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INTRODUCTION

The genomes are not constant, rather they vary permanently. Multitude of
genetic rearrangements occurs due to inversion, duplication, insertion, deletion,
or translocation of DNA segments. In bacteria, two categories of recombination
promote a variety of DNA rearrangements. In general homologous recombina-
tion, genetic material is exchanged between two homologous DNA loci. The
other source for DNA recombination is transposition in which discrete DNA
segments, called transposons, translocate to one of many nonhomologous target
sites (see, for example, Hallet and Sherratt, 1997).

Transposons are widespread in nature, having been identified in the genomes
of numerous organisms, from bacteria to humans. Transposition can alter the
genome functionality. It is obvious that transposition of a mobile element into
the particular gene inactivates it. However, insertion of a transposon can also
activate the expression of neighbouring normally cryptic genes. Transposition
can promote large DNA rearrangements including deletions, inversions and
replicon fusions. Additionally, capability of transposons to transmit genetic in-
formation between cells makes transposons important tools in horizontal gene
transfer. Thus, it is evident that mobile genetic elements have important roles in
genome organisation and reorganisation and as a consequence — in the genome
evolution.

Many transposons code only for factors that are needed for propagation of
their DNA. By using functions of the host they can spread in the genome in a
replicative mode, being able to overreplicate their host. Therefore, the transpo-
sons are often viewed as molecular parasites or as selfish DNA-s (Doolittle and
Sapienza, 1980, Orgel et al., 1980). However, the idea that mobile elements are
primarily parasitic is one-sided. Transposons often code for genes, for example
for antibiotic resistance confirming genes that could be useful for host under
certain conditions. Really, the relationship between the transposable element
and host genome may be highly variable ranging from parasitism to mutualism
(Kidwell and Lisch, 2001).

Mobility of bacterial transposons is strictly regulated to low levels (10~ to
107® per element per generation; Kleckner, 1990) in order to maintain the bal-
ance between their propagation and potential destructive mutagenic effects to
their hosts. Actually, transposable elements stay mostly in the quiet state and
translocate only in a narrow window of host cell cycle or solely in response to
certain stimuli. Barbara McClintock, the discoverer of transposable elements,
has suggested that transposition activity could be a response to challenges to the
genome (McClintock, 1984). Indeed, it has been shown that different stresses
such as carbon starvation, temperature effects and UV light can enhance trans-
position of bacterial mobile elements. Moreover, it has been hypothesised that



activation of transposition due to stress might serve as an adaptive response to
overcome stress and to evolve the new traits (Wessler, 1996; Capy et al., 2000).

So, there have been various interpretations about the nature of the transpo-
sons — from calling them parasites up to considering them as useful entities for
the host genome. In order to understand the real interplay between the transpo-
son and its host and their influence upon each other, it is important to find out
the regulatory mechanisms that control the frequency of transposition. For most
bacterial elements, the rate of transposition is primarily determined by the
amount and activity of transposon-encoded specialised transposition recombin-
ase called transposase. Up to now, a large variety of mechanisms limiting trans-
posase gene expression or transposase protein activity have been described (re-
viewed in Kleckner, 1990). Furthermore, transposition reaction itself is mostly
controlled by other transposon-encoded protein(s) and/or host factors. Involve-
ment of host factors in the regulation of transposition indicates that these factors
may be used for communication between the host and the transposon to signify
whether the transposition is favoured or not. A popular idea is that transposition
is modulated by cellular (and also probably by the extracellular) conditions be-
ing favoured when these conditions are poor (e.g. Kleckner, 1990; Shapiro,
1997; Capy et al., 2000). However, there are only few well-understood exam-
ples of transposons, which switch their activity depending on different cellular
signals (Lamrani et al., 1999; Morillon et al., 2000).

In the present thesis I will concentrate on the regulation of transposition of
bacterial mobile elements with special attention to the relationship between the
transposable element and its host. The experimental part of the thesis attempts
to present an overview about the regulation of Pseudomonas putida transposon
Tn4652, an interesting example among the bacterial transposons due to its abil-
ity to activate cryptic genes and to respond to the starvation-induced stress.
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1. REVIEW OF LITERATURE

1.1. Overview of transposition

Transposons are discrete DNA segments that can move from one genetic loca-
tion to another. The essential determinants of a transposon are terminal inverted
repeat sequences that designate the transposon ends and the gene encoding for
the transposase that performs the transposition reaction. The simplest transpos-
able elements — IS elements (insertion sequence elements) — code only for
these determinants (Fig. 1). Larger transposons can code other genes as well
inciuding, for example, genes for different antibiotic or metal resistance or
genes for degradation of several cyclic organic compounds. Some transposons,
called composite transposons, carry DNA with different genes between two IS
elements. In this case both whole composite transposon as well as only one IS
element are able to transpose.

Pl-»  tmp K| IS element
b wmma | U7V 774 transposon
b MR W77/ M 7//40 AN | 4 composite transposon

Figure 1. Organization of different types of bacterial transposable elements. Transposase genes
(tnpA) are designated by grey boxes. The terminal inverted repeats are indicated with black trian-
gles. Hatched boxes picture the different transposon-carried genes.

In the first step of transposition the transposase specifically interacts with the
sequences at both ends of the mobile element. These terminal inverted repeats
sequences are unique and characteristic to each type of transposable element.
After specifically binding to inverted repeats the transposase catalyses the DNA
cleavage and rejoining to a new target site. The transposon ends are joined to
the target DNA in a staggered fashion, and the resulting gaps are filled in by
using host replication functions (reviewed in Mizuuchi, 1992; Craig, 1996).
This generates the target site duplications on either side of inserted transposon.
The length of these direct duplications is characteristic for each transposon and
can vary from 2 to 14 bp (reviewed in Mahillon and Chandler, 1998).

In the thesis I will concentrate on the transposition of bacterial mobile DNA
elements. However, hereby I want to point out that translocation of a transposon
and integration of a virus into the chromosome of the host are mechanistically
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similar reactions. Actually, many aspects in transpositional recombination have
been resolved in the study of bacteriophage Mu regulation.

1.2. Types of transposition mechanisms

Transposition can be described as a three-step process. In the first two steps,
specific DNA cleavage at the transposon ends and subsequent strand transfer
into target DNA occurs. In the third step, the transpositional intermediate is
processed by host DNA repair or replication machinery. The basic biochemical
mechanism underlying the transpositional recombination is remarkably similar
between diverse mobile elements. However, the outcomes of the transposition
process may differ essentially while some important differences exist between
different types of transposition mechanisms (reviewed in Mizuuchi, 1992).

The transposition mechanisms of bacterial transposons can be divided into
two major types of reactions: non-replicative or cut-and-paste transposition and
replicative transposition. The fundamental differences between the cut-and-
paste and replicative transposition mechanisms lie in the DNA cleavage type at
the transposon ends and as a consequence in the different outcomes of the
transposition reaction.

1.2.1. Replicative transposition

In replicative transposition, entire mobile element is directly copied by DNA
replication during translocation process. If the replicative transposition occurs
into the same DNA molecule it may lead to deletion or inversion of DNA re-
gion between target and original location of transposon. Replicative transposi-
tion from one replicon to another results in generation of a structure called
cointegrate in which the donor and target replicon are joined by directly re-
peated copies of the transposon at each junction (Fig. 2).

The critical steps in transposition are the DNA breakage reactions at each
transposon end promoted by transposase. The mode how transposase cuts the
DNA largely determines the type of transposition mechanism. In replicative
transposition, process begins with the cleavage of only one DNA strand at each
end of transposon, liberating the 3' ends of the element (Fig. 3). After transfer of
free transposon ends to the target DNA, the two replicons (donor and target)
will be linked while no cleavage at the 5' ends of transposon has been occurred
(Craigie and Mizuuchi, 1985; Craigie and Mizuuchi, 1987). This intermediate
structure is often called the Shapiro intermediate from the name of the scientist
who was one of the first to suggest the model for cointegrate formation and
resolution (Shapiro, 1979; Arthur and Sherratt, 1979). Because the staggered
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target site cut, the Shapiro intermediate has gaps next to the ends of the transpo-
son. Free 3' ends of the target DNA are used as primers for DNA replication
through the gaps and entire transposon to generate the cointegrate. The cointe-
grate can be subsequently resolved by recombination between two copies of the
transposon yielding to a restored donor molecule and a target replicon now
containing a copy of the transposon (reviewed in Hallet and Sherratt, 1997,
Craig, 1996). Many transposons, for example Tn3 and its relatives, encode for
separate site-specific recombination system that can resolve the cointegrate
(Grindley et al., 1982, Stark ez al., 1989). Recombination occurs between the
res sites of the two copies of transposon and is catalysed by element-encoded
recombinase resolvase (Shapiro, 1979; Arthur and Sherratt, 1979). Replicatively
moving transposons that do not code for resolution function use host-encoded
homologous recombination system to resolve the cointegrate.

Replicative

]

Donor

Nt/ g Cointegrate

Simpla
insartion

Cut-and-paste O

i

Figure 2. Schematic presentation of replicative and cut-and-paste transpositions. The product of
replicative transposition is cointegrate in which the donor and target replikon are fused by two
copies of the transposon (rectangle). The cointegrate will be resolved by site-specific
recombintion between the two transposon copies. Both modes of transposition result in
duplication of the target site (open triangles) (from Hallet and Sherratt, 1997).
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Target

Donof ———————
3'+ 5 3' Only
Donor Cleavage
¢ Strand Transfer
L R— 5' Cleavage m——— Shapiro
e mrmmmmstesee —_— intermediate
Host Replication
Non-Replicative s
Simple Insertion Replicative Cointegrate

Figure 3. Chemical steps in replicative and cut-and-paste transposition. The transposon (solid
box) donor DNA is shown by thin line. Target DNA is pictured by thick line. Note, that the
Shapiro intermediate may result both in cointegrate formation or simple insertion, as is the case of
bacteriophage Mu transposition in the lytic or lysogenic cycle, respectively (see the text) (from
Craig, 1996).

The best-studied examples of transposons that transpose via the replicative
transposition pathway are ampicillin resistance-encoding transposon Tn3 and its
relatives. They all move through a cointegrate as transposition intermediate and
they code for recombination functions for cointegrate resolution (reviewed in
Sherratt, 1989). An interesting example is bacteriophage Mu that uses replica-
tive transposition mechanism to propagate its genome during the lytic growth
cycle. Multiple rounds of replicative transposition can generate about 100 prog-
eny phage particles per cell in less than one hour (Pato, 1989).

1.2.2. Cut-and-paste transposition

In the non-replicative or cut-and-paste mechanism, the transposon is cut out of
the donor site by double-strand breaks (Fig. 2). The process is carried out by a
transposase and the excised transposon can be seen as a transposition intermedi-
ate which will be transferred to the target site. Similarly to the replicative trans-
position, the transposon transfer occurs through the joining of the 3' ends of the
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element to staggered positions of the target DNA (Fig. 3). In this process small
gaps (several nucleotides), flanking the inserted transposon, are generated.
These gaps are repaired by host functions creating direct repeats at both ends of
transposon that is characteristic of transpositional recombination.

Elements known to move through the cut-and-paste transposition are Tn5
(Reznikoff et al., 1999), Tn7 (Bainton et al., 1991; Gary et al., 1996), and Tnl0
(Benjamin and Kleckner, 1989; Bolland and Kleckner, 1995). Many IS-ele-
ments translocate in this fashion as well (reviewed in Mahillon and Chandler,
1998). Bacteriophage Mu that uses replicative transposition in the lytic growth
cycle, can also transpose via the non-replicative mechanism. In the lysogenic
cycle of life, Mu is integrated into the host chromosome without replicating the
viral genome (Pato, 1989). However, the non-replicative transposition of bacte-
riophage Mu does not involve the double-strand breaks at the Mu ends but only
free 3' ends are produced (Fig. 3). These 3' ends are then joined to the target
DNA yielding a branched DNA intermediate (Shapiro intermediate), which can
be resolved, by nucleolytic cleavage and gap repair to generate a simple insert
(Craigie and Mizuuchi, 1985; Craigie and Mizuuchi, 1987).

Thus, not all non-replicative transposition reactions involve an excised
transposon. On the whole, it is not easy to determine by inspection of the trans-
position products whether the element translocates via a non-replicative or rep-
licative pathway. Transposition often appears to be replicative: mostly the
transposon copy at the original donor site does not get lost even in the case of
non-replicative transposition. Indeed, during the cut-and-past reaction the bro-
ken donor molecule is rarely resealed and might be lost. However, bacterial
replicons (even the chromosome) are usually present in multiple copies in the
same cell. Therefore, the transposon donor locus of pre-transposition state can
be restored by recombinational repair (Craig, 1996). In this case the non-
replicative transposition gives the same outcome as replicative transposition.

1.3. Molecular view of transposition

Although in detail, there are important variations in the transposition reactions
from one mobile element to another, the basic biochemical reactions underlying
the different transposition pathways of bacteria and eukaryotes are extremely
similar. For example, the eukaryotic mobile elements, such as retroviruses (e.g.
HIV-1) and retrotransposons, insert themselves into target DNA mechanistically
similar to bacterial transposons. The proteins performing the reaction in these
cases are called integrases (Polard and Chandler, 1995; Haren et al., 1999).
Central to all transposition reactions is the cutting of DNA that precisely ex-
poses the free 3' ends of the mobile element and subsequent joining of these
ends to the target DNA. Transposition reactions occur within elaborate protein-
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nucleic acid complexes called synaptic complexes. These complexes contain
DNA substrates (transposon ends and sometimes also target DNA) that are jux-
tapositioned by oligomerised transposase molecules. The proper assembly of
synaptic complexes prior to activation of transposase catalytic activity is likely
to be a key regulatory step in transposition.

1.3.1. Binding of the transposase to the ends of transposon

Mobile elements carry at least two determinants that are essential in transposi-
tion: two transposon ends and transposase gene. Inverted repeat sequences at
both transposon ends are sites onto which specifically binds the transposase.
Transposases are multidomainal proteins: they contain a specific DNA-binding
domain (for binding to transposon ends), a catalytic core domain (for DNA
cleavage and strand transfer) and a non-specific DNA-binding domain (for
binding to target DNA). Additionally, in order to form the synaptic complex
essential for initiation of transposition, transposase molecules oligomerise
bringing the two transposon ends together. Actually, only after oligomerization
and synaptic complex formation the transposase converts from a catalytically
inactive molecule to an active one (reviewed in Mizuuchi, 1992),

Why is assembly of synaptic complex a prerequisite step for the subsequent
chemical activities? Detailed studies of synaptic complexes of bacteriophage
Mu and Tn5 transposases with relevant transposon ends have enlightened sev-
eral aspects of transposition machinery (Savilahti and Mizuuchi, 1996; Davies
et al., 2000). Resolution of the three-dimensional structure of Tn5 transposase
complexed with Tn5 transposon end DNA revealed that the architectural or-
ganisation of synaptic complex explains the transposase activation in this com-
plex. Namely, in the synaptic complex, the catalytic centre of transposase sub-
unit bound to one DNA end is precisely positioned at the other end of transpo-
son (Davies et al., 2000). It means that the subunit bound to one DNA end
cleaves and joins the other end — the transposase performs so-called trans-
catalysis (Fig. 4). Biochemical studies of the transposase-DNA complex of
bacteriophage Mu indicate a similar architecture and trans-catalysis by Mu
transposase (Savilahti and Mizuuchi, 1996). It is assumed that also other mem-
bers of transposase and integrase family employ similar organisational structure
for co-ordinate cutting and religating the DNA (Davies et al., 2000; Williams
and Baker, 2000).
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Figure 4. Organization of the transposase-DNA complex of TnJ. Transposase molecule bound to
the one transposon end catalyses the nicking of the other end (from Williams and Baker, 2000).

Catalytic domains of transposases and integrases are characterised by a common
catalytic triad of acidic residues, two aspartic acid residues and a glutamic acid
residue known as the DDE motif (reviewed in Polard and Chandler, 1995;
Haren et al., 1999). These three conserved residues are well separated in the
primary sequence with a spacer of about 50-70 residues between the two aspar-
tic acid and about 35 residues between the second aspartic acid and the glutamic
acid residue (Baker and Luo, 1994). Studies of several transposases have shown
that mutating any one of these acidic residues abolishes the catalytic activity of
protein (Baker and Luo, 1994; Bolland and Kleckner, 1996; Sarnovsky et al.,
1996; Naumann and Reznikoff, 2000). It was proposed that DDE motif consti-
tutes a catalytic pocket which binds and co-ordinates divalent metal ions known
to be essential in transposition reaction (Baker and Luo, 1994). This suggestion
has been confirmed recently by resolution of the three-dimensional structure of
Tn5 transposase-DNA complex (Davies et al., 2000).

1.3.2. DNA breakage and joining

All transposition reactions analysed so far appear to utilise the same basic
chemical strategy for joining transposon ends to target DNA: 3' termini of
transposon are created by hydrolytic cleavage and subsequently used in direct
nucleophilic attacks on target DNA to perform the strand transfer. In vitro
studies of chemical steps of transposition have revealed that these two reactions
are performed by one catalytic centre of transposase or integrase molecule
(Baker and Luo, 1994). Both the DNA cleavage and joining steps seem to occur
by a one-step transesterification mechanism and there is no evidence for cova-
lent protein-DNA intermediates. In the first reaction, an activated water mole-
cule performs a nucleophilic attack, hydrolysing one strand at the each end of
transposon to expose a 3'OH group (Fig. 5). Next, activated 3'OH groups carry
out nucleophilic attacks on target DNA (see for example Mizuuchi, 1992). Ca-
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talysis of both these transesterification steps requires divalent cations such as
Mg”* or Mn>* (Junop and Haniford, 1996; Sarnovsky et al., 1996).

Nonreplicative DNA transposons, e.g. Tnl0, Tn5, Tn7 in E. coli and Tc3 in
C. elegans, move by a double-strand cleavage mechanism (Bainton et al., 1991;
Reznikoff, 1993; van Luenen et al., 1994; Bolland and Kleckner, 1996). The 5'
end strand cleavage has been shown for TnS5 and Tnl0 transposons to occur via
a two-step process whereby the 3'OH group generated from the initial strand
cleavage step attacks the complementary strand to form a hairpin structure
(Fig. 5). Next, hydrolysis of the hairpin intermediate results in blunt-ended
DNA at the transposon end (Kennedy et al., 1998; Bhasin et al., 1999). Thus, as
demonstrated with Tn5 and Tnl0, transposase can catalyse four subsequent
chemical reactions: fist-strand nicking, hairpin formation, hairpin resolution and
strand transfer.

Doror DNA Tas Transposon DNA Donor ONA

| Tranepceae binding

f

|

G TN BTN
Targat ONA

| Target capwure

Strand transder ;

xRSy KRR

Figure 5. Schematic diagram of the Tn5 cut-and-paste transposition mechanism (from Davies et
al., 2000).
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1.4. Regulation of transposition
1.4.1. Frequency of transposition

Successful maintenance of transposable elements requires that the transposon
can overreplicate its host. However, this overreplication cannot exceed the deli-
cate balance between the necessity to propagate itself and the potentially delete-
rious impact to the host. Therefore, the transposition occurs rarely and the fre-
quency of transposition is mostly tightly downregulated (reviewed in Kleckner,
1990). For instance, transposition of Tn3 family transposons normally occurs at
frequencies of 107 to 107 per cell generation (Sherratt, 1989). Still, there are
some transposons that can transpose at much higher frequency. Transposon Tn7
transposes at high frequency (up to 10™') to a single specific site in E. coli
chromosome. On the other hand, Tn7 transposition into other sites is much less
efficient (Waddell and Craig, 1988). Bacteriophage Mu is the most active ele-
ment — during replicative transposition more than 100 new copies of the viral
genome in less than an hour can be generated (Pato, 1989). The name of bacte-
riophage Mu is derived from its ability to mutate genes.

The mechanisms of transposition regulation vary among transposons studied.
Although, some aspects are common to all. For example, the rule is that the
transposase is never expressed at a high amount. Also, transposase catalytic ac-
tivity is controlled both by transposon-encoded and by host factors. Generally,
all these regulatory mechanisms ensure low-frequency transposition (reviewed
in Kleckner, 1990).

1.4.2. Regulation of transposase expression and activity

The frequency of transposition is limited primarily by the amount of active
transposase (Kleckner, 1990). For now, many different mechanisms are de-
scribed that maintain a low level of transposase and/or control the transposase
activity.

1.4.2.1. Regulation of transposase transcription

Several transposase genes are characterised by weak promoters. For example,
the promoter for transposase of IS/0 (pIN) is essentially weak and transcription
from this promoter is even more inhibited by transcription from the opposite
lying promoter pOUT (Simons et al., 1983). Transposase promoters often
overlap with inverted repeat sequences at the transposon end permitting auto-
regulation by the transposase itself (Mahillon and Chandler, 1998).

Transposons often code for transcriptional repressors that inhibit transcrip-
tion from the transposase promoter. For example, expression of transposase
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protein of bacteriophage Mu is under the negative control of Mu-encoded re-
pressor protein ¢ (Krause and Higgins, 1986). Transposon Tn3 and other ele-
ments of the same subfamily are subjected to negative regulation by the ele-
ment-encoded resolvase. In these elements, transposase and resolvase are tran-
scribed divergently from the promoters in a res region and binding of resolvase
to the res region inhibits transcription of both the transposase (tnpA) and the
resolvase (tnpR) genes (Sherratt, 1989). The insA gene product of IS/ (which is
N-terminal part of IS] transposase) inhibits IS] transposition by two ways.
Binding of insA to the terminal inverted repeats both represses expression of
transposase gene and prevents binding of transposase to the transposon ends
(Machida and Machida, 1989; Zerbib et al., 1990).

Besides of transposase regulation by mobile element-encoded proteins, the
transposase expression can be modulated by various host factors as will be de-
scribed in more detail below (see section 1.4.5.). For instance, transposase pro-
moters of several transposons are regulated by DNA adenine methylation
(dam). 1S50, 1S10 and Tn903 have GATC methylation sites located in the
~10 regions of the transposase gene promoters and transcription from these
promoters is elevated up to 10-fold in dam-minus strain (Roberts et al., 1985;
Yin et al., 1988). In the IS10 transposition, dam methylation seems to play the
dual role. One GATC site lies in the transposase promoter region. Methylation
of this site decreases transcription from the promoter. The other GATC site oc-
curs within the transposase-binding site, which is involved in the transposition
reaction. Mutation in dam gene increases IS0 transposition about 100-fold
(Roberts et al., 1985). The important biological consequence of dam regulation
is that transposition should occur only during a limited period of the cell cycle,
shortly after replication.

1.4.2.2. Regulation of transposase translation

For many transposable elements, e.g. Tn3, IS10, IS5, IS and Mu, the transpo-
sase expression is largely restricted by the inefficient translation of transposase
mRNA (reviewed in Kleckner, 1990). Translation of the Tn3 transposase (tnpA)
transcript is very inefficient because of a poor ribosome-binding site (RBS).
Mutations creating a strong Shine-Dalgarno (SD) sequence in RBS increase
expression of the tnpA of Tn3 approximately 30-fold (Casadaban et al., 1982).
Translation of transposase mRNAs of ISI0 and IS30 is inhibited by an-
tisense RNAs (Simons and Kleckner, 1983; Arini et al., 1997). Pairing of trans-
posase mRNA with IS/0-encoded antisense RNA sequesters the Shine-
Dalgarno sequence and AUG start codon of transposase transcript preventing
ribosomes from efficient initiation of translation (Ma and Simons, 1990). Addi-
tionally, pairing of antisense RNA with mpA mRNA destabilises the transpo-
sase transcript because of the cleavage of the duplexed molecule by ribonucle-
ase III (Case et al., 1990). IS30 encodes for a 150-bp-long antisense RNA
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which can form a RNA-RNA duplex with the transposase mRNA impeding the
migration of the ribosomes in the central part of the transposase gene (Arini et
al., 1997).

One of the mechanisms involved in transposase regulation is programmed
translational frameshifting. Several IS elements encode for two consecutive
overlapping ORFs placed in different reading phases. Slippage of the elongating
ribosome between the ORFs can lead to synthesis of an intact transposase
(Chandler and Fayet, 1993). Typically a —1 frameshift occurs at the so-called
“slippery” codons. Slippage of the ribosome can be stimulated by stem-loop
structures located downstream of the “slippery” codons. The frequency of
frameshifting is low — only about 1% of elongating ribosomes may slip and
synthesise the fusion protein (Escoubas et al., 1991). Elements known to use
programmed translational frameshifting in transposase synthesis are, for exam-
ple, the members of IS/ and IS3 families (Sekine and Ohtsubo, 1989; Polard et
al., 1991; Sekine et al., 1994; Hu et al., 1996).

Several transposons have mechanisms for the protection of transposase ex-
pression from the external promoters that may occur if the element is inserted
into an actively transcribed gene. For example, transcripts that read through the
end of Tnl0 or IS50 do not express the transposase because of an mRNA sec-
ondary structure that sequesters the translation initiation signals (Davis et al.,
1985: Schulz and Reznikoff, 1991).

1.4.2.3. Inhibition of transposase activity

For the effective transposition reaction, formation of a stable and co-ordinated
synaptic complex between transposase molecules bound to each transposon end
is a prerequisite. Therefore, proteins which interact with transposase or which
can compete with transposase for the DNA-binding sites can affect the transpo-
sase activity. For example, IS50 encodes for an inhibitor (Inh) that is translated
in the same reading frame as the transposase (Tnp) but lacks the N-terminal 55
amino acids, required for sequence-specific binding with the transposon ends
(Isberg et al., 1982; Johnson et al., 1982; de la Cruz et al., 1993). It has been
shown that Inh protein inhibits transposition due to forming transpositionally
inactive heterodimers with transposase (Braam et al., 1999). Interestingly, these
Tnp-Inh heterodimers present even better binding activity to DNA as compared
to the transposase homodimers (de la Cruz et al., 1993). Thus, Tnp-Inh mul-
timers seem to act by dual mechanism: they titrate out the active transposase
pool and by binding to the transposon ends they block the transposase binding
sites for the active form of transposase (de la Cruz et al., 1993).

The negative regulator of IS/ is also translated from the same reading frame
as the transposase but differently to the Inh protein of IS50, it contains the
DNA-binding domain and lacks the catalytic domain (Machida and Machida,
1989). Specific binding of IS/ inhibitor to the transposon ends inhibits transpo-
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sition probably by competition with the transposase for their cognate site within
the ends of IS (Zerbib et al., 1990). Similar inhibition of transposase action is
proposed also for IS3 (Sekine et al., 1997).

1.4.2.4. Transposase cis-activity

Many transposases are characterised by preferential cis-action, i.e., they act ef-
fectively only at their site of synthesis (Kleckner, 1990). Transposase cis-
activity can exceed its trans-activity of several orders of magnitude and this
phenomenon has been observed for a variety of transposable elements including
IS71 (Machida et al., 1982), IS10 (Morisato et al., 1983), IS50 (Isberg et al.,
1982; Johnson et al., 1982) and IS903 (Derbyshire et al., 1990). The preferen-
tial cis action probably reduces the rate of accumulation of transposon copies in
the cell because the particular transposon can use only the transposase synthe-
sised by itself. Thus, increased copy number of the element can result in only a
linear increase in transposition frequency not in an exponential increase.

Some transposases have been observed to be unstable proteins, which
obviously partially explains the preferential cis-action of these transposases. For
example, transposase of IS903 is sensitive to the E. coli Lon protease and it can
fonction up to 1000-fold more efficiently if its gene is located close to its bind-
ing site (Derbyshire et al., 1990). In addition, poor expression of transposase
protein due to inefficient translation initiation is supposed to complement the cis
preference of the IS903 transposase (Derbyshire and Grindley, 1996). The inef-
ficient translation together with low half-life of the transposase message seems
to be the main reason for preferential cis action also for IS/0 transposase (Jain
and Kleckner, 1993b).

The degree of cis action of a transposase may also be influenced by its
oligomerization state. Oligomerization of transposase monomers bound to
transposon ends is important to form the transpositional synaptic complex.
However, premature oligomerization of transposase before binding to transpo-
son DNA might lead to inactivation of the protein. It has been hypothesised that
inhibition of transposase due to premature oligomerization could be reason for
cis-preference of some transposases. For example, oligomerization seems to
regulate transposase cis-activity of IS5 (Wiegand and Reznikoff, 1992). As
mentioned above, Tn5 encodes for inhibitor protein Inh that inactivates the
transposase Tnp through the oligomerization with it. However, Tnp itself can
inhibit Tn5 transposition as well, when encoded in trans (DeLong and Syvanen,
1991; Wiegand and Reznikoff, 1992). That has been suggested to occur by the
formation of inactive Tnp multimers and it was hypothesised that premature
dimerization may mask the DNA-binding domain of Tnp (Weinreich et al,,
1994).

Most transposases have the sequence-specific DNA binding domains in
the N-terminal region of the protein. This arrangement may permit the binding
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of a nascent transposase tethered to the translation machinery to the transposon
end. The idea is supported by the observations that the presence of the
C-terminal region of both the IS50 and IS/0 transposases appears to mask the
DNA binding domain and reduce binding activity (Jain and Kleckner, 1993a;
Weinreich ez al., 1994). The fact that the incomplete transposase molecule may
have a higher affinity to the transposon ends than the complete molecule, leads
to cis but not trans activity.

1.4.3. Target site selection

Transposons can insert at various sites of the host genome. Target-choice speci-
ficity varies largely for different transposons: some elements exhibit consider-
able target site selectivity while others seem to insert into quite random targets.
Nevertheless, transposition never occurs absolutely randomly and some degree
of target preference has been observed in every case studied so far. Mostly, the
direct interaction of transposase with target DNA determines the target site se-
lection. For instance, the selection of an IS/0 target site is mediated by direct
interaction of transposase with the target DNA (Bender and Kleckner, 1992a).
Yet, target site can be selected through transposase interaction with accessory
proteins, as is the case of Tn7 (Craig, 1997).

Some transposons insert preferentially into a specific sequence. For example,
IS91 has been shown to insert specifically 5' to either one of the tetranucleotides
5'-GAAC or 5-CAAG, and always in the same relative orientation in respect to
the sequence of the target (Mendiola and de la Cruz, 1989). A lot of other trans-
posons show preference for some more or less strict sequences as well: IS10
often inserts into the symmetric NGCTNAGCN heptanucleotide (Halling and
Kleckner, 1982), bacteriophage Mu prefers pentanucleotide C-Py-G/C-Pu-G
(Haapa-Paananen et al., 2001), IS23/A chooses mostly the sequence
GGG(N)sCCC (Hallet et al., 1994), transposable elements Tcl and Tc3 of the
nematode C. elegans insert into the dinucleotide TA (Plasterk, 1996). However,
the abovementioned sequences are not sufficient to confer target specificity as
the base pairs flanking the target sequence also contribute significantly to tar-
get-site selection (Bender and Kleckner, 1992b; Haapa-Paananen et al., 2001).

Tn7 is unique among transposons by its ability to transpose at high fre-
quency into one major target site in the E. coli chromosome termed atfTn7
(Craig, 1991). Four proteins encoded by Tn7 — TnsA, TnsB, TnsC and
TnsD — are required for Tn7 insertion into atfTn7. TnsD binds specifically to
attTn7 and directs the other Tns proteins together with the ends of the transpo-
son to this site (Bainton et al., 1993). It has been proposed that distortion of tar-
get DNA caused by TnsD serves as a signal to recruit the transposition complex
(Kuduvalli et al., 2001). Tn7 can transpose also into other, non-atfTn7 sites.
However, it occurs at much lower frequency and TnsE, the fifth Tn7 encoded
protein is needed to choose the suitable non-a#fTn7 site (Waddell and Craig,

23



1988). Actually, the initiation of Tn7 transposition is controlled by target selec-
tion, while no DNA breakage reactions happen before the assembly of transpo-
sition complex with target DNA (Bainton ez al., 1991; Bainton ez al., 1993).
This contrasts, for example, with IS70 which transposition reactions (breaks at
the transposon ends) can be initiated in the absence of an appropriate target
(Sakai and Kleckner, 1997).

Some transposons select the target probably by the DNA structure. For
example, target choice can be influenced by DNA bending (Hallet ez al., 1994),
the degree of DNA supercoiling (Lodge and Berg, 1990), the level of transcrip-
tion of potential target (Bernardi and Bernardi, 1988; Casadesus and Roth,
1989; DeBoy and Craig, 2000) and replication (Bernardi and Bernardi, 1987;
Wolkow er al., 1996). Mostly, transcription of a target DNA has been observed
to reduce the frequency of insertion of transposons (Casadesus and Roth, 1989;
Wang and Higgins, 1994; DeBoy and Craig, 2000). It is supposed that such a
strategy may serve to direct transposition away from the most essential genes,
i.e. those being actively transcribed (Craig, 1997).

Transposition regulation of several bacterial mobile elements often fa-
cilitates horizontal transmission of the transposon (Craig, 1996). One strategy
for horizontal transfer could be the insertion of the transposon into plasmids,
which readily move into other cells. Indeed, some transposable elements prefer
plasmids as insertion targets. For example, transposon Tn3 preferentially trans-
poses into plasmids than into the chromosome (Kretschmer and Cohen, 1977).
Tn7 possesses the similar preference of target choice: the preferred non-attTn7
targets for Tn7 are conjugating plasmids (Wolkow et al., 1996).

1.4.4. Transposon copy number control and transposition immunity

Any type of transposition can lead to an increase in the number of transposon
copies within a cell. Therefore, the total frequency of transposition will increase
with increasing transposon copy number if each of these copies acts independ-
ently. To avoid the exponential increase in transposon copy number, many ele-
ments have regulatory mechanisms that sense the copy number of the element
and reduce the frequency of transposition per copy as the number of transposon
copies per cell increases. Experiments with differentially marked Tn5s showed
that the frequency of transposition of an individual Tn5 decreased proportion-
ally with the total number of copies of the element present in a cell (Johnson
and Reznikoff, 1984a).

One mechanism that limits the rate of accumulation of transposon copies is
that many transposases are preferentially cis acting, i.e. they are not freely dif-
fusible to other transposon copies within the cell (see section 1.4.2.4.). Another
important feature is the combination of a cis-acting transposase and a trans-
acting negative regulator (reviewed in Kleckner, 1990). For example, IS/0 en-
codes a trans-acting negative regulator (antisense RNA) which effectiveness
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increases with increasing concentration, i.e. with increasing transposon copy
number (Simons and Kleckner, 1983). As a consequence, the transposition fre-
quency per transposon copy decreases. Similarly to IS0, the negative regula-
tors of IS50 and IS/ can also effectively function in trans and inhibit transposi-
tion (Yin and Reznikoff, 1988; Machida and Machida, 1989; Zerbib et al.,
1990).

Several transposable elements including members of the Tn3 family (Lee et
al., 1983; Wiater and Grindley, 1990a; Wiater and Grindley, 1990b), bacterio-
phage Mu (Adzuma and Mizuuchi, 1988; Darzins et al., 1988), and Tn7 (Hauer
and Shapiro, 1984; Arciszewska et al., 1989) exhibit an interesting phenomenon
known as transposition immunity, sometimes called target immunity. These
elements transpose much less frequently into a plasmid replicon that already
contains a copy of the transposon than into a replicon lacking the transposon.
This kind of transposition inhibition is not global but it is cis specific since only
the target already containing a copy of the transposon becomes “immune” to
further transposition of the same transposon. Experiments with Tn7 have estab-
lished that target immunity can act over distances of at least 190 kb in the
chromosome of E. coli (DeBoy and Craig, 1996). However, transposition of
Tn7 into a more distant site 1.9 Mb away in the same DNA is not inhibited
(DeBoy and Craig, 1996).

The signal that confers immunity to a target DNA is provided by the ends of
the transposon and by the transposase bound to the ends (Adzuma and Mi-
zuuchi, 1988; Maekawa et al., 1996). In the case of Mu and Tn7 also transpo-
son-encoded accessory proteins MuB and TnsC, respectively, are involved.
MuB and TnsC select transposition target for relevant transposon. However,
these proteins are actively removed from potential target DNAs containing Mu
or Tn7 ends and this is promoted by transposase bound to the transposon end
DNA (Adzuma and Mizuuchi, 1988; Adzuma and Mizuuchi, 1989; Stellwagen
and Craig, 1997).

The transposition immunity is important in limiting the copy number of
transposon within cells. However, the immunity may likely also serve as a bar-
rier to self-insertion. This might be especially important in the case of quite
large transposable elements such as Mu (35 kb) (Adzuma and Mizuuchi, 1988;
Darzins et al., 1988) and Tn7 (14 kb) (Stellwagen and Craig, 1997).

1.4.5. Host factors in transposition

As already mentioned above, transposition activity of mobile elements is fre-
quently modulated by various host factors. The involvement of host factors in
transposition indicates that these proteins may be used for communication be-
tween the transposon and its host bacterium. Differential regulation of host fac-
tors in response to changing physiological and/or environmental conditions may
cause substantial alterations in the frequency of transposition. Host proteins
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may participate in regulation of transposase expression or directly in the trans-
position reaction. Naturally, the DNA replication and repair, required to com-
plete the transposition and performed by the host machinery, are subjected to
host control (Craig, 1996).

Many transposons employ different histone-like proteins, such as HU, IHF.
H-NS and Fis. These proteins are small and able to bend or wrap the DNA. Al-
beit relatively abundant in bacterial cell, the concentration of these proteins de-
pends on the growth phase and the physiological conditions of the bacteria. For
example, Fis levels vary dramatically during the course of cell growth and in
response to changing environmental conditions. The intracellular level of Fis
protein in exponential growth phase cells of E. coli was found to be more than
500-fold higher than in stationary phase cells (Ball ez al., 1992; Ali Azam et al.,
1999). The abundance of IHF, on the contrary, was shown to increase up to
seven-fold during the transition of cells from exponential growth to the station-
ary phase (Ditto et al., 1994; Delic-Attree et al., 1996; Murtin et al., 1998;
Teras et al., 2000; Valls et al., 2002). It is reasonable to suppose that changes in
the amount of host factors involved in regulation of mobile element may affect
frequency of transposition.

HU, IHF, H-NS, and Fis are all involved in the regulation of the bacterio-
phage Mu, either by controlling Mu transposase expression or participating di-
rectly in the transposition reaction (Surette et al., 1989; Allison and Chaconas,
1992; Gama et al., 1992; van Drunen et al., 1993; van Ulsen et al., 1996). Both
HU and IHF stimulate Mu transposition (Craigie et al., 1985; Surette et al.,
1989), H-NS and Fis influence negatively Mu activity (Falconi et al., 1991;
Betermier et al., 1993; Gomez-Gomez et al., 1997). IHF plays a dual role in the
transposition of phage Mu. First, it activates the expression of transposase gene
from the P. promoter of Mu, indirectly via alleviating the H-NS-mediated re-
pression and directly by activating P transcription (van Ulsen et al., 1996).
Second, IHF binding to the Mu P. promoter region (that is part of a larger en-
hancer-like element) can also facilitate the formation of MuA transposase com-
plexes at the ends of the element (Surette et al., 1989; Allison and Chaconas,
1992).

IHF is involved in transposition of other transposable elements as well. Sev-
eral mobile DNA elements carry IHF-binding sites at one or both termini
(Makris et al., 1990; Gamas et al., 1987; Wiater and Grindley, 1988; Huisman
et al., 1989). For transposon Yo (Tn1000), it has been shown that IHF binds co-
operatively with the transposase to the ends of ¥d and stimulates transpositional
immunity of the element (Wiater and Grindley, 1988; Wiater and Grindley,
1990a). However, while the wild-type y& transposon transposed equally well
with or without the IHF binding sites (Wiater and Grindley, 1990a; May and
Grindley, 1995), the effect of IHF in transposition of Tn7000 seems to be only
modulatory. Similar results were obtained with ISI: although IHF was shown to
bind to both IS] ends (Gamas et al., 1987) no clear effect of IHF on transposase
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