.233 0.244 0.223

0.125 mg/ml BSA 0.297 0.25 0.283

0.25 mg/ml BSA 0.385 0.352 0.326

0.5 mg/ml BSA 0.482 0.467 0.45

1 mg/ml BSA 0.53 0.608 0.597

Test sample 0.473 0.504 0.525

2. A researcher purified a protein of interest using affinity chromatography
and wanted to check the approximate concentration of the protein with
Nano drop instrument. He took three absorbance readings of values 0.42,
0.5, and 0.48 at 280 nm. Molar extinction coefficient of the protein is
43,824 M�1 cm�1 and molecular weight is 66,400 Daltons. What will be
the concentration of the protein?
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Answer Key

Chapter 2: Cloning and Gene Manipulation

Aasna L. Parui, Lalith K. Chaganti, Rucha Kulkarni, and Kakoli Bose

Multiple Choice Questions
1. (d), 2. (b), 3. (c)

Subjective Questions
Answer 1

After transforming the host E. coli with the ligation product of insert and the
vector, four types of products are expected from the colonies obtained

1. The correctly ligated product of the vector and the insert
2. The circularized vector without the insert
3. Vector-vector ligation
4. Vector and wrongly oriented insert ligation product

Methods to identify the correctly cloned construct are as follows:

• Blue white colony screening
• Sanger sequencing
• Colony PCR
• Restriction digestion with the enzymes used for cloning the insert and observing

insert release
• Using a positive selection system, e.g., use of antibiotic for selection of

recombinants

Answer 2
To ease the process of blunt-ended DNA ligation, two methods can be used:

1. Use of Adaptors:
Adaptors are preformed cohesive ends that are attached to a blunt-ended DNA
molecule to ease the process of ligation.
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2. Use of Linkers:
Linkers are DNA sequences that comprise a recognition site for sticky end
producing enzyme. Thus, after cleavage with such an enzyme, it would produce
cohesive ends at both the termini of the blunt-ended DNA molecule, thus making
ligation easier.

Chapter 3: Selection of Cloning and Expression Plasmid Vectors

Rucha Kulkarni, Roshnee Bose, and Kakoli Bose

Multiple Choice Questions
1. (b), 2. (c), 3. (d)

Subjective Questions
Answer 1

In a situation where the expressed 6x-His tagged protein is unstable/insoluble, the
gene can be cloned in a different vector system, such as pMAL or pGEX. The tags
present in these systems, MBP and GST, respectively, act as chaperones, thus
helping the unstable protein to fold correctly and preventing the formation of
misfolded aggregates. Additionally, MBP tag also directs the protein to periplas-
mic space, preventing the formation of inclusion bodies. Thus, such a protein
when expressed as a fusion protein with one of these tags is stabilized to some
extent and can be purified.

Answer 2

A cosmid vector would be the most suitable vector for cloning this gene. It has a
large insert capacity as compared to cloning vectors like pBR322 and pUC series
of vectors. Since cosmids are plasmids with cos sites from lambda phage, the
vector along with the cloned insert is packaged inside the phage head forming
viral particles. These viral particles in turn infect the E. coli host, thus making the
transformation process more successful. This is not the case with pBR and pUC
series of plasmids since cloning such a large fragment in these vectors leads to a
decrease in their copy number followed by loss of transformation efficiency.

Chapter 4: Transformation and Protein Expression

Shubham Deshmukh, Rucha Kulkarni, and Kakoli Bose

Multiple Choice Questions
1. (d), 2. (b), 3. (b)
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Subjective Questions
Answer 1

There could be multiple reasons as to why colonies failed to appear, some of
which are listed below.

1. DNA concentration used for transformation was not sufficient. A higher concen-
tration ~50 ng/μl might be helpful.

2. Antibiotic concentration could be too high.
3. The DNA used for transformation might have residues of phenol or ethanol,

which inhibit transformation.
4. The expressed protein might be toxic for E. coli. Alternative host strains and

vectors should be tried in this case. Including glucose (0.2–2%) in the LBA plates
also helps alleviate the problem.

Answer 2
Certain degree of modifications in the host or culture system is required to

maximize protein production but at the same time it is crucial to maintain the quality
and activity of the purified protein. Despite making these modifications and
providing the optimal conditions for growth, sometimes the host fails to produce
the desired protein. Some of the reasons for this are discussed below:

1. Some of the protein coding genes contain rare codons, the tRNAs for which are
not present in the bacteria. Thus, while translating the protein, the bacterial
machinery is not able to read the rare codon and thus is not able to incorporate
the amino acid. Hence, protein production stops abruptly. In such a case instead
of BL21 (DE3), Rosetta (DE3) pLysS cells should be preferred that contain the
tRNAs for those rare codons.

2. The protein to be overexpressed might sometimes prove to be toxic to the host
leading to cell death

3. Temperature at which the culture is kept at the time of induction also plays an
important role. Keeping the temperature low (~18�C) at the time of induction
might be of help since the protease enzymes in the bacterial cells would be
inactive at a low temperature and hence degradation of the expressed protein
would not occur.

Chapter 5: Introduction to Recombinant Protein Purification

Nitu Singh and Kakoli Bose

Multiple Choice Questions
1. (c), 2. (d), 3. (d)
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Subjective Questions
Answer 1

Firstly, generate a standard plot by dividing “Ve” of standards by the “Vo” (Ve/Vo),
and plot this value against the log of the molecular weights (log M). Fit the plot
using a linear equation and determine the slope of the line. Using this fitted value,
the molecular weight of the unknown protein with elution volume 88 mL is 25.12
kDa.

Answer 2

In anion-exchange chromatography, the most negatively charged protein will be
most attracted to the stationary phase and will therefore elute last while the
protein with the highest positive charge will elute first. Since AS (pI-4.6) will
be most negative in buffer of pH-6.5, it will be eluted last, while BS (pI-5.0) will
be second and CS (pI-7.0) will be first. In short, the order of elution is CS, BS, and
AS.

Chapter 6: Protein Purification by Affinity Chromatography

Shubhankar Dutta and Kakoli Bose

Multiple Choice Questions
1. (c), 2. (a), 3. (b)

Subjective Questions
Answer 1

(A) White precipitate is a sign of protein aggregation and can be solved by adding an
appropriate protease inhibitor in the lysis buffer. Additionally, protease
inhibitors also reduce the problem of aggregation effectively when used in the
eluates after purification. Maintaining target protein in an EDTA containing
storage buffer can also avert this problem.

(B) To reduce non-specific protein interactions, a slightly higher concentration of
Imidazole can be included in the binding buffer. A concentration of 20 mM or
up to 50 mM Imidazole can be used if the protein does not elute at this
concentration. For elution, a higher concentration of Imidazole can be tried. A
gradient of 50–500 mM may help reduce impurities. Increasing the salt concen-
tration also gives good results.

(C) To reduce the problem of co-eluted chaperones, the following can be tried.
Addition of 5 mM ATP and 1 mM MgCl2 in all buffers might help to get rid of
chaperones. The chaperone-protein complexes can be disrupted by addition of
glycerol (around 10%), sucrose (up to 500 mM) or by detergents. This could be
done during loading and washing Ni-NTA column or as an additional
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purification step using gel filtration column. If the protein is stable at low pH
(~4.5–5.0), lowering the pH of the elution buffer also helps.

Answer 2

If proteins A and B are interacting partners, then in ideal scenario, the SDS-PAGE
gel analysis should show bands at 48 kDa (protein B), 42 kDa (control) and
22 kDa (protein A) staring from top to bottom. However, presence of a band at
70 kDa (22 + 48 kDa) suggests formation of a complex between protein A and
protein B. The complex might have formed due to covalent bonds, such as
disulfide bonds among the free or exposed surface residues (mostly cysteines)
of the two proteins.

To circumvent the formation of sticky complex between the two proteins
during pull-down, reducing agents can be added to the elution buffer or in the
SDS-PAGE solution. Application of reducing agents such as 1 mM Dithiothreitol
(DTT) or β-mercaptoethanol can successfully result in the emergence of the
interacting proteins as separate bands at designated positions of the gel.

Chapter 7: Protein Purification by Ion Exchange Chromatography

Ayon Chakraborty, Rashmi Puja, and Kakoli Bose

Multiple Choice Questions
1. (c), 2. (a), 3. (b)

Subjective Questions
Answer 1

The pH at which a protein's total charge is zero is known as its isoelectric point (pI).
At pH > pI, protein is negatively charged, whereas when the pH < pI, protein is
positively charged. If the pH of the buffer solution is lower than the pI of a protein
(i.e., acidic solution), the protein will be positively charged by accepting H+ from
the acidic solution. On the contrary, when the pH of the buffer solution is higher
than the pI of the protein (i.e., alkaline solution), it will be negatively charged by
donating H+ to the alkaline solution. Because the pH of the buffer is greater than
the pI value of the protein, it will be negatively charged in this case.

Answer 2

(A) Proteins are negatively charged when the pH is greater than pI and positively
charged when the pH is less than pI. Protein 1 has a pI value lesser than the pH
of the buffer and hence adheres to the positively charged column matrix. At this
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pH, proteins 2, 3, and β-galactosidase will be positively charged and will flow
through the column.

(B) The bound protein 1 can be eluted by the addition of increasing concentrations
of salt (NaCl). Cl- ions compete with the bound protein for attachment to the
positively charged matrix. When the concentration of Cl� ions are high, it
replaces the protein. Thus, protein is eluted from the column.

(C) The cation exchange column should be first equilibrated at a pH that is greater
than 5.3 but less than 6.8 (5.3< pH< 6.8). At this pH, β-galactosidase will have
a negative charge (pH > pI), whereas proteins 2 and 3 will both be positively
charged (pH < pI). Thus, proteins 2 and 3 will attach to the negatively charged
matrix of the cation exchange column, whereas β-galactosidase will be repelled
by the negatively charged matrix and will be found in the flow-through.

Chapter 8: Gel Filtration Chromatography

Raghupathi Kummari and Kakoli Bose

Multiple Choice Questions
1. (b), 2. (b), 3. (d)

Subjective Question
Answer 1

1. Kav of the standards as shown below.

(A) Kav of BSA:

Kav ¼ Ve 2V0= Vt 2V0ð Þ
¼ 77� 46:5=120� 46:5

¼ 0:4149

(B) Kav of MBP:

¼ 86:5� 46:5=120� 46:5

¼ 0:5442
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(C) Kav of Lysozyme:

¼ 111:5� 46:5=120� 46:5

¼ 0:8843

2. Now, to determine the Kav of “PROTEIN X,” the following steps are followed:
(A) Take the Log molecular weight of the standards.

S. no Protein Mol. wt. Log Mol. Wt. Kav values from step 1

1 BSA 66.5 kDa 1.822 0.4149

2 MBP 45 kDa 1.653 0.5442

3 Lysozyme 14 kDa 1.146 0.8843

(B) Plot the logarithm of corresponding molecular weight (on X-axis) versus Kav

value (on Y-axis).

Use linear fitting to generate the straight line as shown in the plot above:

Y ¼ �0:688 Xð Þ þ 1:675:

(C) To calculate the unknown protein’s molecular weight, we have to first determine
Kav from the elution volumes.

Elution volume of “PROTEIN X” peak 1 = 64 ml
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Kav ¼ Ve 2V0= Vt 2V0ð Þ
¼ 64� 46:5=120� 46:5

Therefore, Kav1 = 0.2380
Substituting this Kav1 value in the linear equation:

Y ¼ �0:688 Xð Þ þ 1:675

0:2380 ¼ �0:688 Xð Þ þ 1:675

0:2380� 1:675 ¼ �0:688 Xð Þ
�1:437 ¼ �0:688 Xð Þ
X ¼ �1:437=� 0:688

X ¼ 2:08 ‘X’ is the slope of the straight line
� �

Anti-logarithmic value of 2.08 equals to 120 kDa that corresponds to peak 1
(major peak)

Elution volume of “PROTEIN X” peak 2 = 87ml and Kav2 is equal to 0.551.
Substituting this Kav2value in the linear equation will give log molecular weight
value of 1.633. Anti-logarithmic value is equal to 42 kDa that corresponds to peak
2 (minor peak).

Since “PROTEIN X” gives two peaks that correspond to 42 kDa (minor) and 120
kDa (major), it can be concluded that “PROTEIN X” primarily maintains a trimeric
state (~42X 3 kDa) that has been determined by the gel filtration experiment within
experimental errors.

Chapter 9: Protein Purification by Reversed Phase
Chromatography and Hydrophobic Interaction Chromatography

Rucha Kulkarni and Kakoli Bose

Multiple Choice Questions
1. (b), 2. (b), 3. (d)

Subjective Questions
Answer 1

To increase the yield of the hydrophobic protein the following parameters should
be standardized:

Salt used: Using an alternate salt such as ammonium sulfate which is strong lyotropic
salt that promotes tight binding between hydrophobic protein and the matrix.
Moreover, it will be better to use a matrix for a moderately hydrophobic protein.
This would enable maximum amount of protein to bind onto the resin. Phosphate
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buffer with sodium chloride can be used only when the protein is inherently very
hydrophobic and does not require a strong lyotropic salt.

pH used: Acidic pH should be tried out while binding and eluting the protein. Acidic
groups interact with the charged groups on proteins and prevent their interference
in the hydrophobic interactions between the matrix and the protein.

Use of ligands: If ligand was already used, one should try using an alternative ligand
with a longer alkyl chain as the length of the chain decides the hydrophobicity of
the base matrix.

Answer 2
The following could be the probable solutions of the abovementioned problems:

1. Increasing the range of gradient of organic modifier: The stringency of washes
must be increased by using a gradient of the organic modifier (here acetonitrile) to
specifically elute the protein of interest. A gradient of 10% to 80% of acetonitrile
can be tried out. This would enable the tightly bound protein to be eluted at a
higher acetonitrile concentration.

2. For the second problem, certain organic solvents (e.g., methanol) that help to
refine the polarity of the matrix should be tried out. The polarity of these solvents
is such that they help in partially dissolving the less hydrophobic proteins so that
they do not interfere as impurities later.

Chapter 10: Purification of Difficult Proteins

Saujanya Acharya and Kakoli Bose

Multiple Choice Questions
1. (d), 2. (b), 3. (c)

Subjective Questions
Answer 1

1. Using an MBP tag might be helpful. Change of expression host could be
considered as well.

2. Optimizing culture conditions: lower temperatures, induction time, and IPTG
concentration.

3. Incorporating a harsh detergent such as sarkosyl might help in solubilization.
4. If the protein has disulfide bonds, using BME might help.

Answer 2

Urea denaturation and refolding is the most promising strategy at this point.
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Chapter 11: Protein Quantitation and Detection

Raghupathi Kummari, Rashmi Puja, and Kakoli Bose

Multiple Choice Questions
1. (d), 2. (b), 3. (c)

Subjective Questions
Answer 1

First find the average of three absorbance values and do blank correction from the
absorbance. Then, multiply the concentration of BSA with five (to take care of the
dilution factor). Plot the blank corrected absorbance values on X axis and final
BSA protein concentration on Y axis (as highlighted below) to obtain the standard
graph. In the standard graph, click on any point to add polynomial trend-line and
select the equation that displays R2 value. The R2 value should be ~1 for best
fitted curve. Now use the resulting equation to calculate protein concentration in
sample.

A1 A2 A3 Average

Blank 0.221 0.217 0.214 0.22

0.0625 mg/ml BSA 0.233 0.244 0.223 0.23

0.125 mg/ml BSA 0.297 0.25 0.283 0.28

0.25 mg/ml BSA 0.385 0.352 0.326 0.35

0.5 mg/ml BSA 0.482 0.467 0.45 0.47

1 mg/ml BSA 0.53 0.608 0.597 0.58

Test sample 0.473 0.504 0.525 0.50

Absorbance
(average)

Blank corrected
absorbance

Final BSA
protein conc.

Blank 0.22

0.0625 mg/ml BSA 0.23 0.01 0.3125

0.125 mg/ml BSA 0.28 0.06 0.625

0.25 mg/ml BSA 0.35 0.13 1.25

0.5 mg/ml BSA 0.47 0.25 2.5

1 mg/ml BSA 0.58 0.36 5

Test sample 0.50 0.28
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y = 31.439x2 + 1.5063x + 0.3701
R² = 0.9966

0

1

2

3

4

5

6

0.00 0.10 0.20 0.30 0.40

For determining the protein concentration in sample, put the blank corrected absor-
bance of sample as the value of X in standard equation.

Protein concentration in sample mg=mlð Þ
¼ 31:43 X 0:28 X 0:28ð Þ þ 1:506 X 0:28ð Þ þ 0:370

¼ 2:46þ 0:42þ 0:37

¼ 3:25 mg=ml

Answer 2

To calculate the protein concentration, we can use abovementioned formula, i.e.

O:D:
Molar extinction coefficient=Molecular weight in D

¼ concentration in mg=ml

Use the average value of absorbance taken in triplicate as O:D:ð Þ

concentration Cð Þinmg
ml

¼ 0:47
43824 66400

C ¼ 0:47
0:66

C ¼ 0:71 mg=ml
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