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Abstract: The modification of mammalian genomes is an important goal in gene therapy and 

animal transgenesis. To generate stable genetic and biochemical changes, the therapeutic 

genes or transgenes need to be incorporated into the host genome. This aspect, which is 

beyond the scope of this article, will have to be addressed in future experiments. The 

available data suggest that it is possible to derive DNA-modifying enzymes with novel site-

specificities by using sophisticated mutagenesis and selection systems. In this article, we 

discuss the opportunities provided by natural DNA-modifying enzymes, such as 

transposases, recombinases and integrases, to mediate the stable integration of foreign genes 

into host genomes. In the context of genome engineering, two properties of the DNA-

modifying enzymes are important. In addition, we discuss the approaches that have been 

taken to improve the efficiency and to modify the site-specificity of these enzymes. 

Keywords : Macromolecular, microinjection, liposomes, electroporation, Viral integrases, 

transposases. 

Introduction 

Enzymes are macromolecular biological catalysts. Enzymes accelerate chemical reactions. 

The molecules upon which enzymes may act are called substrates and the enzyme converts 
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the substrates into different molecules known as products. Almost all metabolic processes in 

the cell need enzyme catalysis in order to occur at rates fast enough to sustain life.
[1]

 

Metabolic pathways depend upon enzymes to catalyze individual steps. The study of 

enzymes is called enzymology and a new field of pseudoenzyme analysis has recently grown 

up, recognising that during evolution, some enzymes have lost the ability to carry out 

biological catalysis, which is often reflected in their amino acid sequences and unusual 

'pseudo catalytic' properties.
[2][3]

 

 Enzymes are known to catalyze more than 5,000 biochemical reaction types.
[4]

 Most 

enzymes are proteins, although a few are catalytic RNA molecules. The latter are called 

ribozymes. Enzymes' specificity comes from their unique three-dimensional structures. Like 

all catalysts, enzymes increase the reaction rate by lowering its activation energy. Some 

enzymes can make their conversion of substrate to product occur many millions of times 

faster. An extreme example is orotidine 5'-phosphate decarboxylase, which allows a reaction 

that would otherwise take millions of years to occur in milliseconds.
[5][6]

 Chemically, 

enzymes are like any catalyst and are not consumed in chemical reactions, nor do they alter 

the equilibrium of a reaction. Enzymes differ from most other catalysts by being much more 

specific. Enzyme activity can be affected by other molecules: inhibitors are molecules that 

decrease enzyme activity, and activators are molecules that increase activity. Many 

therapeutic drugs and poisons are enzyme inhibitors. An enzyme's activity decreases 

markedly outside its optimal temperature and pH. 

 Foreign DNA can be transported into eukaryotic cells by physical, chemical or biological 

methods (e.g. microinjection, liposomes, electroporation, gene-gun or viral vectors). Stable 

integration of the foreign DNA will only occur in a small proportion of the cells that have 

taken up the DNA. Integration of the foreign DNA is mediated by cellular DNA repair 

enzymes and occurs at random sites of the host genome. If the foreign DNA contains 

sequences that are identical to the host genome, it might be inserted by homologous 

recombination in a small fraction of the transduced cells. Retroviral vectors integrate their 

DNA into the host genome efficiently and murine leukemia virus (MLV)- and lentivirus-

based vectors are excellent tools for both animal transgenesis and gene therapy. However, 

retroviral vectors suffer from serious limitations. The integration at random sites often places 

the transgene into an environment that is not supportive of its expression. MLV-based vectors 

are additionally silenced by epigenetic mechanisms.  

 

 In the context of gene therapy, retroviral vectors also carry the risk of insertional 

mutagenesis. If a transgene or a therapeutic gene would be inserted into the host genome at a 
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pre-selected site, abundant, continuous expression of the foreign DNA could be accomplished 

in the absence of genome mutagenesis. Targeting of a defined site in a eukaryotic genome 

can be achieved by using either DNA-base pairing or sequence-specific DNA–protein 

interactions. Here we will focus on how natural DNA-modifying enzymes could be modified 

so that they mediate site-directed integration of foreign DNA. In an accompanying article in 

this issue of Trends in Biotechnology we discuss the design of nucleic acid and protein 

modules, which can target a foreign gene to a pre-defined site. 

 

DNA-modifying enzymes  

A variety of enzymes can catalyze the insertion of foreign DNA into a host genome. Viral 

integrases, transposases and site-specific recombinases mediate the integration of virus 

genomes, transposons or bacteriophages into host genomes. An extensive collection of 

enzymes with these properties can be derived from a wide variety of sources. In the context 

of genome engineering, two properties of the DNA-modifying enzymes are important. First, 

they need to be sufficiently active in the target organism. Many transposases, for example, 

have been selected for minimal activity because excess transposon activity would endanger 

survival of the host and the transposons often, hyperactive mutants have to be derived from 

these enzymes to obtain sufficient levels of DNA mobility.  

Second, the site-selectivity of the DNA-modifying enzyme is important. Some of the 

enzymes discussed subsequently (e.g. Cre or Flp) have a high degree of DNA sequence 

specificity, whereas others (e.g. retroviral integrases) do not. Transposases have a high degree 

of site selectivity for the transposon ends, although they appear to have limited specificity for 

the target sequence for de novo integration. However, even enzymes that are site-specific in 

their natural host (i.e. bacteria) might interact with multiple sites in a bigger eukaryotic 

genome. In addition, nucleosomes and DNA methylation could be obstacles for the activity 

and accuracy of prokaryotic enzymes in eukaryotic cells. Recent data suggest that both 

catalytic activity and site-selectivity of DNA-modifying enzymes can be altered successfully, 

albeit within limits. In an ideal scenario, a new DNA site specificity could be grafted onto a 

DNA-modifying enzyme by simply adding a new DNA-binding domain (DBD). However, 

this is only possible in the rare cases where the catalytic domain and the natural DBD are 

spatially distinct and interchangeable 
[7]

. Unfortunately, the 3D structure of proteins is often 

complex and amino acids at the opposite ends of the primary sequence interact to form a 

crucial protein domain 
[8]

. 

In subsequent sections, we discuss three groups of enzymes that have attracted major interest 

as genome engineering tools, namely viral integrases, transposases and site-specific 
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recombinases, and the progress that has been made in defining and re-defining and their 

target sequences. Viral DNA integration systems DNA integration using retroviruses 

Retroviruses combine several useful features, including the relative simplicity of their 

genomes, ease of use and their ability to integrate into the host cell genome, permitting long-

term transgene expression in the transduced cells or their progeny. They have, therefore, been 

used in a large number of gene-therapy protocols 
[9]

. Vectors based on murine leukemia 

viruses can integrate only in dividing cells and are often silenced by epigenetic mechanisms. 

This has significantly hampered their use in animal transgenesis 
[10].

 Lentivirus vectors, 

however, appear to be able to overcome these limitations 
[11]

, which has made them attractive 

candidates for both gene therapy and transgenic applications 
[12]

. Virus entry into cells is 

limited by the availability of suitable receptor molecules but viral particles can be equipped 

(pseudotyped) with proteins that enable either a broad or a specific range of cells to be 

infected 
[13].

 However, the size of foreign DNA that can be packaged successfully in retroviral 

vectors is limited. 

 The random integration of retroviruses can, under particular circumstances (which are 

influenced by the integration site, the therapeutic gene in the retroviral vector and the cell 

type infected), lead to the activation of oncogenes or the inactivation of tumour suppressor 

genes 
[14]

. Recent reports of leukemia in two gene therapy patients (after retroviral 

transactivation of the LMO2 oncogene) have shown that this is more than a theoretical 

concern. Retroviral integrases are synthesized as part of the pol protein, which also 

encompasses the reverse transcriptase and protease domains. An integration complex, 

crucially relying on the integrase protein but containing several additional viral proteins, is 

responsible for the integration reaction of human immunodeficiency virus 1 (HIV-1). Cellular 

proteins involved in the non-homologous end joining pathway have also been implicated in 

the completion of the viral integration process 
[15].

 Crystal structures of integrase proteins are 

available for HIV-1, simian immunodeficiency virus (SIV) and Rous sarcoma virus (RSV). 

Retroviral integrases possess a catalytic triad of acidic amino acids, the D, D-35-E motif, 

which coordinates a divalent metal ion (Mg2C or Mn2C). The catalytic domain is in the 

central part of the protein (Figure 1). The N-terminal fragment consists of three a-helices, 

which coordinate Zn2C via conserved cysteine and histidine residues. The C-terminus has an 

all b-strand SH3 fold and binds DNA non-specifically 
[16]

 . Mix and- match mutants of HIV-1 

and feline immunodeficiency virus (FIV) integrase have identified an a-helix in the catalytic 

core region (amino acids 118–121 in the HIV-1 integrase) as being involved in determining 

target sequence preference. However, the target sequence specificity of retroviral integrases is 
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limited. Hot spots for integration exist but a large number of DNA sequences can serve as 

integration targets.  

 Integration often occurs in transcriptionally active segments of the genome with MLV 

integrations favoring regions near a transcriptional start site. Nevertheless, high levels of 

transcription have been found to be inhibitory to integration of an avian retrovirus. The lack 

of sequence specificity of integration has been recognized as a limitation of retroviral vectors 

for many years. Therefore, retroviral integrases, specifically the HIV-1 integrase, were 

among the first molecules to be engineered to recognize specific sequences by fusing them to 

the phage l repressor and the Zif268 transcription factor. The fusion proteins were able to 

direct integration of model substrates bound to purified pre integration complexes to the 

vicinity of l repressor and Zif268 binding sites. However, the generation of functional 

retroviral integration complexes has proved to be difficult and virions carrying mutated 

integrase genes were not viable. This could be due to several reasons. First, the integrase is 

derived from a poly protein encoding two other essential proteins. In the case of HIV-1, the 

integrase gene also overlaps with the open reading frame (ORF) of another viral protein (vif ) 

and contains an essential splice acceptor site. Drastic sequence alterations in this genome 

region are refractory to virus viability 
[17]

. 
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Figure 1. Functional domains of six DNA-modifying enzymes. Catalytic domains are shown 

as blue boxes and active-site residues are shown as vertical blue lines. Retroviral integrases 

(e.g. HIV-1 integrase) and transposases [e.g. Tn5 transposase and sleeping beauty transposase 

(SB10)] share a common D, D-35-E motif at the catalytic center. Catalytic residues in AAV 

rep78 (Y156, essential for endonuclease activity) and Tn3 resolvase (S10, essential for 

covlent binding of DNA) are shown with blue arrowheads. Clusters of Zn2C-coordinating 

cysteine (C) and histidine (H) residues in HIV integrase and rep78 are shown as yellow 

boxes; the positions of the individual residues are marked as vertical red lines. DNA-binding 

domains (DBDs) are shown in red [HTH (helix-turn-helix) motif]. Red arrowheads mark the 

GRRR AT-hook homeodomains in SB10 and Tn3 resolvase. The distribution of a-helices 

(red boxes) and b-sheets (green boxes) is shown for Cre recombinase. Amino acid changes, 

which generate hyperactive forms of Tn5 transposase and Tn3 resolvase, are shown as 

vertical green lines. 

 

 However, by fusing the integrase-DBD proteins to the C-terminus of the viral accessory 

protein vpr and concomitant inactivation of the endogenous integrase by mutating one 

catalytic amino acid it has been possible to generate virions, which are able to integrate into 

the genome of human cells, albeit at much reduced efficiency. Fusion proteins linking HIV-1 

integrase to the polydactyl zinc-finger protein E2C have been reported to restrict integration 

of model substrates in vitro to a 10-bp region flanking the zinc-finger binding site.
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DNA Sequence-Specific Ligands 

 Double-helical DNA can bind different types of ligands that can be classified in two 

categories: intercalators, which insert their aromatic ring between two adjacent base pairs, 

and groove binders, which bind along either the minor or the major groove of the DNA 

double helix. Intercalators have a limited base sequence specificity since they are interacting 

mainly with two adjacent base pairs. In contrast the grooves provide functional groups for the 

recognition of base pairs.  

In living organisms, proteins, binding to specific control regions on the genes, read the 

sequence information on DNA by exploiting all three modes of binding: intercalation or 

partial insertion of aromatic amino acids, binding of a- helices into the major groove and of 

polypeptide chains into the minor groove. Mimicking the last two modes of binding, three 

types of DNA groove binders have been used with success to bind sequence-specifically to 

DNA:

[1] Oligonucleotides recognizing the Watson-Crick base pairs by hydrogen bonding 

interactions within the 

major groove of the double helix and thus forming a local triple helix .

[2] Tandem repeats of zinc finger domains, each of which recognizes typically 3 bp of DNA 

by making 

sequence-specific base contacts into the major groove through the a-helical region of the 

domain.

[3] Small molecules of the polyamide type (containing Nmethylated pyrrole, XV3-

hydroxypyrrole and 

imidazole rings) capable of recognizing 6-7 base pairs from the minor groove of the double 

helix . 

 

Transposons-based DNA integration systems 

 Transposons are segments of mobile DNA that can be found in a variety of organisms. 

Although active transposons are found in many prokaryotic systems and insects, no 

functional natural transposons exist in vertebrates. The Drosophila P element transposon has 

been used for many years as a genome engineering tool 
[18]

. Bacterial transposons, especially 

conjugative transposons, are major contributors to the spread of antibiotic resistance genes. 

Non-vertebrate transposons function in vertebrate cells, albeit at low efficiency. The sleeping 

beauty transposon was established from non-functional transposon copies found in salmonid 

fish and is significantly more active in mammalian cells than prokaryotic or insect 
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transposons 
[19]

. Several laboratories have demonstrated the ability of the enzyme to mediate 

stable integration of foreign DNA into mouse or human cells. 

A minimal transposon consists of a transposase gene and the terminal repeat sequences, 

which are recognized by the transposase. However, other genes (e.g. therapeutic genes) can 

also be included in the transposon. Transposases can act via different reaction mechanisms: 

either a free hairpin DNA is excised from the original site and is then transported as a 

synaptic complex to a new integration site or, alternatively, one DNA strand is cleaved and 

attached to a new target site before the second strand is cleaved 
[20]

. Crystal structures have 

been solved for several transposases and transposase fragments including Tn5 transposase, 

MuA and Ty3 transposase. These structures have demonstrated that the catalytic core region 

is indeed related to a similar fold in retroviral integrases. The Tn5 crystal structure also 

demonstrates that the three domains, which can be deduced from the primary sequence (N-

terminal, catalytic and C-terminal as shown in Figure 1), do not have discreet functions. All 

of them participate in DNA-binding and the formation of the synaptic complex . Tn5 

transposase mutants that were generated by DNA shuffling and selected for their ability to 

interact with an altered transposon end sequence (Table 1) carried mutations in all three 

‘domains’ of the protein. Nevertheless, biochemical evidence in several systems demonstrates 

that the helix-turn-helix motives at the N-terminus of the transposase proteins are crucial for 

interaction with the transposon ends. Sequence comparisons suggest a similarity to DNA-

binding motives found in other proteins, especially Pax transcription factors 
[21]

. DNA 

encompassing the Tn5 outside ends partially protects the N-terminus of the transposase 

protein against proteolytic cleavage.  

The N-terminal domain of the Tc3 transposase could be crystallized together with a 21-bp 

fragment of the transposon ITR. An alanine scanning mutagenesis approach of the N-terminal 

(amino acids 1–123) DNA-binding region of the sleeping beauty transposase (SB10) 

identified four amino acids that crucially influence interaction with the transposon ends. Ten 

other mutations were found in the same region that significantly increased transposition 

activity. Fragments of the N-terminal domain of SB10 specifically bind to the transposon 

ends 
[22]

. Different transposons have adopted different strategies to maintain a relationship 

with their host that enables long-term coexistence 
[23]

. In some cases, transposases have been 

selected for inactivity. Activity of the Tn5 transposon and the Drosophila P element is 

controlled by inhibitor molecules, which are essentially inactive deletion mutants of the 

functional transposase. In bacteria and yeast, some transposons have been selected to mediate 

integration into defined sites in the host genome that are not refractory to host survival. Most 

transposases, although having a tight sequence specificity with regard to their cognate 
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transposon ends, are relatively flexible with regard to their de novo integration site in that 

they either recognize a loose or short consensus sequence. For example, the mariner and Tc1 

super family of transposons recognize TA target sites and duplicate them upon insertion 
[24]

. 

Recent studies with SB10 have demonstrated that target site-selection is dependent on DNA 

structure rather than sequence per se. Furthermore, sleeping beauty-mediated transposition is 

strongly enhanced by CpG methylation 
[25]

. SB10, like retroviral integrases and AAV rep78, 

has been shown to interact with a host cell factor. HMGB-1 enhances SB transposition 

significantly and appears to assist the process of synaptic complex formation 
[26].

 Interaction 

with host cell factors might also influence target site-selection. The yeast retro-transposon 

Ty5 interacts with the host protein SIR4C to target heterochromatin sites of the host genome 

(e.g. telomeres and silent mating loci). This strategy ensures that transposition avoids genome 

areas of high transcriptional activity. By replacing the so-called targeting domain of Ty5 

integrase, which mediates the interaction with SIR4C, with peptides that redirect binding to 

other cellular proteins, it was possible to modulate site selectivity. Many transposases do not 

have a pronounced site selectivity, therefore, it was reasoned that they could be linked to 

DBDs of proteins, which can provide this specificity and guide the transposase to a defined 

genomic site 
[27]

. Such an approach has been shown to be viable using the E. coli IS30 

transposase.  

 This protein has a strong sequence preference for a singular site in the E. coli genome and 

most integrations are found at this hot spot 
[28]

. The DBDs derived from the cI repressor of 

phage l (which directs integration primarily into the vicinity of the l operator in E. coli) or the 

DBD of the mammalian transcription factor Gli1 were simply attached to the C-terminus of 

the full length transposase and analyzed in E. coli and zebrafish. Interestingly, attachment of 

the cI DBD enhanced transposition activity. The DBD redirected a significant subset of 

integration events to sites around the l operator sequence but did not abolish the affinity of 

the transposase for its natural target in the E.coli genome. Juxtaposition of the transposase 

and the transcription factor Gli1 DBD was able to direct integrations of a marker gene in the 

context of the IS30 transposon to the vicinity of a Gli1 binding site placed in the zebrafish 

genome. Surprisingly, most integration events were not due to transposition but illegitimate 

recombination events 
[29].

  

This suggests that the DBD correctly targets the desired site and that the catalytic activity of 

the transposase modifies the host DNA such that DNA repair enzymes are recruited. 

Applications several applications require the site-specific integration of genes into eukaryotic 

genomes. Here we have listed three illustrative examples that are current issues in our 

laboratories. Expression of proteins in milk large amounts of pharmaceutically relevant 
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proteins can be expressed in the milk of ruminants. Even complicated multi-component 

proteins are correctly folded and carry the expected glycosylation and phosphorylation 

patterns. However, the generation of transgenic ruminants is expensive.  

A major contributor to this fact is that microinjection technology leads to the random 

integration of the transgene construct. The integration site often exerts a dominant and 

silencing effect on transgene expression. Therefore, a large number of transgenic lines need 

to be screened to identify one that expresses the transgene at sufficient levels. However, if the 

transgene encoding the relevant protein would be inserted into a highly expressed milk 

protein gene 
[30]

, it would be equipped with all the regulatory elements that warrant abundant 

expression in the lactating mammary gland. In addition, the transgene would be inserted as a 

single copy, thereby avoiding epigenetic silencing mechanisms that are often induced by 

multi-copy transgene arrays. Third, if the insertion site is chosen carefully, the transgene 

could replace an endogenous milk protein gene – not all casein proteins are required for milk 

secretion 
[31]

. Therefore, the transcriptional and translational capacity, which is taken up by a 

dispensable casein gene, could be used to support expression of a transgene.  

 This approach would also make the modified milk less complex in its protein content and 

alleviate purification of the pharmaceutically relevant protein from milk. Currently, the 

precise integration of genes into ruminant genomes requires a homologous recombination 

step in fetal cells. Subsequently, the targeted cells can be used as the basis for nuclear transfer 

into suitable oocytes to generate transgenic ruminants. Although homologous recombination 

into genes that are expressed in fetal fibroblasts is possible 
[32]

, genes that are not expressed 

(like casein genes) are extremely difficult to target. We could not detect a single targeting 

event at the ovine b-casein gene in 720 foetal fibroblast clones (J. McWhir and A.F. Kolb, 

unpublished).  

       

    The use of DNA-modifying enzymes with defined sequence specificities could provide an 

alternative to the homologous recombination approach in this scenario. Similar 

considerations also apply to the development of cell line based protein expression systems. 

Generation of pathogen-resistant mosquito strains Transposons have been used successfully 

as transgene vectors in a variety of species including mouse, zebrafish, Caenorhabditis 

elegans, silk worms, Drosophila and mosquitoes. In some species (e.g. Drosophila) the use of 

transposable elements is an established laboratory technique, whereas in other species the 

transposon mediated production of transgenic lines is still difficult and not widespread 
[33]

. 

Transposons are valuable transgene vectors to investigate, for example, the control of 

mosquito gene expression or to generate mosquito lines, which are refractory to pathogen 
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infection and/or transmission 
[34]

. Active transposons could be used to spread genes in 

populations for the purposes of population replacement or modification, including the spread 

of a refractory gene to prevent pathogen transmission 
[35]

.  

The use of DBD-transposase fusions might increase transposition rates and would also result 

in the integration of the transgene into known and selected genomic sites. This could mitigate 

some of the concerns associated with the use of ‘unrestrained’ autonomous transposons 

integrating at random locations throughout a host genome. Furthermore, the use of a site-

specific transposons might reduce concerns over the potential for horizontal transmission, 

given that the chosen target sequence might not exist in non-host genomes. Even if specific 

target sites do exist in non-target organisms, the results of horizontal transmission could then 

be predicted more accurately based on the now known likely sites of integration. This would 

help guide risk management strategies for these new technologies. 

 

Table 1. Advantages and disadvantages of different gene integration systems 

 

 

 

 

Conclusions 
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Stable transgene insertions into host genomes can be catalyzed by several available viral, 

transposon and recombinase systems. AAV and especially retroviruses provide a high 

frequency of integration and could, therefore, be useful for gene therapy and the generation of 

transgenic animals. However, the lack of site-specificity of integration poses several 

problems. First, random integration of therapeutic genes can lead to insertion mutagenesis, 

which can result in cell transformation. Second, epigenetic mechanisms often silence foreign 

DNA, which has been inserted at random sites in the genome. Third, viral vectors often have 

a limited packaging capacity. Finally, non-specifically integrated therapeutic genes are unable 

to correct dominant negative genetic defects. Huge progress has been made over past five 

years in defining the interactions of DNA-modifying enzymes with their DNA targets at a 

biochemical and structural level. Nevertheless, two crucial questions remain. First, how well 

will these novel vectors work in a realistic gene therapy scenario? Second, how safe will they 

be? Enzymes like fC31 recombinase or SB10 clearly improve the rate of stable gene 

integration above the level of random integration and have also been tested successfully in 

animal experiments 
[36]

. Combinations of viral vectors and transposases have been 

demonstrated to link high transduction efficiency with DNA integration capability. 

Integration efficiencies of up to 15% of non-selected cells were obtained with both the 

sleeping beauty and the fC31 system. However, both sleeping beauty and fC31 recombinase 

are promiscuous in their target site selection and still carry a risk of eliciting in sertional 

mutagenesis. 

Therefore, at present their advantage over the retrovirus system lies in reduced 

immunogenicity and the potential of large scale production of the DNA transfer system. The 

development of gene therapy vectors that target a defined site in the host genome will clearly 

improve the safety of genetic medicines. However, DNA-modifying enzymes have the 

potential to cleave host DNA or to mobilize endogenous host sequences (like transposons). 

This aspect, which is beyond the scope of this article, will have to be addressed in future 

experiments. The available data suggest that it is possible to derive DNA-modifying enzymes 

with novel site-specificities by using sophisticated mutagenesis and selection systems. Often, 

only a few amino acid changes are required to modify sequence specificity. This clearly 

demonstrates that the development of gene therapy vectors and transgenesis systems with 

improved efficiency and an enhanced safety profile is a technical possibility. 
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