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ABSTRACT
The detailing physical and chemical bases of the DNA molecule in 1953 by Watson and 

Crick, followed by the complete description of its structure and mechanisms of replication and 
gene expression, allowed the development of recombinant DNA technology. The development of 
techniques used to transfer foreign DNA into new host cells proved successful and nowadays is 
commonly implemented in different areas of knowledge, such as microbiology, biochemistry and 
immunology. Moreover, recombinant DNA technology allowed the identification and sequencing 
of important genes, and provided a set of techniques developed with the purpose to manipulate 
producing hybrid organisms capable to express molecules useful for human beings health” with 
to manipulate organism and produce hybrids capable of expressing useful molecules for human 
health. One example is the genome editing and molecular cloning technique that are widely used in 
basic and applied research. Genetic engineering is a valuable tool for (i) the study of genomes, (ii) 
the construction of genetically modified organisms that can produce proteins of biotechnological 
interests or (iii) the development of transgenic organisms with new properties.

Keywords: Molecular cloning; restriction enzyme; genome editing; homologous 
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recombinations; heterologous protein

HISTORICAL PERSPECTIVE
In the 40s, Tatum and Beadle demonstrated that genes are responsible for coding proteins [1]. 

In the same decade Avery, McLeod and McCarty proved that the DNA is the material that causes 
bacterial transformation [2]. In the 50s, Hershey-Chase experiment helped to confirm that DNA 
is the genetic material [3]. Finally, Watson and Crick in 1953 established a three-dimensional 
structure model for the DNA [4], which yielded new insights into the genetic code and how 
proteins are synthesized. Throughout the 60s, Nirenberg and collaborators through various 
experiments depicted the genetic code [5] and Jacob and Monod studies elucidated the process of 
protein synthesis in bacterial cells giving rise to modern molecular biology [6].

The identification of both small circular DNA molecules, called plasmids, carrying antibiotic 
resistance genes and restriction endonucleases/DNA ligase enzymes founded in bacterial cells 
were the “ingredients” that allowed the process of cloning, as demonstrated in the work of Janet 
Mertz and Ronald Davis in 1972 [7]. Cutting a piece of DNA carrying a gene from one organism 
with the restriction endonucleases enzyme and inserting it into a plasmid that can be replicated 
by a host organism (i.e. bacteria) using the DNA ligase, it was possible to create a recombinant 
second organism expressing the protein of interest, recovered because of its capacity to grown 
in a medium containing an specific antibiotic marker. In the same year, Berg and collaborators 
performed a similar experiment where genes of E. coli and bacteriophages were inserted in 
the genome of the SV40 virus, which then were able to produce recombinant molecules [8]. 
The following year, in 1973, Boyer and S. Cohen cloned a DNA fragment of Xenopuslaevisin 
Escherichia coli using the pSC101 plasmid. Afterwards, the bacterium was able to synthesize 
some molecules normally produced by Xenopuslaevis. Molecular cloning allows the isolation of 
individual fragments, including the determination of nucleotide sequence. The development of 
sequencing techniques started with Sanger, in 1977, and made possible to sequence completely 
the genome of an organism [9]. Another important technique developed by Mullis in 1983, which 
was essential for the molecular biology development, is the polymerization chain reaction (PCR) 
[10]. This technique, turned possible to identify and amplify specific regions of the DNA from 
various sources, providing information about the organization and the expression of genes with 
medical and biotechnological application.

MOLECULAR CLONING
In order to start the cloning procedure, DNA harboring the gene of interest must first be 

digested with specific restriction endonucleases enzymes that cut the DNA in a region flanking 
the gene. The cut DNA fragment binds to the cloning vector derived from a plasmid by using 
the DNA ligase enzyme. Both the cloning vector and the segment of DNA to be cloned must have 
been digested using the same restriction enzymes in order to create cohesive ends that can bind 
to each other. After the enzyme action, recombinant DNA molecule generated has to be inserted 
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into a host cell (i.e. bacteria). There are many methodologies described to ensure the entrance 
of the recombinant DNA into the cell, such physical methods like: electroporation, heat shock 
transformation, microinjection, microparticle intake and liposome fusion with the plasma 
membrane. As the introduced recombinant DNA molecule is not within the genome of the host cell, 
it replicates independently from the genomic DNA because cloning vectors has its own replication 
origin. With the intent to recover bacteria harboring the recombinant vector, antibiotics are added 
to the culture medium because almost all conventional plasmids use an antibiotic resistance gene 
as a  selection markers. These transformed cells containing the recombinant DNA are multiplied 
in a suitable culture medium which allows the obtainment of large amounts of the cloned protein.

RESTRICTION ENZYMES
Restriction enzymes are produced by bacteria, viruses and act as a defense mechanism in 

digesting pieces of viral DNA. The first restriction enzyme (Hind III) was discovered by Hamilton 
in 1970 when working with Haemophilus influence. He noticed that the phage P22, when put in 
contact with this bacterium, had its DNA rapidly degraded. It was noticed that this degradation was 
linked to the action of an enzyme, Hind III, which was then isolated and studied [11]. Restriction 
enzymes move along the DNA strands, and when they reach specific target sequences from 4 
to 8 base pairs, the DNA is distorted and the strands are cut off. These enzymes can be divided 
into several classes depending on the structure, cofactor requirements, activity, recognition and 
cleavage sites.

There are three types of restriction endonucleases, type I, II and III. Enzymes Type II, are of 
major importance in Recombinant DNA Technology as they presents a relative simple protein 
structure, and does not require ATP to cleave DNA [12], the recognition site for this type of enzyme 
is usually a palindromic sequence. Restriction enzymes can perform two types of cleavage, one 
that generate abrupt ends, and the other that generate cohesive ends.

DNA LIGASE
The DNA ligase plays an important role in DNA replication and repair, as it acts connecting 

the short pieces of lagging-strand DNA (Okazaki fragments) generated by replication of the late 
strand [12]. During cloning procedure, this enzyme promotes the binding of DNA inserts into 
the vector previously cleaved by the same restriction endonuclease that were used to isolate the 
DNA insert. This process was demonstrated for the first time in vitro in 1972 by Janet Mertz and 
Ronald Davis [7]. There are different DNA ligase enzymes, nevertheless, T4 DNA ligase, produced 
by bacteriophage T4, is one of the most frequently used as it connects both cohesive and blunt 
ends [12].

DNA POLYMERASE
DNA polymerase III has a very large and complex protein structure, consisting of several 

protein subunits. This enzyme is also very important for molecular biology as it acts adding 
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deoxyribonucleoside to the 3’ end of a growing DNA chain. They are Commonly used to amplify 
DNA fragments in vitro. The first one to be isolated was a thermostable DNA polymerase (Taq 
DNA polymerase) originated from the thermophilic bacterium Thermus aquaticus, is largely used 
for PCR [13]. 

Several thermostable DNA polymerases were subsequently isolated, and many of these are 
commercially available for carrying out PCR technique. Some examples are the Tth isolated from 
Thermus thermophilus; BstI from Bacillus stearothermophilus; Psp “Deep Vent” isolated from 
Pyrococcus sp.; Pfu isolated from Pyrococcus furiosus, Pwo isolated Pyrococcus woesei, Tli “Vent” 
isolated from Thermococcus litoralis. These enzymes have different characteristics from each 
other, such as extension rate, processivity and fidelity, which are chosen according to the final 
purpose [14].

CLONING VECTORS
In order to amplify the genetic information of the gene of interest, the fragment must be 

inserted in a different DNA molecule; these DNA molecules are called molecular cloning vectors. 
These vectors basically have some essential components such as (i) the multiple cloning site 
(MCS) for insertion of the sequence of interest, (ii) a replication origin that allows replication 
of the cloning vector into the host cell and (iii) a gene coding that confers resistance to a certain 
antibiotic, enabling the identification and selection of cells harboring the recombinant vector [13].

Cloning vectors are bacterial plasmids, genetic elements consisting of circular DNA molecules 
within a cell that is physically separated from a chromosomal DNA found in bacteria. They have 
the ability to replicate because of its own origin of replication and, in general, they contain genes 
that confer resistance to antibiotics, such as ampicillin and tetracycline. These characteristics, 
in addition to its small size (a few thousand of base pairs) turned them very suitable to be used 
as cloning vectors. pBR322 was one of the first recombinant plasmid to be constructed and it 
is formed with a number of other plasmids (pBR318, pBR320 pBR313) [15]. Very well known 
cloning vectors, such as pUC18 and pUC19, were developed from pBR322. pUC19, for instance, is a 
commonly used plasmid cloning vector in E.coli. It is a small molecule and has a high copy number, 
a multiple cloning site polylinker, and a gene that codes for ß-galactosidase (lac Z gene). Insertion 
of foreign DNA within the lac Z gene causes insertional inactivation and abolishes intra-allelic 
complementation with another protein, permease, encoded by host chromosome [12,16,17]. 
Therefore, the recombinant bacteria able to hydrolyze X-gal, the substrate for the active enzyme, 
giving rise to white colonies, which can be differentiated on culture media from non-recombinant 
cells, which are blue. Bacteriophage vectors are also used as cloning vectors, keeping the insert 
inside infectious phage particles. It is an effective vector for cloning DNA fragments no larger than 
23kb [17]. For fragments or genes that are larger in size, between 35 to 40 kb, the cosmids are 
an excellent choice. They are hybrid vectors containing a DNA fragment from the lambda phage, 
including the cos site, and bacterial plasmid DNA. They are able to pack DNA and infect host cells 
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releasing large DNA molecules into these recipient cells. However, for very high inserts still the 
most popular is the bacterial artificial chromosome (BAC), that can pack inserts from 100 to 500 
kb, and yeast artificial chromosomes (YACs), that can harbor inserts ranging from 250 to 1000 
kb [12]. 

These cloning vectors that have the ability to carry large inserts were used for constructing 
genomic libraries, collection of the total genomic DNA from a single organism. Another type 
of genetic library that was much explored using these vectors was the one where the reverse 
transcriptase enzyme produced cDNA using mRNA as a template. The creation of cDNA library 
was very important in a large number of studies, such as the search for potential targets for 
antimicrobial and antitumor drugs [12,16,17].

RECOMBINANT DNA TECHNIQUES
In order to amplify the cloned insert using the PCR method is necessary to use two 

oligonucleotides, also named primers, commercially synthesized. They can bind in a sequence-
specific manner to their respective complementary oligonucleotides in the DNA strand (forward 
5’-3’ and reverse 3’-5’ strand) that is flanking the region of interest amplifying thus the fragment 
that was cloned. Therefore, these oligonucleotides Serve as primers for DNA synthesis in vitro. The 
automatized PCR reaction begins with the heating of the machine, which promotes the separation 
of double-stranded DNA. Then, it is cooled to allow the hybridization of the oligonucleotides to 
their respective complementary DNA sequences. The melting temperatures are in the range of 
52 to 58°C. After this step, machine is warmed up again to an optimum temperature in which the 
enzyme DNA polymerase can extend the strands by adding deoxyribonucleotides (dATP, dCTP, 
dGTP and dTTP) once the primers have been annealed. This cycle is repeated around thirty times. 
At the end it is generated a large number of recombinant DNA molecules. The identification of 
the amplified sequences occurs through the gel electrophoresis method, which consists on the 
separation and analysis of DNA (also RNA and proteins) and their fragments, based on their 
size and charge. The concept of the technique is that ionized molecules placed in an electric 
field migrate according to their charges and molecular weights. If the charge is positive, they 
will migrate to the negative pole, conversely, if it is negative, migration will occur towards the 
positive pole. The amplified fragments migrate according to their charge, size and shape, forming 
a characteristic band in the agarose gel. This method allows to qualitatively identify the sequence 
of interest based on its size calculated in the amount of nitrogenous base pairs. 

In order to determine whether the sequence was correctly amplified, the sequencing method 
described by Sanger and colleagues at the end of the 70s, has been widely used. This method of 
DNA sequencing is based on the selective incorporation of chain-terminating dideoxynucleotides 
stained with different fluorescent dyes by DNA polymerase during in vitro DNA replication 
[12,16,17]. Nowadays there are other techniques, besides cloning and sequencing, to determine 
gene sequence as well their biological function. For example, genome editing approaches has been 
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described and recent data shows that they represent a very good genomic techniques advances.

GENOME EDITING WITH SITE-SPECIFIC NUCLEASES
The implementation of large genome annotation projects, and new and accessible approaches 

for whole-genome sequencing,  have been permitted to scientists to be self-confident, to modify 
basic science and personalized medicine. Homologous recombination (HR) has been the 
traditional and powerful approach to inactivate target genes, replacement, or addition, and also 
offers conclusive information for evaluating gene function [18]. Nevertheless, the low efficiency 
of this system in mammalian cells and model organisms, time-consuming, the possibility for 
hostile mutagenic effects, radically restricts the utility of this methodology [19]. An alternative to 
HR is RNAi process [20]. RNAi is a rapid and cheaper mechanism, that happens in response to the 
incorporation of RNA molecules into cells, RNA molecules inhibit or knockdown gene expression. 
Even so, RNAi has restrictions like inefficiency, incomplete knockdown gene, random off-target 
effects, time-consuming, labor intensive and supplies only temporary inhibition of gene function; 
and until now, traditional gene-targeting technology has only been capable to be applied in rare 
model systems, such as Drosophila [21] and mouse [22], categorized by short generation times 
and easy inbreeding. These limitations hamper the practical application of RNAi technology [19].

The chance of modifying DNA sequences within the cell in a controlled way permit the 
understanding of gene function, consequently, virtual handling of any gene in a varied range of 
cell types and organisms, usually is denominated as ‘genome editing’. This approach was initially 
applied to Drosophila melanogaster [23,24] is founded on the use of engineered nucleases 
constituted of sequence-specific DNA-binding domains attached to a non specific DNA cleavage 
module [25,26]. This methods permits an efficient and precise genetic modification through the 
induction of a double-strand break (DSB) in a specific genomic target sequence, followed by the 
generation of desired modifications during subsequent DNA break repair [27]. 

In the last years, it has been obeserved observed an innovation in gene targeting technology. 
ZFN (Zinc Finger Nuclease) [24,28], TALEN (Transcription Activator-Like Effector Nuclease) [29] 
and CRISPR/Cas9 nuclease (Clustered Regularly Interspaced Short Palindromic Repeats) [30,31] 
systems, currently make it possible for scientists to easily, efficiently and inexpensively modify 
the genome. It is known that any gene can be mutated by these methods, in an efficiently way, 
sometimes overhead a 50% of frequency [32,33].

The advent and speedy development of those techniques has elevated and pronounced interest 
in their applications in either model or non-model organisms [34]. An underlying mechanism 
similar to this techniques-by inducing targeted DNA to generate DSB, followed-by DSBs being 
corrected by error-prone non-homologous end joining (NHEJ) [35] and HR [36]. In eukaryotic 
cells NHEJ and HR are the two keys of DNA repair mechanisms. 

Each of these systems ZFN, TALEN and CRISPR/Cas9, has different way to recognize and 
operated on the target DNA [24,29,37,38]. Both ZFN and TALEs have been fused to enzymatic 
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domains. The ZFNs were the first engineered endonucleases developed for targeted genome 
modification. ZFs (Zinc Finger) composed of three Cys2His2 zinc fingers engineered to bind 
specific DNA sequences. As one ZF links to three bases, consequently joined ZF array can 
recognize 9–18 bp, per cleavage site [25]. ZFs are linked to a FokI nuclease domain, a non specific 
DNA cleavage domain [39,40]. A dimerization of FokI induces local endonuclease activity. This 
dimerization requires high specificity for DSB generation only at the target locus. Therefore, 
ZFNs are used in pairs with specificity to opposing DNA strands that assemble on both sides of 
the targeted cleavage site. The capability to regular the recognition specificity of zinc fingers, 
opens the prospect of directing cleavage to arbitrarily chosen chromosomal sites, without prior 
manipulation of the target [24].

The other alternative approach for introducing chromosomal breaks at selected sites of DNA 
is TALEN, was first described in 2007 [41]. Similar a ZFNs conception, consist of assembled DNA-
binding motifs coupled to FokI nuclease [42-45]. TALEs proteins are produced by plant pathogens 
in the genus Xanthomonas, and consist of a central domain commissioner for DNA binding, a 
nuclear localization signal, and a domain that activates the target gene transcription [46]. 
Domains consist in tandem repeats monomers of 33–35-amino-acid residues; each of them binds 
one nucleotide in the target nucleotide sequence. The domains responsible for the recognition of 
a specific nucleotide are located at the 12 and 13 positions, and they are highly variable (repeat 
variable di-residue, RVD). Repeats with different RVDs recognize different DNA base pairs, and 
there is a one-to-one correspondence between the RVDs in the repeat domain and the nucleotides 
in the target DNA sequence [42,47]. As with ZFNs, TALEN-mediated double-strand breaks, also 
stimulated HR in human cells at levels that are similar to the levels achieved with ZFNs [48,49]. 
The skill to predict the DNA binding specificity of native or artificial TALEs suggests a variety 
of applications for these proteins in the targeted modification of genomes. These site-specific 
nucleases have modified a diversity of organism’s genome, and they are in continuous growing, 
developing and expanding the repertoire of model systems for basic research [19].

The more recently described technique of genome editing is the CRISPR /Cas system, who 
has emerged as an alternative to ZFNs and TALENs for inducing targeted genetic alterations. The 
loci of CRISPR was discovery in 1987 in E.coli by Ishino and co-workers, but their function wasn’t 
definite until 2007 by Barrangou and colleagues, who verified that S. thermophilus can acquire 
resistance against a bacteriophage by integrating a genome fragment of an infectious virus 
into its CRISPR locus [50]. This system has been described as an adaptive defense mechanism 
against various mobile genetic elements, in a wide range of prokaryotes, including the majority 
of Archaea and many Bacteria. CRISPR loci consist in a series of 24–47 bp repeated sequences 
separated by unique sequences of a similar length (known as spacers) that match the genomes 
of bacteriophages and other mobile genetic elements [51,52]. Upstream of the CRISPR locus is 
a leader region containing 20 to 534 bp, A-T reach region, the promoter of this loci, is in the 
sequence leader region [53,54]. Near the repeats array was describe a conserved family of 
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few CRISPR-associated (cas) genes. This family consisted of genes encoding proteins like DNA 
helicases (cas3) and exonucleases (cas4), which implied that Cas genes likely have function in 
DNA metabolism [54].

Three mains stages are involves in CRISPR mechanism. The first stage is Adaptation, phase 
with acquisition of memory, where a small fragment of foreign DNA that entered a bacterial cell is 
inserted into the CRISPR locus of the host genome, forming a new spacer. In prokaryotes genome, 
this fragment is present as a protospacer that is complementary to the spacer and flanked by 
a short (2–5 bp), conserved sequence called PAM (protospacer adjacent motif) [55,56]. Always 
the new spacer is inserted on the side of the leader sequence located before a CRISPR cassette. 
After that, take place the transcription, or biogenesis phase, in which the entire CRISPR locus is 
transcribed into a long pre-crRNA  (poly-spacer precursor crRNA), which will be processing into 
mature crRNA, generate the guide RNA components (gRNA); the third phase is the interference of 
the invading cognate nucleic acids by ribonucleoprotein complexes consisting of Cas proteins and 
the guide RNAs. Cas9 is a dsDNA nuclease, enzyme specialized for cutting DNA, with two active 
cutting sites, one site for each strand of the DNA’s double helix, that uses a crRNA guide to specify 
the site of cleavage [57,58].

ZFN, TALEN and CRISPR/Cas9, are the three new genome-editing techniques, which 
accomplish efficient and precise genome modification through similar mechanisms, like as by 
inducing targeted DNA to produce double strand breaks (DSB), followed-by DSBs being repaired 
by NHEJ [35,36].

ZFN and TALEN systems stimulate DSBs by a non-specific FokI nuclease domain fused to their 
binding domains; been ZFN a method that has limited target sites because of its 3-nucleotides 
recognizing model, and the system is also more expensive and difficult to assemble. For the 
other hands, TALEN and CRISPR/Cas9 techniques are pondered to be the ideal gene-targeting 
technologies, since they are easier to assemble, are more efficient, and have more abundant 
target-specific recognition sites and activations compared with a similar range of cell types and 
organisms [34]. It is important to note that in the last few years the CRISPR/Cas9 system has 
been successfully used to target genomic loci in the mammalian cell lines [30,33,59] and several 
species, including mice and rat [45,60].

Once the sequence of a target gene is studied through all these different methods mentioned 
above, the scientists might want to obtain the protein of interest for using it for different 
applications. One manner by which it is possible to produce a “biological factory” capable to 
produce in great quantities the protein of interest is to clone it into different biological expression 
systems.

EXPRESSION OF HETEROLOGOUS PROTEINS
The next step to produce the protein of interest is to insert the cloned DNA fragment into 
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expression vectors. They are very similar to the cloning vectors, however, they present transcription 
and translation signals necessary to regulate the expression of the cloned gene. These vectors are 
available for both prokaryotic and eukaryotic host cells. The gene to be expressed is inserted 
into the polylinker near the promoter of the gene, which can be inducible or constitutive. It also 
contains transcription terminator sequences to improve the stability and to establish the amount 
of the produced mRNA. Another component that is present is the ribosome binding site sequence 
that provides the signals necessary for the efficient translation of the mRNA. Prokaryotes and 
eukaryotes use different strategies to specify the site where the mRNA begins to be translated in 
protein. mRNA from procaryotes usually has a conserved sequence of six nucleotides, known as 
the Shine Dalgarno or linker site of the ribosome (RBS), which is always found few bases (5’) above 
to the start codon. mRNAs from eukaryotic organisms has a sequence known as Kozak consensus 
sequence that also plays a major role in the initiation of the translation process[12,16,17].

The most frequently used plasmids for the expression of recombinant proteins contains the 
Lac promoter (inducible) or the T7 promoter (constitutive). The lac promoter is repressed by lacI 
repressor protein in the absence of an inducer (lactose or isopropyl-β-d- thiogalactopyranoside 
- IPTG) and induced in its presence in a growing medium lacking glucose. The T7 promoter is 
originated from the Bacteriophage T7. In molecular biology they are very expored due to its 
extremely high affinity for T7 RNA polymerase leading to a high level of protein expression. One of 
the most common expression vectors that uses the T7 promoter are the popular pET expression 
system (Novagem, 2005).

Vectors designed to express the protein of interest in mammalian cells needs to contain 
sequences to allow the production of the protein in eukaryotic cells. However, the vector needs 
to propagate in bacteria because of the cloning steps. Therefore they have origin of replication 
for both gram positive and negative bacteria as well as a selection marker for selection of 
clones harboring the vector [17]. They have to present promoters recognized by the eukaryotic 
cell transcription machinery to allow the expression of the protein. The most used one is the 
cytomegalovirus promoter (pCMV). Another component is the polyadenylation signal, originated 
from the Bovine Growth Hormone (BGH) gene to stabilize the mRNA recently sythetized.

The cell that can host the cloning or expression vector can be weither a virus or bacteria. 
The bacterium that was first and most widely used for this purpose is Escherichia coli because 
it has well-described genetic characteristics, can grow easier in culture medium that are not so 
expensive and are able to express very high amounts of proteins. Despite its widespread use, 
expression of recombinant proteins in E. coli system has some disadvantages when compared 
to other systems such as viral or gram positive bacteria. It has lipopolyssacharides (LPS) on its 
outer membrane which is considered to be an endotoxin that can contaminate the final product. 
Moreover, recombinant protein can be included inside inclusion bodies hampering its purification 
[61,62]. The system also does not allow post-translational modifications in the protein of interest, 
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which ends up limiting its use. Another disadvantage is that some combinations of codons are 
found at low frequency in E. coli preventing protein translation. To overcome this problem 
many codon usage indices has been studied, such as ENC (effective number of codons), P (codon 
preference plot), frequency of optimal codon, codon bias index and codon adaptation index 
which can establish which codon should be used for E. coli or other bacterial strain, therefore, 
allowing some authors to develop several softwares to analyse such indexes, which justifies the 
requirement of indices calculation for the research in recombinant protein expression in order to 
obtain high levels of the targeted proteins [63,64]. Actually, there are many strategies that have 
been used and being developed in order to improve both the expression of heterologous proteins 
in prokaryotic host cells (i.e. efficient expression vectors, construction of genetically modified 
bacterial strains lacking extracellular proteases).

Expression vectors that works only in eukaryotic cells are necessary only when the protein 
needs to be expressed on its native form as these mammalian cells provide post-translational 
modifications, such as acetylation, methylation, phosphorylation, especially N-linked glycosylation 
in the recombinant protein[65].  The first recombinant product produced on a large scale in 
mammalian cells was the tissue plasminogen activator (tPA), the product was licensed in 1987 
and is produced on large scale in chinese ovary hamster CHO cell lines [66].
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