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Bacteriophage Mu exhibits low specificity for the 5 bp sequence it selects as its 

transposition target, but shows regional biases in its insertion choices.  For example, Mu 

prefers AT-rich DNA in vitro, exhibits a 1000-fold bias in target preference within the E. 

coli chromosome, and avoids targets carrying Mu end sequences.  The Mu transposase is 

responsible for recognition of the 5 bp target consensus, but depends on the accessory 

protein MuB for efficient target capture.  MuB preferentially binds to AT-rich DNA, 

explaining this particular regional preference.  We have uncovered opposing roles for 

MuB in target capture and integration.  We show while MuB-bound AT-rich DNA is 

favored for integration, the bound DNA itself is refractory, and that transposition occurs 

adjacent to, but not within the bound region.  We show that this property of MuB is 

likely responsible for immunity of Mu from self-integration, since MuB was found to be 

strongly bound within the Mu genome.  Genome-wide analysis of MuB binding on the 

E. coli chromosome showed that Mu target preference is positively related to MuB 

binding profile, and that MuB binding is insulated by the nucleoid-associated protein Fis 
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but not by transcription events.  Since Fis binding to the chromosome responds to the 

frequency of A-tracts, a chromosome domain structure signal, Mu transposition must also 

respond to chromosome domain signals.  Work in this dissertation has provided a new 

understanding of how MuB influences and controls Mu target choice, and of reciprocal 

interactions between a bacterial chromosome and a transposable element. 
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 CHAPTER 1: INTRODUCTION 

 

Transposable elements 

BACKGROUND 

Since Barbara McClintock’s discovery of transposable elements (TEs) in maize in 

the mid 1940s (Chuprina et al., 1991), time has witnessed the identification of an ever-

increasing number of similar elements from virtually all organisms examined (Craig, 

2002).  From the simple insertion sequences (IS) to the complex phage Mu in bacteria, 

from the powerful mutator Ac/Ds elements in maize to the invaluable genetic tool P 

element in fruit fly, and from the silent Sleeping Beauty to the devastating retrovirus HIV 

in human beings, TEs are widespread in nature.  They are prevalent in the genomes of 

plants and animals, constituting ~15% of the fruit fly genome, more than 40% of the 

human (Consortium, 2001), mouse (Consortium, 2001; Consortium, 2002) and rice 

genomes, and up to 90% of the maize genome (SanMiguel et al., 1996).  TEs are less 

abundant but still a significant portion in bacteria and yeast,  comprising 1~3% of their 

genomes (Kidwell and Lisch, 2000). 

Although some TEs are only the footprint of previously active elements, 

especially in higher eukaryotes, they have played an important role in the structure, 

function, and evolution of genes and genomes (Craig, 2002).  Some TEs, especially 

those in bacteria, carry antibiotic resistance or other genes that can benefit their host in 

adverse environments.  TEs can alter gene expression by insertion into introns, 
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regulatory regions, as well as coding regions of genes.  They can also trigger 

chromosomal rearrangements by homologous recombination between element copies 

throughout the genome (Kidwell and Lisch, 2000).  By contributing new genetic 

material and genomic variation, TEs provide building blocks for evolution of their host 

genomes.  For example, the mammalian V (D) J recombination system that generates 

antigenic diversity (Hiom et al., 1998), and the telomere maintenance system of 

Drosophila melanogaster that employs transposition of the non-LTR retrotransposons 

HetA and TART (telomere associated retrotransposon) (Levis et al., 1993), have been 

suggested to be the product of ‘molecular domestication’ of TEs. 

DEFINITION AND CLASSIFICATION 

TEs refer to a class of DNA segments capable of moving or multiplying within 

genomes, generating self-copies interspersed with non-repetitive DNA.  Based on 

whether their transposition intermediate is RNA or DNA, TEs can be classified into two 

main classes (Fig. 1.1) (Finnegan, 1989): retrotransposons and DNA transposons.   

Retrotransposons move through RNA intermediates, which are copied from their 

genomes and turned back into DNA by reverse transcription.  They are ubiquitous 

components of many eukaryotic cells, particularly abundant in plants and mammals 

(Consortium, 2001; Postow et al., 2004).  Retrotransposons can be further divided into 

LTR (long terminal repeats at both ends) retrotransposons and non-LTR retrotransposons.  

The latter can be further typified into LINEs (long interspersed nuclear elements) and 

SINEs (short interspersed nuclear elements).  LTR retrotransposons encode reverse 

transcriptase (RT) and integrase. They share quite similar structural features with 
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retroviruses.  Non-LTR retrotransposons possess a polyadenylate or polyA sequence at 

their 3’ termini.  LINEs usually are 6-8 kb long, and are said to be autonomous since 

they encode endonuclease (EN) and RT required for retrotransposition.  SINEs do not 

encode any protein and they use EN and RT from LINEs; in other words, they are non-

autonomous.   

DNA transposons move through DNA intermediates.  They are prevalent in 

bacteria, but also present in many other species like insects, worms and humans.  DNA 

transposons can be divided into several sub-groups (Kleckner, 1981): insertion sequences 

(IS), composite transposons, non-composite transposons, and transposable phages.  IS 

elements, such as IS1, IS3 etc., are the simplest transposons, which contain a pair of 10-

40 bp identical or imperfectly-identical indirect repeats at both ends and encode only the 

transposases required for transposition.  Composite transposons, like Tn5 and Tn10, 

contain a pair of IS elements flanking antibiotic resistance or other genes that may be 

beneficial for the host.  Non-composite transposons, such as Tn3 and Tn7, which also 

carry antibiotic resistance or other beneficial genes, contain a pair of inverted repeats 

instead of IS elements flanking their ends.  Transposable phages, like Mu and its relative 

D108, are bacterial viruses that use transposition for prophage insertion and genome 

replication.  Their complex genomes have compound transposase binding sites at each 

end, contain cis-acting regulatory elements like a transposition enhancer, an operator for 

binding the lysogenic repressor, and a gyrase binding site thought to nucleate 

supercoiling and promote pairing of the ends, besides encoding transposases and proteins 

required for phage growth (Craig, 2002).  



 

 
 
 
Figure 1. 1 Classification of transposable elements. 
 
DNA transposons have inverted terminal repeats (ITRs) and encode transpoase.  They 
are flanked by short direct repeats (DRs).  LTR retrotransposons have terminal LTRs 
and slightly overlapping ORFs for their group-specific antigen (gag), protease (prt), 
polymerase (pol) and envelope endonuclease (EN). They produce target site duplications 
(TSDs) upon insertion.  The reverse transcriptase (RT) and endonuclease (EN) domains 
are also shown.  LINEs are autonomous non-LTR retrotransposons.  They contains a 5’-
untranslated region (5’UTR) consisting of an internal promoter, two ORFs, a 3’UTR, and 
a poly(A) signal followed by a polyA tail (An).  They are usually flanked by 7~20 bp 
TSDs.  The RT, EN and a conserved cysteine-rich domain C are shown.  Non-
autonomous retrotransposons contain two similar repeats, the left (L) and the right (R), 
and end in a polyA tail. Tc-1 mariner, HERV (human endogenous retrovirus), IAP 
(intracisternal A-particles), L1 elements and Alu elements are examples of their 
corresponding classes. This figure is adapted from (Kazazian, 2004).
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MECHANISM OF TRANSPOSITION 

Precise vs. imprecise  

There are two types of transposition mechanisms utilized by TEs.  Non-LTR 

retrotransposons transpose through an imprecise mechanism, which uses EN and RT to 

execute target-primed reverse transcription (TPRT), and usually results in a truncated 5’ 

untranslated region (UTR) and a 3’ polyA tail (Luan et al., 1993).  We will not discuss 

the imprecise mechanism further here.   

DNA transposons and LTR retrotransposons transpose through a precise 

mechanism, which requires a recombinase enzyme called transposase or integrase (Craig, 

2002).  These enzymes catalyze donor DNA cleavage (hydrolysis) and strand transfer 

(transesterification) at precise nucleotide positions.  Based on the different catalytic 

mechanisms employed to mediate DNA cleavage and end joining reactions, transposases 

can be divided into five major classes: rolling-circle (RC) or Y2 transposase, tyrosine (Y) 

transposase, serine (S) transposase, RT/EN, and DDE transposases.  We will only 

discuss DDE transposases further here since Mu transposase belongs to this family.  

DDE transposases share a conservative DDE motif (aspartate, aspartate, 35 amino 

acid residues, and glutamic acid) and a similar overall topological structure in spite of 

their different primary sequences (Grindley and Leschziner, 1995; Rice and Baker, 2001). 

DDE enzymes are encoded by a large variety of transposons including Mu, P elements, 

Tc1/mariner family, Tn5/Tn10, LTR retrotransposons and retroviruses. 
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Chemical steps catalyzed by DDE transposases 

The initial step of transposition catalyzed by DDE transposases requires the 

assembly of a high-order DNA/protein complex called the transpososome, wherein the 

donor DNA is cleaved through the site-specific endonucleolytic activity of the 

transposase, releasing 3’-OH groups at TE termini.  In the case of LTR retrotranposons 

and replicative transposons such as Mu, these free 3’-OHs immediately attack 

phosphodiester bonds at their insertion sites on target DNA.  The nucleophilic attack on 

the target DNA generates two 5’ staggered ends separated by 2-9 nucleotides, depending 

on the transposon.  Filling of the staggered gaps by host replication or DNA repair 

enzymes leads to the duplication of these nucleotides (DRs or TSDs in Fig. 1.1), which is 

often the characteristic signature of particular transposons (Craig, 2002).   

Different transposition mechanisms for DDE transposases 

Although the chemistry of cleavage and joining reactions is conserved among the 

DDE transposases, the mechanisms they employ for movement are different. There are 

three different ways for transposon movement: ‘copy-in’, ‘cut-out, paste-in’, and ‘copy-

out, paste in’ as summarized in Fig. 1.2 (Curcio and Derbyshire, 2003).  

 During ‘copy-in’, the initially released 3’-OH ends or transferred strands attack 

the target DNA, forming a branched strand-transfer intermediate. Resolution of the 

intermediate by host replication from the 3’ends generated in the flanking target leads to 

a co-integrate molecule with two copies of the transposon.  This mode of transposition is 

also called co-integration.  Examples are Mu and Tn3 family of transposons (Craig, 

2002).  
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During ‘cut-out, paste in’, the free 3’-OH ends attack directly across the DNA 

duplex, resulting in complete double strand cleavage through terminal hairpin 

intermediates (either in the transposon or in flanking sequences).  The hairpin at the ends 

of the transpson is subsequently nicked on both ends.  The 3’-OHs of the free transposon 

ends then attack the target DNA.  Examples are Ac/Ds elements, IS5/10, and V (D) J 

recombination (Jones and Gellert, 2004).  

During ‘copy-out, paste in’, an initial asymmetric cleavage on the donor DNA 

generates only one 3’-OH at one end of the transposon.  This 3’-OH attacks the same 

DNA strand but at the opposite end of the transposon, forming a circular DNA 

intermediate that is revolved into a new copy of the transposon through host replication. 

The newly formed circular transposon is nicked at repeated ends and exposes 3’-OHs at 

each terminus, which then join to the target DNA. IS2, IS3 and IS911 families use this 

strategy.  LTR retrotransposons and retroviruses use a closely related strategy.  They 

generate an extrachromosomal cDNA by reverse transcription, which is cleaved by the 

integrase at each 3’ end to release two terminal nucleotides, exposing free 3’-OHs at both 

termini; these free hydroxyls eventually attack target DNA. The host repair system fills in 

the single strand gaps at the host junction, and removes the two unpaired 5’ nucleotides at 

the transposon ends.
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Figure 1. 2 Different transposition mechanisms for DDE transposases. 
 
This figure is adapted from (Curcio and Derbyshire, 2003).  See text for description.   
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Bacteriophage Mu 

BACKGROUND  

Bacteriophage Mu is a temperate phage which gets its name ‘mutator’ from its 

ability to insert into numerous sites in the E. coli chromosome and induce high frequency 

mutations (Taylor, 1963).  Mu has a 37 kb linear double-stranded DNA genome (Fig. 

1.3) which has been sequenced (Morgan et al., 2002).  Mu propagates itself by using 

transposition to integrate into the host chromosome upon infection, and also to amplify its 

genome during the lytic growth.  During lytic growth, Mu produces about 100 copies of 

virus per infected cell within one hour (Chaconas et al., 1981), making it the most 

efficient transposon known by far.  The reaction pathway of Mu is closely related to a 

variety of DNA rearrangement processes, such as DNA integration of HIV-1 and other 

retroviruses (Engelman et al., 1991), the spreading of drug resistance among pathogenic 

bacteria through transposable elements, and VDJ recombination during immunoglobulin 

gene rearrangements in vertebrates (van Gent et al., 1996).  Its extremely high 

transposition efficiency, combined with its similarity to many transposition systems, has 

made Mu an ideal model system for the study of TEs. 

LIFE CYCLE  

Mu can infect and propagate in a large range of Gram-negative bacterial species. 

Like other temperate phages, Mu can follow two different life cycle paths: lysogenic or 

lytic (Fig. 1.4).  



 
 

 
 
 
 
Figure 1. 3 Phage Mu genome. 
 
The Mu genome is a 38 kb linear DNA. ner and c genes encode immunity functions. A and B genes encode transposition 
functions. SE, semi-essential region. C gene encodes a trans-activator of the late transcription operons. Mu transposition 
requires the two ends of Mu, attL and attR, as well as the enhancer E. When Mu DNA is packaged into a phage head, it 
includes about 50-150 bp of host DNA at the left end, and 1~2 kb on the right end.  
 
 
 
 10



 

 11

 
 
Figure 1. 4 Life cyle of phage Mu. 
 
See text for description. 
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Upon infection of a sensitive host, the linear virion DNA is injected into the host 

cytoplasm and then converted into a non-covalently closed circular form with the 

assistance of an injected phage protein MuN (Harshey and Bukhari, 1983).  The 

infecting DNA integrates into a random site of the host chromosome and generates a 

simple insertion by DNA repair (Au et al., 2006), which is referred to as conservative 

integration since no replication is involved in this process (Harshey, 1984).   

After integration, the majority of the phage genomes enter lytic growth, while the 

remaining 1~10% become lysogens (Howe and Bade, 1975).  During the lytic cycle, Mu 

DNA is amplified over 100-fold on the host chromosome by replicative transposition 

(Chaconas et al., 1981), which is catalyzed by phage encoded transposase MuA with the 

assistance of the accessory protein MuB and several other host factors.  The replicative 

transposition of  Mu follows the ‘copy-in’ model, where the branched strand transfer 

products (‘Shapiro intermediate’) (Shapiro, 1979) are resolved by host replication and 

result in a ‘mother’ copy in the preexisting location and a ‘daughter’ copy in a new site 

(Figs. 1.2 and 1.4).  In the late phase of the lytic cycle, multiple copies of the Mu 

genome are cut out and packed into mature phages in a headful mechanism, where DNA 

packaging starts from the host DNA 50-150 bp to the left end of the Mu genome, 

proceeds rightward past the right end of the phage DNA and terminates in the host 

sequence 1-2 kb to the right end of the Mu DNA (George and Bukhari, 1981) (see Fig. 

1.3).  Thus, every Mu genome in a phage particle has different host sequences linked to 

each end. 

The key factor controlling the lytic-lysogenic decision is the phage encoded 

repressor Rep, product of the c gene (van de Putte et al., 1981).  Rep binds to a 



 13

composite operator region (enhancer; see below), blocking the transcription of early lytic 

promoter (pE) and autoregulating the lysogenic promoter (pCM) (N. Symonds, 1987), 

hence maintaining the lysogenic status.  No known chemical or physical treatment 

triggers the induction of Mu prophage, and spontaneous induction is rare.  Efficient 

induction of Mu prophage can only be achieved by using various Rep mutants (Lamrani 

et al., 1999).  For example, Mucts mutants modify the N-terminal binding domain of 

Rep, which lowers its affinity for the operator, thus becoming inducible at 42°C (Vogel et 

al., 1996).  

CIS AND TRANS ACTING ELEMENTS REQUIRED FOR MU TRANSPOSITION 

An in vitro system for Mu transposition was established in the early 1980s 

(Mizuuchi, 1983).  It was the first such system to study transposition, not only allowing 

the in-depth biochemical analysis of Mu transposition mechanism and pathway, but also 

serving as a basis for the development of the in vitro systems for other DNA transposons 

as well as retrotransposons (Craig, 2002).   

In a typical reaction, a supercoiled mini-Mu plasmid encoding the left (attL) and 

right (attR) ends, and the enhancer (E), is incubated with phage-encoded proteins 

transposase MuA and MuB, host-encoded protein HU, target DNA, divalent metal ions 

(generally Mg2+) and ATP (Fig. 1.5).  A network of ordered end-enhancer interactions 

mediated by MuA results in a progressive series of complexes or transpososomes called 

ER and LER (initial 2- and 3-site interaction), Type 0 (Mu ends engaged in the active 

sites of a functional MuA tetramer), Type 1 (Mu ends nicked at each 3’end), and Type 2 

(Mu ends joined to target DNA).  MuB allosterically modulates the activity of MuA in 
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all of these complexes, as well as captures target DNA for strand transfer in an ATP-

dependent reaction.  In the absence of target DNA, MuB stimulates intramolecular 

transposition, in which the nicked 3’ ends of MuA are transferred into sites within the 

donor DNA itself. 

Cis-elements 

Mu Ends 

Like all transposable elements, Mu has a set of inverted repeats, attL and attR, at 

the left and right ends, respectively (Craigie et al., 1984; Groenen and van de Putte, 1986; 

Zou et al., 1991).  These inverted repeats are not simple like in the other transposable 

systems, but a special combination of three MuA binding sites at each end (Fig. 1.5A).  

The arrangement of the three sites differs at both ends.  The three left sites L1, L2 and 

L3 are all in the same orientation, with a ~80 bp spacer between L1 and L2 and a small 

25 bp spacer between L2 and L3.  In contrast, the three right sites R1, R2 and R3 abut 

each other, with the R3 site in the opposite orientation of R1 and R2.  The binding 

affinity of MuA varies for each of these six sites, where R1, R2, R3 are strong binding 

sites, L1 and L3 are intermediate in nature, and L2 is the weakest site and has been 

termed a ‘half-site’(Kuo et al., 1991).  Elimination of either the L2, L3 or R3 site does 

not cause a severe effect on in vitro transposition efficiency. However, the core sites L1, 

R1 and R2 are all essential (Kuo et al., 1991; Lavoie et al., 1991; Mizuuchi and Adzuma, 

1991).



 
 

 
 
 
 
 
 
Figure 1. 5 Mu transposition in vitro.   
 
A. Arrangement of MuA binding sites at the attL and attR ends and Enhancer. B. The progression of in vitro transposition. 
This picture is adapted from (Yin et al., 2005).
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Enhancer  

The Mu enhancer derives its name from its ability to enhance transposition 

efficiency by at least 100 fold in vivo (Leung et al., 1989; Mizuuchi and Mizuuchi, 1989; 

Surette et al., 1989).  It is a unique feature found only in the transposable phage Mu and 

its relative phage D108.  The enhancer is located about 1 kb from the left end, consisting 

of three subsites O1, O2 and O3, which overlap with the operator regions recognized by 

the Mu repressor Rep (Fig. 1.5A).   E. coli integration host factor (IHF) binds to a region 

between O1 and O2 (Higgins et al., 1989).  The enhancer element is not required for the 

chemical steps of transposition, but plays an essential role in assembly of the 

transpososome in a distant-independent manner (Leung et al., 1989; Mizuuchi et al., 

1992; Surette and Chaconas, 1992).   Indeed, the enhancer remains associated with the 

transpososome from the first ER complex until completion of strand transfer (Kobryn et 

al., 2002; Pathania et al., 2002; Pathania et al., 2003).  Inclusion of the enhancer within 

the transposition synapse prevents access to the repressor Rep and commits to the lytic 

transition, and is proposed to regulate the catalytic activity of MuA and stabilize the 

transpososomes in various reaction steps (Harshey and Jayaram, 2006). 

DNA supercoiling 

In vitro transposition strictly requires a negatively supercoiled donor under 

standard conditions (Mizuuchi, 1983), but the target DNA can be supercoiled, open 

circular, or linear, although supercoiled targets are the most efficient (Craigie et al., 

1985).  Negative supercoiling improves the binding affinity of MuA for the Mu ends 
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(Kuo et al., 1991), allows torsional DNA bending at the L end between L1 and L2 

(Kobryn et al., 1999) and at the enhancer between O1 and O2 (Surette et al., 1989), 

favors synapsis of correctly oriented Mu ends and enhancer (Craigie and Mizuuchi, 1986; 

Pathania et al., 2002), imparts a kinetic boost for formation of transpososomes by 

increasing the local concentration of DNA sites by a factor about 100 (Mu ends and 

enhancer) (Vologodskii and Cozzarelli, 1996; Vologodskii et al., 1992), and provides the 

free energy for formation of the first stable synaptic complex Type 0 (Wang and Harshey, 

1994; Wang et al., 1996).  Like the enhancer, negative supercoiling is not required for 

the transesterification steps, but is crucial for the assembly of Mu transpososomes.   

Trans-elements 

Phage-encoded 

MuA  

The transposase MuA is encoded by the A gene of phage Mu, catalyzing the 

chemical steps of Mu transposition.  MuA is responsible for both the structural and 

functional integrity of transpososomes, where the active form of MuA is a tetramer 

(Lavoie et al., 1991).  MuA is 663 amino acids long (75 KDa) and can be divided into 

three major globular domains to which various functions have been mapped (Harshey et 

al., 1985; Nakayama et al., 1987) (Fig. 1.6A).



 
 
 
 

 
 
 
Figure 1. 6 Domain structures of MuA (A) and MuB (B).  
 
The numbers under the domains refer to amino acid residues. See text for description. 
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The N-terminal domain I (aa 1-243) is responsible for specific DNA binding 

activities.  Domain Iα (aa 1-76) interacts with the enhancer (Leung et al., 1989; 

Mizuuchi and Mizuuchi, 1989) through a winged-helix DNA binding motif (Clubb et al., 

1996; Clubb et al., 1994).  Domains Iβ (aa 77-177) and Iγ (aa 178-243) interact with 

each att site through separate helix-turn-helix DNA binding motifs in these domains 

(Clubb et al., 1997; Schumacher et al., 1997).      

The central domain II (aa 244-574) is the catalytic domain and can be divided into 

two subdomains (Nakayama et al., 1987).  Domain IIα (aa 244-490) contains the DDE 

catalytic motif (aa 269, 336 and 392) that is remarkably similar in the overall structure 

(Rice and Mizuuchi, 1995) to DDE domains from the retroviruses HIV (Dyda et al., 

1994) and ASV (avian sarcoma virus) (Bujacz et al., 1995), as well as to the Tn5 

transposase-related inhibitor protein (Davies et al., 1999), although there is little or no 

similarity in their primary sequence.  The DDE motif is thought to coordinate divalent 

metal ions implicated in assisting the generation of various nucleophilic attacking groups 

during the cleavage and strand transfer reactions (Baker and Luo, 1994; Kim et al., 1995; 

Krementsova et al., 1998).  Domain IIβ (aa 491-560) is thought to bind to the DNA 

sequences flanking the Mu genome (Krementsova et al., 1998; Namgoong et al., 1998),  

which may regulate the directionality of transposition by modulating the reversal of the 

strand transfer reaction (Au et al., 2004; Tan et al., 2007).   

The C-terminal domain III (aa 575-663) is also divided into two subdomains. 

Domain IIIα has a non-specific DNA binding activity that is functionally similar to 

domain IIβ, and these two domains may form a single functional domain.  Domain IIIα 

has a nuclease activity which has been mapped to a 26-aa peptide containing positively 
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charged residues RRRKQ (Wu and Chaconas, 1995), which also occur in other 

transposases and integrases.  This region may be involved in contacts with the Mu-host 

junction and in removing of the flanking segment of Mu DNA in the conservative 

transposition pathway (Harshey lab, unpublished data).  Domain IIIβ interacts with MuB 

protein (Baker et al., 1991; Leung and Harshey, 1991; Wu and Chaconas, 1994) and E. 

coli ClpX protein (Levchenko et al., 1997) within a common segment which contains 

overlapping sites for the two proteins (see below). 

MuB 

MuB is an ATP-dependent DNA binding protein (Leung and Harshey, 1991; 

Maxwell et al., 1987), whose weak ATPase activity is stimulated by DNA and MuA 

(Adzuma and Mizuuchi, 1991).  MuB stimulates the assembly of transpososomes and 

catalysis of DNA processing reactions (Baker et al., 1991; Surette and Chaconas, 1991; 

Surette et al., 1991),  influences the selection of transposition targets (Maxwell et al., 

1987; Naigamwalla and Chaconas, 1997), and regulates the disassembly of 

transpososmes after strand transfer (Levchenko et al., 1997). 

MuB is 312 amino acids long (Miller et al., 1984) and has two globular domains 

(Teplow et al., 1988) (Fig. 1.6B).  The 25KDa N-terminal domain (aa 1-227) shows both 

ATP binding and non-specific DNA binding activities.  It contains a putative helix-turn-

helix motif (aa 19-40) (Miller et al., 1984) and two nucleotide binding motifs (Walker A, 

aa 86-115, and Walker B, aa 156-186 boxes) (Symonds et al., 1987).  The 8 KDa C-

terminal domain also shows non-specific DNA binding activity, and is thought to be 

responsible for MuA-MuB interaction (Hung et al., 2000). 
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MuB stimulates transpososome assembly and DNA processing reactions 

independently from its ATPase and DNA-binding activity.  Site-directed mutagenesis 

within the putative ATP binding motifs (Walker A and B) generates two classes of 

ATPase mutants (Yamauchi and Baker, 1998): class I mutants are defective in target 

DNA binding but capable of stimulating intramolecular strand transfer in the presence of 

high ATP concentrations, an effect similar to the substitution C99Y that blocks target 

DNA binding (Millner and Chaconas, 1998) or N-Ethylmaleimide (NEM) treatment of 

MuB that modifies the C99 residue and severely impairs target DNA binding (Baker et 

al., 1991; Surette et al., 1991);  class II mutants can bind to the target as well as stimulate 

intramolecular strand transfer, but cannot deliver the bound DNA to the transposition 

complexes.  Since a MuB-ADP complex efficiently stimulates MuA transposase activity 

but only weakly binds to DNA, ATP hydrolysis is thought to be required for target 

delivery from MuB to MuA.   However, a contrary observation is that ATP-γ-S, a non-

hydrolyzable analog of ATP, can support intermolecular transposition (Adzuma and 

Mizuuchi, 1988; Teplow et al., 1988). 

 MuB interaction with MuA not only stimulates the activity of MuA on a normal 

substrate, but can suppress partially functional mutant forms of MuA as well as mutant 

donor DNA substrates (Mizuuchi et al., 1995; Namgoong et al., 1998; Surette and 

Chaconas, 1991; Surette et al., 1991).  MuA-MuB interaction also stimulates the release 

of MuB from DNA by promoting the hydrolysis of ATP.  MuA-MuB interaction is also 

responsible for target immunity, a process in which the Mu DNA is prevented from 

transposing into itself or into regions close to Mu ends.  The solution structure of the C-

terminal (aa 223-312) region of MuB revealed a positively charged patch of amino acids 
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on its surface (Hung et al., 2000).  Changing three lysines (aa 233, 235, 236) in this 

patch results in a mutant MuB that is severely impaired in the ability to stimulate 

transpososomes and to bind DNA, but retains ATPase activity that can still be stimulated 

by MuA and DNA (Coros et al., 2003). These seemingly contradictory observations may 

imply that MuA-MuB interactions accounting for the allosteric activation of MuA and 

stimulation of MuB may differ in their physical contact or affinity requirements. 

MuB oligomerizes in the presence of ATP or ATP-γ-S, and the ATPase activity of 

MuB is stimulated by oligomerization (Adzuma and Mizuuchi, 1991).  When bound to 

DNA, MuB forms a large polymer.  The dynamics of MuB polymerization were 

observed using total internal reflection fluorescence (TIRF) under various conditions 

(Greene and Mizuuchi, 2002a; Greene and Mizuuchi, 2002b; Greene and Mizuuchi, 

2002c; Greene and Mizuuchi, 2004).  Assembly of a MuB polymer is initiated by 

formation of a MuB-ATP complex which self-associates into a protomer (defined as a 

small MuB oligomer without DNA).  The protomer then binds to DNA and forms large 

polymers.  Disassembly of MuB polymer takes place predominantly at the polymer ends, 

but also in the middle.  Disassembly is much slower than assembly and is greatly 

stimulated by MuA.  Monomeric MuA stimulates disassembly in cis, but multimeric 

MuA within a transpososome does so more efficiently both in cis and in trans.  Under 

steady-state conditions, MuB continually assembles and disassembles from the DNA 

complex.  The distribution of these MuB polymers seems random on different single 

DNA molecules and even different between repeated association-disassociation cycles on 

the same molecules.  However, when averaged over a large number of molecules, MuB 

forms long polymers more frequently at A/T-rich regions on DNA.   
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Two models have been proposed for explaining MuB preference for A/T rich 

DNA sequences.  An earlier affinity transition model assumes that there are two 

different conformational states for the DNA-bound MuB polymer: an initial low affinity 

form that binds weakly to DNA, and a high affinity form that binds strongly only to A/T-

rich sequences.  During the assembly-disassembly procedure, the high affinity form of 

MuB stably binds to the A/T-rich regions, appearing first and diminishing last (Greene 

and Mizuuchi, 2004).  However, recent data showed an insignificant correlation of MuB 

polymer distribution between the assembly and disassembly phases, arguing against the 

affinity transition model (Tan et al., 2007).   Instead, the results suggest a stochastic 

model in which the distribution of MuB polymer involves independent stochastic events 

during the assembly and disassembly phases.  In this model, bound DNA is implicated in 

modulating the rate of ATP hydrolysis by MuB.  This rate is proposed to be slower on 

AT-rich DNA, increasing the effective MuB concentration on this DNA.  The stochastic 

model seems simpler, because it does not invoke affinity transitions of MuB on A/T-rich 

DNA. 

In vivo, MuB stimulates the activity of MuA over two orders of magnitude 

(Symonds et al., 1987).  MuB is not essential for conservative transposition, but is 

required for replicative transposition (Roldan and Baker, 2001).  MuB1-294, which is 

missing the C-terminal 18 aa residues, supports robust integration of infecting Mu DNA, 

but blocks replicative transposition (Chaconas et al., 1985).  It has been shown that this 

mutant MuB is severely defective in binding DNA and ATP, but retains the ability to 

allosterically activate MuA (Roldan and Baker, 2001).  The behavior of MuB1-294 is 

similar to that of MuBC99Y, the class I MuB ATPase mutants, and the NEM treated wild 
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type MuB described above.  Because the C-terminal deletion mutant behaves like the N-

terminal Walker box mutants, the C- and N-terminal domains of MuB likely function 

cooperatively. 

Host-encoded 

HU 

E. coli HU (Heat Unstable protein), a member of histone-like protein family,  is 

essential for early steps in Mu transposition (Craigie et al., 1985; Craigie and Mizuuchi, 

1987; Surette et al., 1987; Watson and Chaconas, 1996) and is incorporated into Mu 

transpososomes (Lavoie and Chaconas, 1990).  HU is a small, basic, heterodimeric 

protein that binds to DNA non-specifically and produces sharp DNA bends (Bianchi, 

1994; Grosschedl, 1995; Lin and Lynch, 1996).  A single HU dimer binds to the 83 bp 

spacer region between L1 and L2 at the attL site, introducing a dramatic 155° DNA bend 

(Lavoie and Chaconas, 1993).  HU binding take places even in the absence of MuA, but 

requires DNA supercoiling.  HU is thought to be involved in modulating the L1-L2 

architecture, an essential step in the formation of the LER complex, by playing role in 

closing the gap between L1 and L2 sites by wrapping the DNA in between (Kobryn et al., 

1999).  HU is thus required for transposome assembly, but not required for Mu end 

cleavge or strand transfer (Craigie and Mizuuchi, 1987).  HU mutants defective in both 

subunits do not support Mu transposition in vivo (Huisman et al., 1989). 
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IHF 

E. coli IHF (Integration Host Factor) is also a member of the histone-like protein 

family.  Unlike HU, IHF binds to DNA with an asymmetric degenerate consensus 

YAACTTNTTGATTTW (Engelhorn et al., 1995).  An IHF dimer specifically binds to 

the spacer between O1 and O2 (Higgins et al., 1989), inducing a nearly 140° bend or U-

turn in about 30 bp of DNA (Swinger et al. 2004, Thompson and Landy, 1988).  This 

heterodimeric protein is not required for transpososome assembly with fully supercoiled 

mini-Mu substrates (σ = -0.06), but is required for the efficient transposition of substrates 

with lower levels of supercoiling (σ = -0.025) that approximate the DNA supercoiling 

found in vivo (Surette and Chaconas, 1989).  IHF deficient strains do not support Mu 

propagation, but the inhibition can be alleviated by supplying MuA and MuB from a 

plasmid (Berg and Howe, 1989), or by deleting H-NS (heat-stable nucleoid-structuring 

protein), an abundant chromosome organizer and universal negative transcription 

regulator (Kano et al., 1993).  IHF enhances transcription from pE 3-5-fold and 

decreases transcription from pCM 5-10-fold (Krause and Higgins, 1986). Thus, although 

IHF can function at the enhancer/operator site to regulate assembly of the transpososome 

in vitro, it is apparently required in vivo for regulating transcription of the transposition 

functions.   

ClpX 

The E. coli chaperone protein ClpX, a member of the protein-unfolding 

Clp/Hsp100 family, initiates the switch from Mu transposition to replication by 

destabilizing the Type 2 strand transfer complex (Kruklitis et al., 1996; Levchenko et al., 
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1995).  ClpX competes with MuB for binding domain IIIβ of MuA (Levchenko et al., 

1997). When interacting with the transpososome, ClpX recognizes new sites on MuA that 

are not exposed in the monomeric form of MuA (Abdelhakim et al., 2008).  ClpX 

interaction leads to conformational changes in MuA that eventually destabilize the Type 

2 complex.  Transpososome remodeling by ClpX has been shown to be essential for the 

lytic cycle of phage growth (Mhammedi-Alaoui et al., 1994). 

TRANSPOSOSOMES 

Mu transpososomes are a series of high order nucleoprotein complexes (See Fig. 

1.5B), whose structural and functional core is a stable and active MuA tetramer (Baker 

and Mizuuchi, 1992; Lavoie et al., 1991; Mizuuchi et al., 1992).  MuA tetramerizes 

through the following pathway.  It interacts with attR and enhancer to form a 2-site 

complex ER, which converts into 3-site complex LER by recruiting attL in an HU-

dependent manner.  LER is not stable, but converts into a stable Type 0 intermediate 

complex through conformational changes favoring MuA oligomerization.  In the Type 0 

complex, MuA attains its catalytically active tetrameric form.  Single strand cleavage of 

Mu ends within the Type 0 leads to formation of the Type 1 complex.  Strand transfer of 

the cleaved Mu ends within Type 1 into target DNA produces the most stable Type 2 

complex.  ClpX and other host factors then disassemble the Type 2 complex and resolve 

the DNA junction by promoting assembly of host replication proteins. 

Here we only focus on Type 1 and Type 2 complexes, which feature prominently 

in the studies in this dissertation.  
 



 27

The Type 1 complex  

Type 1 complex, or cleaved donor complex, is a stable complex with cleaved Mu 

DNA ends (Kuo et al., 1991; Lavoie et al., 1991; Mizuuchi and Adzuma, 1991).  The 

complex retains supercoiling in the Mu DNA domain, but the vector domain or DNA 

outside the Mu ends is relaxed due to free rotation of the DNA around the nicks (Surette 

et al., 1987) (Fig. 1.5).  The Type 1 complex can withstand various harsh conditions, 

such as 4M urea treatment, 5-minute incubation at 60°C, or removing Mg2+ from the 

complex by EDTA chelation (Surette et al., 1987).  In the Type 1 complex, a MuA 

tetramer stably binds to three of the six binding sites - L1, R1 and R2, as well as to 

sequences 10~13 nucleotides outside the Mu-host junction.  MuA is bound loosely to the 

other sites, and can be removed from these sites with high ionic strength (Lavoie et al., 

1991), heparin (Kuo et al., 1991) or challenge with MuA binding sites (Mizuuchi et al., 

1991).  

The Type 2 complex  

In the presence of MuB and ATP, the Type 1 complex is converted to Type 2 by 

transesterification reactions which covalently link the 3’ Mu ends to the target DNA.  

Type 2 is the most stable transpososome, showing considerably more resistance to heat 

and urea than the Type 1 complex (Surette et al., 1987).  Besides the tetrameric form of 

MuA, this complex also contains MuB protein (Lavoie and Chaconas, 1990).  The Mu-

target DNA joint in the Type 2 complex is also known as the θ structure or Shapiro 

intermediate, which is resolved by the host replication machinery.
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Target site selection 

SITE-SPECIFIC AND REGIONAL PREFERENCE 

 TEs usually can transpose into many target sites, and their transposition was 

thought to be random at first.  As we learn more about the spectrum of transposition 

target specificities, however, nonrandom integration has been regarded as a more general 

property of the lifestyle of TEs (Berg and Howe, 1989; Craigie, 1992; Sandmeyer, 1998).  

Some TEs prefer to insert into selective target sites.  For instance, Tn7 inserts into a 

specific site called attTn7 in the E. coli genome (Bainton et al., 1993).  Others insert into 

certain regions within a target.  For example, Ty1 and Ty3 elements (Broach et al., 1991; 

Coffin, 1991), and P elements in Drosophila (Berg and Howe, 1989; Engels, 1996; 

Spradling et al., 1995) usually insert upstream of promoters, and HIV prefers actively 

transcribed regions (Wang et al., 2007).  Some ‘smart elements’ like Tn3 and Tn7 avoid 

integration into their own genomes, a phenomenon known as target immunity. Recent 

technological advances, such as DNA microarrays and PCR (polymerase chain reaction) 

combined with robust sequencing techniques, have provided powerful tools to study the 

genome-wide insertion spectrum of TEs, facilitating more detailed studies on target 

selection mechanisms. 

DILEMMA OF PROPAGATION AND SURVIVAL  

 The twin advantages of self-propagation and optimization of element-host 

relationship is the outcome of evolutionary selection balancing the reproduction of TEs 

against host survival.  For a host, TE insertions are deleterious at worst and neutral at 
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best.  Target selection could avoid the accumulation of mutations that could potentially 

kill the host.  But TEs must also ensure their propagation by choosing properly 

replicated/transcribed regions.  In the long run, the most successful TEs are likely those 

disturbing their hosts at a low level, while reproducing themselves at a high level.   

STRATEGIES FOR TARGET SELECTION 

 TEs choose their targets by a variety of strategies.  Some select targets by direct 

interaction between the target DNA and the transposase or integrase.  For example, the 

transposase of Tn10 interacts with a common consensus sequence 5’-NGCTNGACN-3’, 

and this interaction is the key determinant in target selection (Halling and Kleckner, 

1982; Lee et al., 1987).  Tn5 also displays weak target site selectivity through its 

transposase (Reznikoff, 1993).  Some select targets using accessory proteins assisting 

transposition.   For example, targeting protein TnsD of Tn7 binds attTn7 site directly, 

recruiting the transposition regulator TnsC to attTn7.  TnsC interacts with the 

transposase TnsA/B and leads to site-specific insertion of Tn7 into attTn7 (Bainton et al., 

1993).  

 A variety of host factors also impact the target selection by modulating the 

accessibility of particular sites in the host genome. DNA transaction events like 

transcription and replication prominently affect the accessibility of DNA, and hence the 

transposition target selection.  Examples of these are the preference of HIV-1 integration 

into actively transcribed DNA, and that of Tn7 into a replicating conjugative plasmid 

(Wolkow et al., 1996).  Proteins that bind strongly to DNA also significantly impact 

DNA accessibility.  For instance, H-NS influences the targeting of both IS903 and Tn10 
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by improving the accessibility of DNA regions for transposition and by stabilizing the 

target-transpososome complexes  (Swingle et al., 2004). 

TARGET IMMUNITY: AVOIDING SUICIDE 

Many TEs employ mechanisms for actively avoiding self-integration and 

intramolecular transposition, making this a special case of target selection.  For instance, 

the Tn3 family (Lee et al., 1987; Wiater and Grindley, 1990), and Tn7 (Arciszewska et 

al., 1989; Keppler et al., 1992) do not insert into DNA molecules that already contain a 

copy of the transposon.  This interesting phenomenon is called target immunity.  It is a 

cis-acting phenomenon, effective only over a certain distance from the existing 

transposon copy.  For Tn7, this distance is at least 190 kb (Wolkow et al., 1996).  

MU TRANSPOSES WITH TARGET PREFERENCE 

The target preference for Mu transposition is exhibited at many levels.  Mu 

displays both a short integration consensus 5'-NY(G/C)RN-3 and a regional preference 

for A/T rich DNA sequences (Mizuuchi and Mizuuchi, 1993), as well as a genome-wide 

integration bias related to transcription and DNA binding proteins.  Naturally, this 

complicated target preference results from a compound mechanism involving MuA, MuB 

and other cellular factors. 

Relaxed in vitro transposition reaction conditions that employ only the 

transposase MuA (Haapa-Paananen et al., 2002), have identified the same 5 bp target 

consensuses 5'-NY(G/C)RN-3 that was identified in standard reactions employing both 

MuA and MuB (Mizuuchi and Mizuuchi, 1993). It is therefore reasonable to conclude 
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that the short target consensus is determined by interaction between the transposase MuA 

and target DNA at the strand transfer step. The details of this interaction are not yet 

known.  

MuB is thought to be responsible for the regional preference of Mu transposition.  

The preferential integration of Mu observed within a plasmid was correlated with MuB 

binding (Mizuuchi and Mizuuchi, 1993).  DNaseI footprinting identified a MuB-

protected region on the plasmid, and Mu insertions were seen to occur on either side of 

this protected region.  The observation of MuB binding on λb221 DNA using TIRF 

revealed that the locations of stable MuB polymers are coincident with those of preferred 

Mu integration regions (Greene and Mizuuchi, 2002a).  Although MuB must influence 

the target selection through interaction with MuA, the mechanism remains unclear. 

Target DNA accessibility also prominently impacts Mu transposition target 

selection in vivo.  Mu transposition frequency appeared to be negatively coincident with 

the distance from the origin of replication oriC, where the integration frequency is about 

2-fold higher than that near the termination of replication near the recombination 

sequence dif (Manna et al., 2004).  This bias may be due to the bi-directional replication 

of the E. coli chromosome when the amount of DNA representing the origin region is 

twice as the terminus region (Kuempel et al., 1977; Perals et al., 2001).  Transcription is 

likely to exclude Mu transposition.  Early studies found that Mu transposes poorly into 

some highly transcribed genes (Casadesus and Roth, 1989; Manna et al., 2001; Wang and 

Higgins, 1994; Wolkow et al., 1996).  Comparison of Mu integration frequency with 

transcription abundance for E. coli (Manna et al., 2004) and S. typhimurium (Manna et 

al., 2007) generalized the negative relationship between transcription and transposition 
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into a genome-wide scenario.  Mu target selection is also influenced by DNA binding 

proteins.  For example, the plasmid partitioning protein ParB which forms a stable 

filament at the par locus, is responsible for the cold spot for Mu transposition at this 

locus (Manna et al., 2007).  

Mu displays target immunity, i.e., it does not insert into DNA molecules that 

already contain a copy of Mu DNA (Adzuma and Mizuuchi, 1988; Darzins et al., 1988; 

Reyes et al., 1987).  Target immunity protects ~20 kb of chromosomal DNA extending 

outside each Mu end (Manna and Higgins, 1999).  In vitro experiments suggested that 

the core mechanism for target immunity is removal of MuB from the vicinity of Mu ends 

through MuA-MuB interaction (Adzuma and Mizuuchi, 1988).  Target immunity in vivo 

is also affected by host factors.  It was reported that target immunity of the chromosome 

region outside Mu ends attenuated more sharply in a gyrase mutant than in a wild type 

strain, implying that the Mu transposition system senses the domain structure of the host 

chromosome (Manna and Higgins, 1999).  
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Goals of my thesis project 

 

 Over the years, many in vitro studies have demonstrated that MuB protein plays a 

central role in Mu transposition target selection and target immunity. How do these in 

vitro results, obtained with purified MuA and MuB proteins, compare with in vivo target 

selection where the Mu transposition proteins must compete with a large number of E. 

coli proteins for the DNA? Two recent microarray studies have provided us with 

important information for addressing these questions in vivo. The first study was with Mu 

transposition in E. coli, which catalogued hot, cold and average Mu targets. The second 

study identified binding regions of the chromosome-organizing proteins Fis, which binds 

either site-specifically or non-specifically.  Based on these studies, we have asked (1) 

Are A/T-rich regions in E. coli preferred Mu targets, and if so, do they preferentially bind 

MuB? (2) Do nucleoid-associated proteins exclude or facilitate Mu integration? (3) What 

is the relationship between target immunity and MuB binding to the immune regions? Is 

MuB bound poorly to these regions, and if so, is the poor binding the result of 

dissociation of MuB from this DNA through interaction with MuA, or because MuB is 

excluded from binding due to transcription through Mu?   

 



CHAPTER 2: MATERIALS AND METHODS 

 

STRAINS 
E. coli was the host in all experiments. HM8305 is F' pro+ lac:Mu cts62/ pro lac 

his met rpsL Mur (Bukhari, 1975).  In CW28, the B gene is deleted in the Mu lysogen in  

HM8305 (unpublished, Choi, WY).   DH5α is fhuA2 Δ(argF-lacZ)U169 phoA glnV44 

Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 (lab stock).  

PLASMIDS 
pSP104 is a mini-Mu donor substrate with attL, attR and enhancer (Pathania et 

al., 2002).  pIL164 contains the MuA and MuB genes without a specific promoter (Lee 

and Harshey, 2001).  pJG6 contains 9 repeats of the c-myc tag fused to the N-terminus 

of MuB in pIL164.  In pJG8, the MuA gene in pJG6 is deleted.  pUC19 was used as 

transposition target (lab stock). 

OLIGONUCLEOTIDES 
Oligonucleotides and PCR primers used in this dissertation are listed in Table 2.1. 

PROTEINS  
 MuA, MuB and HU proteins were purified as described (Yang et al., 1995) MuB 

antibody was obtained by immunization of rabbits with purified protein. 
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Table 2. 1 Sequence of oligonucleotides and primers 
 
Name Sequence Annealing to 
yidP_1F ATG ATC TAC AAA AGC ATT GCG GAG CGG yidP 1 
yidP_1R TCG TTG ATT TGA ATC CGT AAC TGG CTG yidP 350 
yidP_2F GCA GAT CTA CTT CTC CCG TCG CGT T yidP 351 
yidP_2R TTA ACT CTT TTC CGG GTG GAG TCG yidP 717 
ybjP_1F ATG CGC TAC AGC AAA TTG ACA ATG CTT ybjP 1 
ybjP_1R GGG CGC TAT CTG GCA AGG TGG TTC GA ybjP 310 
ybjP_2F ACT GGC GAC ACT GCT TAG CGA TGC CTC ybjP 210 
ybjP_2R TTA GCG ATT CTC GAT GGA CTG ACG GAG ybjP 516 
rfaS_1F ATG ACT ATT TAT TTT ATA AAT TGG GTT GCA GAT TAT G rfaS 1 
rfaS_1R AGT ATT TCT TAG AAG CAA AAC TTT ATG ACA rfaS 300 
rfaS_2F GTT GGC GAA GAT TTT ATT CTT GAT AAC GCG rfaS 301 
rfaS_2R CTT TGA AGT CGT AGA TGA TGT CTT ATC TTT rfaS 600 
rfaS_3F TAT TTG ATT GAA AAA CAA ATA TCT TAT GAA GAG AAT rfaS 601 
rfaS_3R TTA TTT GTC TAT AAA ATC AGA AAC AAT CGT TGA CAT C rfaS 936 
ybcK_1F ATG AAA AAA GCC ATA GCA TAT ATG CGA ybcK 1 
ybcK_1R CAA CTA ACA ATG TAG TTC CTG GCA ATA TAT ybcK 350 
ybcK_2F TAC AGT CTA TAA TAT TGA CTC TTT GAA TGA GCC ybcK 351 
ybcK_2R GTC CCC ATG CAC TTT CTT TTC CTG AGA AAT ybcK 700 
ybcK_3F GTA CCT TCA TAT CGT GCA AGA GGG AA ybcK 701 
ybcK_3R ACT GGT TGA ATT TTG CTA CAA TTA AAA AGC ybcK 1100 
ybcK_4F TGA AAA CAA GAA AGA TGC TAA TGA AAC ybcK 1101 
ybcK_4R TTA GAA ATA AAT CTC ACC ATC AAC CAT ATA TTT GAG A ybck 1527 
artP_R TTA GTG AGA GAG ATA GTT TTT AAA TGC TTC GG artP 729 
ahpF_F ATC AAC GTG AAC TTT CAG TGC GCC ahpF 811 
ahpF_R AAC GAA ATC ACC GAT CGC AAC GTG ahpF 481 
Mu_R1 6FAM / CAT TTG AAG CGC GAA AGC TAA AG Mu 36646 
Mu_R2 6FAM / CGC TTT CGC GTT TTT CGT GC Mu 36689 
Mu1_F (L-end) TGT ATT GAT TCA CTT GAA GTA CGA AAA AAA CCG GGA Mu 1 
Mu1_R AAA GCC GTA TAA CAA CCA TGA ACC AGC TAA Mu 350 
Mu2_F TGT GGC GAT GTT CAA TGC CAG AAC Mu 2656 
Mu2_R AAT GCA ACA GGT GCC AGA CAT TCC Mu 3021 
Mu3_F ACC ATC AGT GCC GTG GTG TAT CTT Mu 9915 
Mu3_R ACT GGC AGT AAA GCA AAT CGT CGC Mu 10245 
Mu4_F 
(Mu SGS) GAT CTG GCA CGC AGT ATT ACC ACC GAT TAT GG Mu 17641 

Mu4_R TGA GTA CTG GAG AAA GAA AGT GAA AGG AAG A Mu 17983 
Mu5_F CAT TCA GCG CCT GCA TTC TGA ACA Mu 26419 
Mu5_R TGA CAC CGG TTA CAG CTT CCA TCA Mu 26790 
Mu6_F AGA TGA CAG ACC GCC AAG ACG AAT Mu 34223 
Mu6_R TGG CGA CGA GAC TAC AAC ACG AAA Mu 34600 
Mu7_F (R end) ATC ACG AGA TAA CGA TGA ACG CGA TTA AGC Mu 36421 
Mu7_R TGA AGC GGC GCA CGA AAA ACG CGA AA Mu 36717 

L-1000 AAG CTT TTC AGT AAT TAT CTT TTT AGT AAG CTA GCT 
AAG T Mu 1001 

L-2000 TTC GCC GGA TTC AGC AAC TGG ACG AGG CAA T Mu 2001 
R20K CTA TAC ACG TAC GCG GCT GGA TAT TCT CAC Mu 20564 
R1000 TAA TAC AGA TCG ATT ATG CCC CAA TAA CCA CAC TC Mu 35683 
pUC_1 GTA AAA CGA CGG CCA GT pUC19 379 
pUC_2 CAG GAA ACA GCT ATG AC pUC19 481 
pUC_3 GGA TGT GCT GCA AGG CGA TTA AGT pUC19 321 
RAN1_top* AAT TCA TAA TAA TTT TAA TAT ATA TAT AAA ATA TAT  
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AAA TTA AAT AAT ATT ATT ATA ATA TAT TTA AAT ATT 
TTA ATA ATT ATT TG 

RAN1_bottom* 
GAT CCA AAT AAT TAT TAA AAT ATT TAA ATA TAT TAT 
AAT AAT ATT ATT TAA TTT ATA TAT TTT ATA TAT ATA 
TTA AAA TTA TTA TG 

 

RAN2_top* 
AAT TCA TAA TAA TTT TAA TAT ATA TAT AAA ATA TAT 
AAA TTA AAC GGT ATT ATT ATA ATA TAT TTA AAT ATT 
TTA ATA ATT ATT TG 

 

RAN2_bottom* 
GAT CCA AAT AAT TAT TAA AAT ATT TAA ATA TAT TAT 
AAT AAT ACC GTT TAA TTT ATA TAT TTT ATA TAT ATA 
TTA AAA TTA TTA TG 

 

R1_R2 
substrate_F 

AAG TTT TCG CAT TTA TCG TGA AAC GCT TTC GCG TTT 
TTC GTG CGC CGC TTC A  

R1_R2 
substrate_R 

TGA AGC GGC GCA CGA AAA ACG CGA AAG CGT TTC ACG 
ATA AAT GCG AAA ACT T  

 

* The flanking nucleotides in bold form the sticky ends of EcoRI and BamHI, 

respectively, after annealing the top/bottom oligonucleotides. 
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EXPRESSION OF WILD TYPE MUB AND 9 C-MYC-TAGGED MUB 

Mu lysogens were grown to OD600nm ≈ 0.6, and induced for 30 min at 42°C when 

necessary.  Samples were harvested and washed once with Tris-buffered saline (pH7.5).  

Cells were suspended in protein loading buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% 

glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA and 0.02 % bromophenol blue), and 

lysed by heating at 95°C for 10 min.  Samples with equal OD were fractionated by SDS-

PAGE (8% (w/v) polyacrylamide gel), and Western blots were developed either with 

anti-MuB polyclonal antibodies or anti-c-myc antibody (9E10; Covance; for c-myc-

tagged MuB). 

INDUCTION OF MU AND PURIFICATION OF PHAGE 

Induction of Mu prophage and purification of Mu phage were performed as 

described previously (Au et al., 2006).  Briefly, an overnight culture of Mu lysogen 

HM8305 was diluted 1:100 into 1 liter LB containing 2.5mM CaCl2 and 5mM MgSO4, 

and was grown at 30°C until OD600 ≈ 0.6.  The culture was then incubated at 42°C for 40 

min to inactivate the repressor and induce Mu replication.  After inactivation, sodium 

citrate was added to a final concentration of 30mM, and the cells were incubated further 

at 37°C for 1.5 hr until lysis.  The cell lysate was first stirred at room temperature for 30 

min with DNAase I and RNase A (1μg/ml each), and then on ice for 40 min after the 

addition of NaCl to final concentration of 1M.  The treated cell lysate was centrifuged at 

11,000g for 10 min at 4°C, and the supernatant was collected, into which PEG800 was 

spended to a final concentration of 10% (w/v).  The mixture was stirred at 4°C 
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overnight, and then centrifuged at 11,000g at 4°C for 15min.  The pellet was 

resuspended in 20ml Mu buffer (20mM Tris-Cl, pH7.5, 0.2M NaCl, 1mM CaCl2, 20mM 

MgSO4 and 0.1% (w/v) gelatin) and 10ml chloroform.  The suspension was gently 

vortexed for 1 min, and centrifuged at 3,000g at 4°C for 15 min.  The supernatant was 

collected, and CsCl was added to 50% (w/v).  The mixture was then layered with equal 

volumn on the top of two CsCl gradient blocks (from top to bottom: 1.4 g/cm3, 1.5 g/cm3, 

1.6 g/cm3; 4ml each) and centrifuged in an ultracentrifuge (name the brand) at 23,000rpm 

(AH629, Sorvall) at 4°C for 2 hr.  The Mu phage band at the junction of the 1.4 g/cm3 

and 1.5 g/cm3 layer was recovered and re-layered on the top of 5ml of 1.5 g/cm3 CsCl, 

and centrifuged again at 22,000 rpm (AH629) at 4°C overnight (~20 hr).  The Mu phage 

band in the middle layer was recovered and dialyzed against two changes of a 1000 fold 

volume of Mu buffer at 4°C for 2 hr.  Purified Mu phage was stored at 4°C.  It was 

stable for 3~4 weeks as determined by plaque forming units or pfus. 

PURIFICATION OF MU DNA 

Mu phage in Mu buffer was digested by pronase (0.5 mg/ml) at 37˚C overnight in 

the presence of 20mM EDTA (pH 8.0).  After digestion, SDS was added to final 

concentration of 0.5% (w/v) and the mixture was incubated at 37˚C for 1 hr.  Mu DNA 

was then purified by phenol/chloroform extraction and precipitated with an equal volume 

of isopropanol in the presence of 0.3M NaAc (pH7.0).  The DNA pellet was washed 

twice with 75% ethanol, vacuum dried, and dissolved in 10mM Tris-HCl (pH 7.5). 
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IN VITRO TRANSPOSITION  

One-step strand transfer reactions contained 30 μg/ml of mini-Mu plasmid DNA, 

20 μg/ml target, 10 μg/ml (540nM) HU, 7 μg/ml (114nM) MuA, and 5μg/ml (160nM) 

MuB in 20 μl of 20 mM HEPES-KOH (pH 7.6), 2mM ATP, 140 mM NaCl and 10 mM 

MgCl2.  Reactions were incubated at 30°C for 30 min.   

Two-step strand transfer reactions were performed as follows: first, cleaved Mu 

complexes were assembled at 30°C for 30 min with 30 μg/ml of mini-Mu plasmid DNA, 

10 μg/ml (540nM) HU and 7 μg/ml (114nM) MuA in 20 μl of 20 mM HEPES-KOH (pH 

7.6), 140 mM NaCl and 10 mM MgCl2; second, strand transfer was initiated by adding 

equal amounts of the reaction mixture to tubes containing 10μg/ml of various linear target 

DNAs, 2mM ATP, and 5μg/ml (160nM) MuB, and the reactions were incubated at 30°C 

for various times.  

Strand transfer reactions using pre-cleaved R1-R2 oligonucleotide substrates 

under Me2SO conditions contained 50 nM Mu R-end DNA fragment, 7 μg/ml (114nM)  

MuA, 25 mM Tris-HCl, pH 8.0, 100 µg/ml bovine serum albumin, 15% (w/v) glycerol, 

15% (w/v) Me2SO, 140 mM NaCl, and 10 mM MgCl2.   

Products were analyzed on 1% agarose gels and DNA band intensities quantified 

using Bio-Rad Multianalyst software. 

FRAGMENT LENGTH ANALYSIS FOR INSERTION SITE IDENTIFICATION  

For insertion sites analysis, the strand transfer products or Mu phage DNA were 

used as templates in PCR reactions where the Mu R end primer was labeled at its 5’ end 

with fluorescent agent 6-FAM (Integrated DNA Technologies). Labeled PCR products 
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were analyzed using Applied Biosystems 3130XL Genetic Analyzer, and interpreted 

using the analysis software GeneMaker (SoftGenetics LLC, Version 1.5).  

EXONUCLEASE III PROTECTION ASSAY  

32P-labeled DNA was pre-incubated with MuB in the strand transfer buffer at 

30°C for 30 min, followed by 10 min of incubation with 100 units of Exo III.  The 

reaction was stopped by addition of equal volume of 2×stop buffer (100mM EDTA, 

25mM Tris-HCl, pH7.6, 500 ng/μl yeast tRNA).  Proteinase K was added (1 μg/μl, final) 

at 37°C for 1 hour, the DNA extracted with phenol-chloroform and precipitated with 

ethanol. Reaction products were analyzed on 8% polyacrylamide denaturing gels. 

CHROMATIN IMMUNOPRECIPITATION (CHIP)  

Mu lysogens (HM8305, or CW28 carrying either pJG6 or pJG8) were used to 

perform ChIP-chip experiments.  Cells were grown in LB at 30°C until the culture 

reached an OD600 of 0.6.  When necessary, phage replication was induced by 

inactivating the temperature sensitive repressor at 42°C for 30 minutes.  The cell culture 

was crosslinked by 1% (v/v) formaldehyde (37% (v/v) solution; Fisher Scientific) at 

room temperature for 25 minutes.  Following quenching the formaldehyde with 125mM 

glycine at room temperature for 5 minutes, cells were harvested by centrifugation at 

5,000g and washed twice with Tris-buffered saline (pH7.5).  The pellet was resuspended 

in lysis buffer containing 50mM Tris-HCl, pH7.5, 1mM EDTA, 100mM NaCl, 4mg/ml 

lysozyme and protease inhibitors (Roche; 1 tablet per 10 ml buffer).  The suspension was 

incubated in 37°C for 30 minutes, followed with the addition of same volume of 2×IP 
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buffer composed of 100mM Tris-HCl (pH7.5), 1mM EDTA, 200mM NaCl (pH7.5), 2% 

(v/v) TritonX-100.  Cellular DNA was then sheared by ultrasonication (SONICS Vibra 

cell®; model VC 505) to an average length of 300-1000 bp.  Typically, 2ml of cell 

extract were sonicated for 5 cycles of 15 seconds each at a duty cycle setting of 40%, 

keeping the extract on ice for 2 min between each cycle.  The cell debris generated was 

removed by centrifugation at 21,000g for 15 min at 4°C, and the supernatant was used as 

input samples for immunoprecipitation.  To immunoprecipitate the MuB-DNA, 10µg of 

purified anti-MuB polyclonal antibody (for wild type MuB) or 5μg of anti-c-myc 

antibody (9E10; Covance; for c-myc-tagged MuB) was added to 500 µl of input samples, 

and no-antibody controls (mock sample) were included as well.  After overnight 

incubation at 4°C, 50µl protein-A agarose beads (for wild type MuB) or  Dynabeads 

Pam Mouse IgG (Invitrogen; for c-myc) were added to the samples.  After 5 hr 

incubation at 4°C, the beads were washed twice with 1×IP buffer, once with wash buffer 

I (50mM Tris-HCl, pH7.5, 500mM NaCl, 1mM EDTA and 1% (v/v) TritonX-100), once 

with wash buffer II (10mM Tris-HCl, 250mM LiCl, 1mM EDTA and 1% (v/v) TritonX-

100), and once with TE buffer (10mM Tris-HCl, pH8.0, 1mM EDTA).  MuB-DNA was 

eluted from beads with 150 μl of elution buffer (50mM Tris-HCl, pH8.0, 10mM EDTA 

and 1% (v/v) SDS) by centrifugation at 21,000g.  The supernatant was carefully 

transferred to a new tube and heated to 65°C for at least 6 hours to reverse protein-DNA 

crosslinking.  After reversal of the crosslinks, 150μl of TE buffer was added and the 

mixture was first treated with 0.5μg/ml RNaseA (Sigma) at 37°C for 30 min and then 
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with 100μg/ml proteinase K (Sigma) at 55°C for 2 hr.  The sample was then purified 

with Qiaquick PCR purification Kit®. 

To measure the enrichment of MuB-binding targets in the ChIP samples,  

standard PCR were performed using primers designed according to the DNA sequences 

of yidP, ybjP, rfaS and ybcK, with the length of the amplified fragments being around 

300 bp (Table 2.1).  The PCR conditions were as follows: 5μl of 10×Expand Long 

Template buffer 1 (Roche), 1.5μl of dNTP (10mM each), 1.5μl of each primer (10μM), 

1μl of ChIP or mock sample, 0.75μl of Expand Long Template Enzyme Mix (Roche), 

and 38.5 μl H2O.  The samples were heated for 2 min at 94°C, cycled for 15 sec at 94°C, 

for 15 sec at 55°C, and for 30sec at 68°C (total 30 cycles), and then incubated for 7 min 

at 68°C.  Three independent biological replicates were analyzed. 

AMPLIFICATION OF DNA FOR MICOARRAY 

A two-step protocol was used to amplify the DNA samples.  In the first or 

Round-A step, a reaction mixture containing 7μl of ChIP or mock (no-antibody) sample, 

2μl 5×sequenase buffer, and 1μl round-A primer (5’-

GTTTCCCAGTCACGATCNNNNNNNNN) was prepared in a PCR tube.  The mixture 

was heated at 94°C for 2 min, cooled to 8°C and held for 2 min in a PCR machine (PTC-

2000; MJ Research).  5μl of round-A mixture (1μl of 5×sequenase buffer, 1.5μl of dNTP 

mix (5mM each), 0.75μl of  DTT (0.1M), 1.5μl of BSA (0.5mg/ml), and 0.3μl of 

Sequenase (13U/μl; USB)) was added to the PCR tube.  The mixture was then ramped 

from 8°C to 37°C over 8 min, held for 8 min, heated for 2 min at 94°C and cooled to 8°C.  

After the addition of 1μl diluted Sequenase (0.3μl of Sequenase, 07μl sequenase dilution 
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buffer), the mixture was again ramped from 8°C to 37°C over 8 min, held for 8 min, 

heated for 2 min at 94°C and cooled to 4°C.  Add 45μl of TE to the mixture to bring the 

volume to about 60μl.  Round-B reaction mixture composed of 15μl of round-A reaction 

products, 20μl of 5×Phusion HF buffer (New England Biolabs), 1μl of round-B primer 

(5’- GTTTCCCAGTCACGATC), 2μl of dNTP (10mM each), 1μl of  Phusion Hot Start 

DNA Polymerase (2U/μl; NEB) and 61μl of H2O was prepared in a PCR tube.  The 

mixture was heated for 2 min at 98°C, cycled for 15 sec at 98°C, for 30 sec at 40°C, for 

30 sec at 50°C, and for 30 sec at 72°C (total 25 cycles), incubated for 10 min at 72°C, 

and then cooled to 4°C.  The amplified DNA was first purified using Qiaquick PCR 

purification Kit (Qiagen) and then concentrated to ~8μl using Microcon 30 (Millipore).  

WHOLE GENOME TILED MICROARRAY ANALYSIS 
A whole-genome tiling array for ChIP-on-chip assay from NimbleGen was used 

for microarray analysis.  The microarray contains the whole E. coli MG1655 genome 

(NC_000913.1) arranged on one slide into contiguous 386,486 50 bp oligonucleotide 

sequences overlapping by 26 bp every 24 bp on average.  The procedures of DNA 

labeling and microarray hybridization are described in the Nimblegen Arrays User’s 

Guide for ChIP-chip Analysis.  Briefly, Cy5 and Cy3-labeled random 9-mers (Trilink 

Biotechnologies) were diluted to OD = 1 /42μl of random primer buffer (125mM Tris-

HCl, pH7.4, 12.5mM MgSO4, and 0.175% (v/v) β-mercaptoethanol).  The ChIP sample 

containing 1μg of amplified ChIP DNA and 40μl Cy5-9mer primer was brought to a final 

volume of 80μl with water.  The reference sample containing 1μg of amplified whole 

genome DNA and 40μl of Cy3-9mer primer was also brought to 80μl.  The reactions 
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were heated at 98°C for 10 min, and then quick-chilled in an ice-water bath for 2 min.  

After the addition of 20μl of dNTP/Klenow master mix (10mM Tris-HCl, pH7.4, 1mM 

EDTA, 10mM dNTP, 5U/μl Klenow fragment (NEB), the samples were incubated for 2 

hr at 37°C in a PCR machine protected from light.  The reactions were stopped by 

addition of 10μl of 0.5M EDTA.  The labeled DNA were precipitated by adding 11.5μl 

of 5M NaCl and 110μl isopropanol, and then washed with 500μl of 80% ice-cold ethanol.  

The pellets were dried for 5 min in a SpeedVac on low heat with protection from light.  

The dried pellets were rehydrated in 25μl of deionized distilled H2O, and DNA 

concentrations were determined by measuring A260 using spectrophotometer (NanoDrop) 

(.  Typically, the yields ranged from 10~30μg for each reaction.  6μg of both the test 

(Cy5) and reference (Cy3) samples were combined into a 1.5ml tube, and the combined 

contents were dried in a SpeedVac protected from light on low heat.  The dried samples 

were resuspended in 5μl of ddH2O and combined with 13μl hybridization solution master 

mix (17μl master mix = 11.8μl of 2×hybridization buffer, 4.7μl of hybridization 

component A and 0.5μl of alignment oligo) prepared using a NimbleGen Hybridization 

kit.  The mixtures were incubated for 5 min at 95°C, protected from light, and kept at 42 

°C until ready.  The samples were loaded on microarry slides and subjected to standard 

hybridization procedures (Nimblegen Arrays User’s Guide).  Arrays are scanned using 

GenePix 4000B (Molecular Devices).  

DATA PROCESSING 

The ratio value of each probe (fluorescence intensity of Cy5 over Cy3) is the 

relative enrichment of that probe sequence in the ChIP sample, therefore is termed the 
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relative MuB binding preference or BBP.  The raw BBP data from scanning were log-

scaled and normalized with the Tukey bi-weight mean using NimbleScan software 

(NimbeGen).  The average log2 BBP from three independent biological experiments, 

each containing probes representing forward and reverse strands of the genomes on the 

slides, were used to identify MuB binding peaks using NimbleScan software 

(NimbleGen) or mpeak program (http://www.stat.ucla.edu/~zmdl/mpeak/).  MuB 

binding data were visualized using SignalMap software (Nimblegen).  Other analyses 

were performed with Matlab r2007a software (The MathsWorks), Microsoft Excel 2007 

(Microsoft) and algorithms written with perl (Activestate).  

http://www.stat.ucla.edu/%7Ezmdl/mpeak/
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CHAPTER 3: CONGRUENCE OF IN VIVO AND IN VITRO 
INSERTION PATTERNS IN HOT E. COLI GENE TARGETS OF 

TRANSPOSABLE ELEMENT MU: OPPOSING ROLES OF MUB IN 
TARGET CAPTURE AND INTEGRATION 

Abstract 

Phage Mu transposes promiscuously, employing MuB protein for target capture. 

MuB forms stable filaments on A/T-rich DNA, and a correlation between preferred MuB 

binding and Mu integration has been observed.  We have investigated the relationship 

between MuB-binding and Mu insertion into ‘hot’ and ‘cold’ Mu targets within the E. 

coli genome.  Although higher binding of MuB to select hot versus cold genes was seen 

in vivo, the hot genes had an average A/T content and were less preferred targets in vitro, 

whereas cold genes had higher A/T values and were more efficient targets in vitro.  

These data suggest that A/T-rich regions are unavailable for MuB binding, and that A/T 

content is not a good predictor of Mu behavior in vivo.  Insertion patterns within two hot 

genes in vivo could be superimposed on those obtained in vitro in reactions employing 

purified MuA transposase and MuB, ruling out the contribution of a special DNA 

structure or additional host factors to the hot behavior of these genes.  While A/T-rich 

DNA is a preferred target in vitro, a fragment made up exclusively of A/T was an 

extremely poor target.  A continuous MuB filament assembled along the A/T region 

likely protects it against the action of MuA.  Our results suggest that MuB binds E. coli 

DNA in an interspersed manner utilizing local A/T richness, and facilitates capture of 

these bound regions by the transpososome.  Actual integration events are then directed to 

sites that are in proximity to MuB filaments but are themselves free of MuB. 
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Introduction 

 Transposable elements employ a variety of strategies for selecting target sites, and 

display a wide spectrum of target specificities (Craig, 1997; Sandmeyer, 1998).  The 

transposases of some elements choose target sites directly, while others use accessory 

proteins to mediate this choice.  The sequence, structure, as well as transcription and 

replication status of DNA can influence insertion preference of different elements.  The 

study of target site selectivity provides insights not only into transposition mechanisms, 

but genome structure and function as well. 

 Phage Mu is an extremely efficient transposon which gets its name ‘mutator’ from 

its ability to insert essentially randomly within the E. coli chromosome (Taylor, 1963), a 

randomness confirmed in early studies by fine-mapping of Mu insertions within a single 

gene (Bukhari, 1972).  Later studies, however, showed preferential regions for Mu 

insertions within a plasmid (Castilho and Casadaban, 1991), near the control region of 

some genes (Manna et al., 2001; Wang and Higgins, 1994), as well as in the whole E. coli 

genome (Manna et al., 2004; Manna et al., 2005).  The preferential integration observed 

within a plasmid was correlated to binding of the accessory protein MuB (Mizuuchi and 

Mizuuchi, 1993).  DNaseI footprinting identified a MuB-protected region on the 

plasmid, and Mu insertions were seen to occur on either side of this protected region.  A 

target sequence consensus of 5'-NY(G/C)RN-3' was identified, which was shown to be 

independent of the presence of MuB i.e reflected the preference of the transposase 

(Mizuuchi and Mizuuchi, 1993).  A more detailed in vitro analysis of this target site 
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consensus was carried out (Haapa-Paananen et al., 2002), and a bias of CGG at the 

central three positions was identified in vivo (Manna et al., 2005). 

 Mu transposition in vitro requires assembly of the transposase MuA on the ends 

of the Mu genome with assistance from DNA supercoiling and accessory proteins 

(Chaconas and Harshey, 2002).  Within the assembled transpososome, Mu ends first 

undergo single-strand cleavage, followed by strand transfer to target DNA (Fig. 3.1).  

The MuB protein plays a critical role in capturing target DNA and promoting 

intermolecular transposition. MuB polymerizes cooperatively and non-specifically on 

double-stranded DNA, exhibiting a tendency to form larger polymers or filaments on 

A/T-rich DNA (Adzuma and Mizuuchi, 1991; Greene and Mizuuchi, 2004).  Formation 

of MuB polymers requires ATP or ATPγS (Greene and Mizuuchi, 2002b).  A catalytic 

cycle of ATP-binding and hydrolysis leads to conformational changes that are coupled to 

polymer formation and dissolution (Greene and Mizuuchi, 2002a; Greene and Mizuuchi, 

2004; Leung and Harshey, 1991).  MuB dissociation is stimulated by MuA, which 

promotes integration into the MuB-bound DNA (Adzuma and Mizuuchi, 1988; Greene 

and Mizuuchi, 2002c; Yamauchi and Baker, 1998). 

 Consistent with early genetic studies, a recent microarray analysis of Mu 

transposition targets in E. coli showed that the majority of transposition sites were 

distributed throughout the genome (Manna et al., 2004).  However, 4% of the genes 

were hot spots and 1% cold spots.  Highly transcribed genes appeared to be protected 

from Mu integration. Similar results were obtained in a study of Mu transposition in 

Salmonella (Manna et al., 2007).  This study showed in addition that a plasmid 

partitioning protein ParB, which forms a stable filament at the par locus, is responsible 
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for the cold spot for Mu transposition at this locus. It appears therefore that Mu 

transposition is occluded by a transcribing polymerase, or by a high density of proteins 

strongly bound to DNA in the cold spots.  

 What features are responsible for the occurrence of hot spots?  Are these regions 

A/T rich and hence attract the transpososome by binding MuB?  Do they have an altered 

DNA structure/topology that facilitates target capture? Are there host proteins that direct 

the transpososome to these regions?  In this study we show that A/T content is not a 

good predictor of Mu behavior in vivo, and that MuA and MuB proteins are the primary 

determinants of target site selection into hot genes.  We show that MuB promotes target 

capture while blocking integration within MuB-bound DNA.  We infer that MuB forms 

short unstable filaments on DNA in vivo, and discuss the implications of our results for 

target immunity, a process that prevents Mu from self-integration.



 

 

Figure 3. 1 Steps in Mu DNA transposition. 
 
In the presence of the accessory host factor HU and divalent metal ions, the transposase MuA assembles into a transpososome 
on L and R ends of Mu present on supercoiled DNA. Mu ends undergo single stranded cleavages to generate 3’OHs, which act 
as nucleophiles in the subsequent chemical step of strand transfer into target DNA in the presence of MuB.  
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Results 

A/T content of genes exhibiting high and low target site preference in vivo  

Manna et al. measured the relative abundance of all gene sequences covalently 

linked to the right end of Mu DNA within phage propagated in E. coli, and derived 

transposition target preference or TTP values (Manna et al., 2004) (see Fig.1.3).  To do 

so, they amplified host DNA attached to the Mu right end and hybridized it to DNA 

microarrays printed with 4,290 E. coli genes.  Although the array lacks intergenic 

sequences, these comprise a very small fraction of the genome in E. coli.  TTP values 

showed that 95% of transposition events were distributed throughout the genome without 

gross bias toward any part of the chromosome; the TTP values for these genes were 

within 4-fold of the median value of 1.0.  However, 4% of the genes had TTP values >4 

(hot spots), while 1% had TTP values <4 (cold spots).  Given the preference of MuB for 

A/T rich DNA, we wished to examine the relationship of targets with high and low TTP 

values with the A/T-content of their DNA. 

 When the A/T content of 25 hot and cold Mu target genes in E. coli was plotted 

against their log2TTP values, we observed that the average A/T content of the hot targets 

was around 50%, while that of the cold targets ranged from 44% to 73%, with half of the 

latter targets having an A/T value above 60% (Fig. 3.2A).  To investigate this 

phenomenon further, two of the hottest genes, yidP and ybjP, and two of the coldest 

genes, rfaS and ybcK (see Table 1 in Manna et al. 2004), were chosen for more detailed 

studies.



 

 
 
Figure 3. 2 Properties of in vivo hot and cold integration targets. 
 
A. A/T content of 25 hot and cold Mu target genes in E. coli. The log2TTP data is taken from Table 1 in (Manna et al. 2004), 
and A/T content of each gene is based on the E. coli K12 genome sequence (NC_000913). Indicated genes were used for 
further study. B. The relative binding strength (RBS) of MuB on hot and cold genes in vivo. MuB binding was measured by 
ChIP assays using MuB antibody (see Methods). Bound DNA was amplified by PCR and quantitated. RBS or relative binding 
strength is the ratio of specific to non-specific binding. The binding data are an average of three repeats performed for the 
following regions showing the strongest binding within each gene: yidP (49% A/T), 351-717bp; ybjP (46% A/T), 210-516 bp; 
rfaS (73% A/T), 601-936 bp; ybcK (64% A/T), 351-700bp. Student-t tests were performed, and the p-values (p<0.05) suggest 
that MuB binding to hot targets genes was significantly stronger than that to cold target genes. C. In vitro target efficiency of 
hot and cold in vivo targets. Strand transfer was initiated by adding equal amounts of the cleaved Mu complex assembled on 
pSP104 to 2-fold molar excess of PCR-amplified linear target DNA derived from the indicated genes. Reaction aliquots taken 
at various times were run on an agarose gel, and donor or target consumption measured by quantifying the intensity of the 
appropriate DNA bands. Target sizes are as follows: yidP (717 bp), ybjP (516 bp), rfaS (936 bp), ybcK (1527 bp), artP + ybjP 
(1452 bp).  
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MuB binding to hot sites in vivo is significantly stronger than to cold sites  

 To determine the relationship between in vivo target preference and MuB-binding, 

ChIP experiments were conducted for the four chosen genes yidP (717 bp), ybjP (516 

bp), rfaS (936 bp) and ybcK (1527 bp), using MuB antibody bound to protein-A beads to 

immunoprecipitate MuB-bound DNA.  Controls without antibody were used to assess 

the contribution of non-specific binding.  The ratio of specific to non-specific binding is 

referred to as relative binding strength or RBS.  PCR reactions using primer pairs 

designed to amplify 300-400 bp segments of DNA spanning the entirety of each gene 

showed the RBS values for all the segments within an individual gene to be comparable.  

One segment from each gene showing the best binding was therefore chosen as a 

representative for comparison of binding among the four genes (Fig. 3.2B).  MuB 

binding to the two hot genes yidP and ybjP was seen to be significantly higher than to the 

two cold genes rfaS and ybcK.  This implies that high Mu integration frequency is 

correlated with a higher MuB-binding preference, but that MuB-binding preference is not 

correlated with the A/T content of the target DNA, at least for the genes examined here 

(see Fig. 3.2A).  

Target preference of in vivo sites reverses in vitro  

 To determine if the hot and cold behavior of in vivo targets was maintained in 

vitro, the four representative genes were used as target in transposition reactions in vitro.  

Efficiency of target use was determined in a two-step transposition reaction, where the 

Mu transpososome assembled on a mini-Mu plasmid was first allowed to undergo 
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cleavage at Mu ends, followed by addition of the cleaved complex to the four linear 

target DNAs (Fig. 3.1).  Strand transfer efficiency, measured as consumption of the 

cleaved donor DNA, is shown in Fig. 3.2C.  The results were similar when target 

consumption was followed (not shown).  We note that the donor was not completely 

consumed in these experiments because linear targets are not used as efficiently as 

supercoiled targets.  Fig. 3.2C shows that the cold in vivo target rfaS with the highest 

A/T content (73%) was used most efficiently in vitro, followed by second cold in vivo 

target ybcK (64% A/T).  The two hot in vivo targets ybjP and yidP (46% and 49% A/T, 

respectively) were used at slower but similar rates.  Only half the donor was consumed 

at the end of the reaction in the latter reactions when compared to the rfaS reaction.  

Thus, the in vivo target preference was reversed in vitro, with hot in vivo targets 

consumed less efficiently than cold targets.  To rule out the influence of target size on 

the outcome of the results, the size of the smallest target ybjP was increased to 1452 bp 

by including its upstream gene artP.  This gene has a similar A/T content (47%) to ybjP 

and is the fourth favored hot spot (Manna et al., 2004).  The transposition result for the 

combined larger target was similar to that seen for ybjP alone (Fig. 3.2C).  

 The higher in vitro target efficiency of rfaS and ybcK, which have a higher A/T 

content than ybjP and yidP (Fig. 3.2A), is consistent with the reported preferential use of 

A/T-rich targets in vitro (Greene and Mizuuchi, 2002a; Greene and Mizuuchi, 2004).  It 

follows from the data presented in Fig. 3.2A-C, that although transposition target 

preference in vivo is apparently correlated with MuB distribution, this distribution must 

be determined by factors other than A/T-content alone. 



 

 

 

  
 
Figure 3. 3 In vivo and in vitro patterns of Mu integration on two hot targets. 
 
A. PCR strategy for amplification of in vivo insertion sites packaged in Mu phage (left), 
or in vitro insertion sites from strand transfer products generated as described in Fig. 3.2C 
(right). Fluorescently labeled (*) P1 primer hybridizes within the Mu R end, and P2 
hybridizes to one end of the gene being analyzed. B. PCR products from yidP and ybjP 
reactions were subjected to Fragment Length Analysis as described in Methods. Numbers 
on the X-axis refer to nucleotides. The intensity of the fluorescent signal is represented 
by arbitrary numbers on the Y axis. 
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Pattern of Mu target site selection is similar in vivo and in vitro  

 Since the efficiency of target use in vivo was apparently reversed in vitro, the 

pattern of Mu transposition into these targets might also be different under the two 

conditions.  To obtain in vivo profiles, we amplifed yidP, ybjP, rfaS and ybcK sequences 

linked to the Mu R end in virions obtained from induction of a Mu lysogen (Fig. 3.3A, 

left).  To obtain in vitro Mu insertion profiles, the strand transfer products generated in 

the presence of MuA and MuB in vitro were used as templates in PCR reactions 

employing the same primer pairs as those used to obtain in vivo patterns (Fig. 3.3A, 

right).  Analysis of the size and abundance of the products for both sets of reactions is 

shown in Fig. 3.3B.  

 The hot genes yidP and ybjP amplified well from the induced phage population, 

whereas the cold genes rfaS and ybcK were barely detectable in the PCR reactions.  The 

in vivo and in vitro profiles for the two hot genes are shown in Fig. 3.3B.  These profiles 

are remarkably similar not only for the sites of insertion, but also for the relative 

frequency of their usage as judged by the relative heights of the individual insertion 

peaks.  This shows that MuA and MuB are the primary, if not the sole, determinants of 

the spectrum of Mu insertions observed within these genes in vivo. 

 

Mu insertion patterns are robust, and are primarily a property of MuA  

 To determine if in vitro insertion patterns are influenced by the pattern of MuB 

bound to the DNA, we compared these in the presence of ATP or ATPγS.  In the 
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presence of ATP, Mu insertion patterns must reflect the steady state distribution of MuB 

on DNA, which is determined by the dynamics of MuB–DNA association/dissociation.  

In the presence of ATPγS, where MuB does not dissociate from DNA, the insertion 

patterns should reflect the initial distribution of MuB.  We also set up strand transfer 

reactions in the presence of Me2SO, where the MuB requirement can be bypassed; MuB 

is therefore not included in these reactions. Insertions obtained under these conditions 

should report on the contribution of MuA alone to the profile. The results are shown in 

Fig. 3.4.  

 Surprisingly, the insertion profiles were independent of ATP or ATPγS for all 

four targets (Fig. 3.4A).  Reactions performed in the absence of MuB (Me2SO) showed a 

broader distribution of Mu insertions, particularly evident in the rfaS and ybcK targets.  

However, the signature peaks of insertions seen in the presence of MuB were distinctly 

recognizable even in the absence of MuB.  Indeed, the new insertions in the absence of 

MuB were clustered around the insertion peaks seen in the presence of MuB, and could 

be the result of now-vacant MuB binding regions.  While it is known that the target site 

consensus is determined by MuA (Mizuuchi and Mizuuchi, 1993), the results in Fig. 

3.4A show that the frequency of usage of specific insertion sites is also determined 

largely by MuA. 

 To understand why the Mu insertion profile was similar in MuB reactions 

employing either ATP or ATPγS, MuB concentration was varied over a 20-fold range for 

the yidP target (standard reactions contain 160nM MuB). If MuB binds to higher affinity 

sites first, then in the presence of ATPγS the pattern of MuB distribution on DNA should 

vary with increasing MuB concentrations.  If however, the assembly of MuB polymers 
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on DNA involves independent stochastic events as concluded by a recent study (Tan et 

al., 2007), then the pattern of Mu insertions should not be significantly different at the 

different MuB concentrations, unless Mu integration is inhibited by excess MuB that 

cannot dissociate from DNA. The results support the latter scenario (Fig. 3.4B, C).  The 

insertion pattern was similar at all the MuB concentrations tested, with some suppression 

observable at saturating MuB concentrations (480nM) in the presence of ATPγS (note 

reduction of the relative heights of insertion peaks, particularly between the 100-250 

region).  

 We conclude that the pattern of Mu insertion within a target is robust i.e. 

unperturbed over a wide range of MuB concentrations, whether in the presence of ATP or 

ATPγS.  While MuB assists target DNA capture, it does not influence target site 

selection. 

  

MuB suppresses integration within a synthetic A/T-rich DNA fragment  

 Data presented in Fig. 3.4A show that the Mu insertion profile broadened in the 

absence of MuB.  In other words, the presence of MuB suppressed the use of several 

potential target sites. Is suppression caused by MuB binding to these sites?  In order to 

address the relationship between the bound MuB and choice of insertion sites, we 

followed Mu integration within a target containing a continuous stretch of A/T base pairs.  

We synthesized 80 bp A/T-only DNA fragments without or with the 5 bp Mu target 

consensus at its center (Fig. 3.5A; RAN1 and RAN2, respectively).  These were cloned 
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into pUC19 and analyzed for their MuB-binding (Fig. 3.5B) and Mu integration patterns 

(Fig. 3.5C, D).  

 ExoIII protection was used to demonstrate MuB binding to RAN substrates 

labeled at the 5’ end of the top strand or the complementary bottom strand in flanking 

pUC19 DNA.  ExoIII, which catalyzes the stepwise release of nucleotides from the 

3’end of DNA, displayed specific digestion patterns with increasing MuB concentration, 

indicative most likely of MuB-bound regions on the DNA which slow its travel (Fig. 

3.5B).  More DNA was bound at 160 nM than at 25 nM MuB, indicated by a larger 

series of undigested substrate bands. At 480 nm MuB, the DNA was completely 

protected (not shown).  The protection shown is for RAN1; identical protection patterns 

were observed with RAN2 (not shown).  On the top strand, the region marked +1 

corresponds to the start of the A/T region at the left end of the DNA fragment (Fig. 3.5B, 

left panel). Thus, the start of this region coincides with the start of the MuB-bound 

region.  On the bottom strand, the region marked +80 corresponds to the end of the A/T 

region at the right end of the DNA fragment (Fig. 3.5B, right panel).  Here, the MuB-

protected region extended into flanking pUC19 sequence.   

 The Mu insertion pattern obtained on the RAN1 and RAN2 plasmid substrates in 

the absence of MuB shows that insertions are distributed through most of the AT-rich 

segment, although they were highest around the centrally placed Mu target consensus on 

the RAN2 substrate (Fig. 3.5C, dotted box around CGG).  In the presence of 160 nM 

MuB, insertions are almost eliminated on the RAN1 substrate.  On the RAN2 substrate, 

an insertion spike was observed near, but not at the internal CGG site, suggesting perhaps 

that interruption of the A/T sequence destabilized the MuB filament around this region.



 

 
 
Figure 3. 4 Contribution of MuB to Mu insertion within hot and cold targets in vitro. 
 
A. Strand transfer reactions carried out in the presence of MuB included either ATP or 
ATPγS, and employed mini-Mu plasmids as donor and linear DNA as target. MuB 
concentration was 160nM. Reactions in the absence of MuB employed precleaved 
oligonucleotide Mu R ends as donors. Insertions were analysed as in Fig. 3.3. B, C. 
Reactions using the yidP target with increasing MuB concentrations in the presence of 
ATP or ATPγS. 
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Figure 3. 5 MuB binding and Mu integration within A/T-rich DNA. 
 
A. 80 bp A/T-containing RAN1 and RAN2 oligonucleotides were cloned in pUC19. 
RNA2 has an additional CGG starting at position 40. B. PCR-amplified RAN1 DNA 32P-
labeled at 5’ end of the top (left panel) or bottom strand (right panel) of flanking pUC19 
DNA, was used for ExoIII protection assays in the presence of increasing MuB. C. 
Comparison of Mu insertion profiles within RAN1 and RAN2 in pUC19, in the presence 
and absence of MuB. Position of the central target consensus CGG in RAN2 is marked 
with a dotted box. Nucleotide windows spanning + 1 to +80 nucleotides of the RAN 
sequence are marked on the X-axis. Other descriptions as in Fig. 3.3. D. Comparison of 
insertion sites within pUC19 DNA with those in the same region flanking either side of 
the RAN1 fragment in the presence of MuB. The X-axis shows a 50 nucleotide region 
either to the left (L) or right (R) of RAN1. 
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To examine the insertion pattern outside the A/T region, we determined insertion 

profiles in the pUC19 DNA flanking the +1 and +80 regions of the RAN1 substrate (Fig. 

3.5D).  Insertions occurred preferentially near, and were concentrated within, a 15-20 bp 

window at both the left and right junctions of the A/T and pUC19 region.  Insertions in 

DNA beyond this region were not influenced by MuB bound to the A/T segment, as 

determined by comparison of the insertion profile to control pUC19 DNA.  

 We conclude from these data that a MuB filament was formed on the A/T DNA, 

and that this filament inhibited Mu integration within its interior.  The increased 

frequency of Mu insertions near the junction of the A/T and pUC19 DNA, and the 

relative absence of insertions beyond the junction region, suggests that MuB promotes 

insertions only in its immediate vicinity outside the bound DNA.  

DNA sequence surrounding Mu insertion peaks 

 Analysis of 61 insertion peaks in the hot target genes yidP and ybjP, showed a 

G/C-rich 5 bp target consensus (Fig. 3.6A).  The relatively low conservation value (~0.1 

bits) of this consensus is indicative of the generally random nature of Mu transposition.  

Other than an apparent preference for G/C observed at nucleotide 87, there was little, if 

any, sequence conservation within the surrounding 90 bp region.  Assuming that ~25 bp 

of the target is bound by the transposase active site (Pribil et al. 1992), we compared the 

A/T content of a 25 bp region with a centrally placed MuA target consensus (Fig. 3.6A, 

middle), with that of flanking 35 bp segments (Fig. 3.6A, upstream and downstream).  A 

significantly higher A/T content was observed in these flanking DNA segments 

compared to that of the middle segment, as determined by student-t tests (p<0.005), while 
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the A/T difference between upstream and downstream segments was not significant 

(p>0.05).   The median A/T values for the upstream, middle, and downstream segments 

were 49.6%, 40%, and 45.7%, respectively (Fig. 3.6B).  

 These data are consistent with our inference derived from the results presented in 

Fig. 3.3, that MuB likely binds in an interspersed manner to locally A/T-rich segments in 

natural DNA, preventing integration in the bound regions but directing the transpososome 

to adjacent DNA sites (insertion peaks) free of MuB.  

 

Discussion 

 Among well-studied transposons, target choice in vivo can range from high 

specificity (Craig, 1991), to regional specificity determined either by transcription (Boeke 

and Devine, 1998; Wang et al., 2007), replication status (Peters and Craig, 2000), or 

structural features in DNA (Bender and Kleckner, 1992; Liao et al., 2000; Pribil and 

Haniford, 2000), to apparently minimal specificity (Bukhari, 1972; Manna et al., 2004; 

Taylor, 1963).  Mu belongs to the last category of elements. During the lytic cycle of Mu 

growth, a majority of the E. coli and S. typhimurium genes were observed to receive a 

uniform distribution of Mu insertions, while a small fraction showed either hot or cold 

spots for integration (Manna et al., 2004; Manna et al., 2007).  A comparison of in vivo 

and in vitro transposition patterns within the hot and cold spots has provided insights into 

the target selection process in vivo, as discussed below.



 

 

 

 
Figure 3. 6 Sequence conservation within and around Mu insertion peaks in hot 
targets. 
 
A. 61 sequences representing transposition peaks with heights greater than 2000, 
obtained by fragment length analysis of Mu integration into yidP and ybjP in the presence 
of MuB (see Fig. 3.4), were aligned with the peaks at the center, and analyzed using the 
Weblogo program (http://weblogo.berkeley.edu/). The sequence is divided into upstream, 
middle, and downstream segments as indicated for A/T content analysis shown in B. The 
5bp target consensus is underlined in the center. The height of each letter on the x-axis is 
proportional to the observed frequency of the corresponding nucleotide, and the overall 
height of each stack is proportional to the sequence conservation, measured in bits on the 
y-axis.  Bits are defined as the difference between the maximum possible distribution and 
the observed symbol distribution   The maximum conservation for each position is 2 bits 
for DNA/RNA, while the bits equal to 0 when there is no conservation at all. B. Boxplots 
showing the AT percentage of DNA in indicated regions of the 95 nucleotide segment 
shown in A, constructed using the statistical software Minitab 15. The box represents 
sequences that fall between 25th and 75th percentile of the data set, the vertical lines 
spanning the upper and lower values.  The horizontal line through box is the median 
value, and lines between boxes connect these values.  *, outliers. 
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MuB and target preference in vivo 

 Mu transposition in vitro displays a regional preference coincident with the MuB 

binding preference for A/T-rich regions (Greene and Mizuuchi, 2002a; Greene and 

Mizuuchi, 2004).  We were therefore interested in determining whether there was a 

direct correlation between the hot and cold Mu targets reported in the in vivo study by 

Manna et al. 2004, and the A/T content of their DNA. Our analysis of TTP values of the 

25 hottest and coldest sites reported by Manna et al. showed that Mu preference for these 

genes was not correlated to their A/T-content (Fig. 3.2A).  This finding could be 

extended to the whole genome as well (Ge, 2007). Despite these findings, ChIP 

experiments showed that MuB binding was an important factor in target selection in vivo, 

at least for the four genes examined in this study (Fig. 3.2B).  

 Although in vivo target preference was not correlated to A/T content, in vitro use 

of four genes as transposition targets was directly correlated with A/T content (Fig. 

3.2C).  These results suggest that the MuB-preferred A/T-rich targets are unavailable for 

Mu transposition in vivo.  The cold behavior of rfaS and ybcK in vivo can be partially 

explained by their higher TSC values (transcript copy number) compared to those of yidP 

and ybjP, since transcription appeared to have a negative impact on Mu transposition 

(Manna et al., 2004).  However, the lac operon has a much higher TSC value (10) 

compared to that of rfaS (2.46) or ybcK (1.227), yet the lac genes are not as cold a target.   

Therefore, there must be additional mechanisms occluding Mu transposition into these 

genes. It is interesting that Mu and HIV, whose integrase proteins have similar structures 

and share related transposition mechanisms, have opposite regional preferences for 
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targets.  While Mu avoids highly transcribed regions, HIV prefers them (Wang et al., 

2007), suggesting a role for accessory proteins in mediating these choices. 

 If host factors promote or inhibit transposition into the hot and cold genes, the 

pattern of insertions into these genes would be expected to differ from those obtained in a 

purified in vitro system.  While insertions within the cold genes rfaS and ybcK were 

barely detectable, the in vivo insertion patterns obtained for the hot genes yidP and ybjP 

were seen to be superimposable on those obtained for these genes in vitro (Fig. 3.3).  

This suggests that the in vivo insertion pattern is generated largely through the activity of 

MuA and MuB proteins.  The data argue against the existence of a special DNA 

structure or topology that might exist in vivo, or host factors that promote integration 

within these genes.  It appears instead that the Mu proteins have unrestrained access to 

the hot genes. We suggest that ‘hot’ is a relative term; genes that show up as hot do so 

because other more transcribed genes fare worse.  The conformity of in vivo and in vitro 

patterns also tells us that knowledge of Mu transposition derived from in vitro studies can 

be extrapolated in vivo. 

MuB and target preference in vitro 

 The basic underlying pattern of strong integration sites was found to be 

independent of MuB, and hence a property of MuA (Fig. 3.4).  Thus, MuB only 

increases the efficiency of finding the target but does not control the profile of Mu 

insertions obtained.  The insertion pattern was robust in that it was reproducible over a 

20-fold range of MuB concentrations, and even in the presence of ATPγS where MuB 

does not dissociate from DNA.  The absence of MuB broadened the spectrum of 
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insertion sites chosen, suggesting that MuB-bound regions block integration at the bound 

sites.  Support for this idea came from monitoring insertions into an A/T-rich target, as 

discussed below; such targets have been observed to polymerize larger MuB filament 

(Adzuma and Mizuuchi, 1991; Greene and Mizuuchi, 2004).  

 Synthetic A/T-only substrates occluded Mu integrations within the A/T sequence 

in the presence of MuB, Mu insertions being recovered at the immediate junction of A/T 

and non-A/T regions (Fig. 3.5).  These as well as footprinting results showed that MuB 

indeed formed a continuous filament on the A/T region and that the interior of the 

filament was refractory to integration.  These results are consistent with earlier data 

showing Mu integrations occurring on either side of an A/T-rich segment protected by 

MuB (Mizuuchi and Mizuuchi, 1993),  as well as data showing that MuB dissociation 

occurs mainly through an end-dependent mechanism, dissociation from within the 

polymer interior being slower (Greene and Mizuuchi, 2004; Tan et al., 2007).  

Suppression of insertions on the A/T-only substrate with only 160 nM MuB (Fig. 3.5C), 

but not on the natural yidP target with even 480 nM MuB (Fig. 3.4B), shows that the 

MuB-bound forms on the two substrates have different stabilities.  

 The frequent distribution of insertions in the four targets analyzed (Fig. 3.4), 

suggests that MuB likely binds in valleys between insertion peaks on these natural 

targets.  Analysis of sequences around the insertion peaks showed a G/C-rich 5 bp target 

consensus as expected, while the DNA flanking this region had a significantly higher A/T 

content (Fig. 3.6).  That the MuA target consensus favors G/C sequences, while MuB 

binding is favored at A/T sequences, suggests this arrangement would result in a mutually 

synergistic rather than competitive activity of MuA and MuB proteins. 
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Role of the MuB filament 

 What is the role of the MuB filament in the life of Mu?  Unlike a RecA filament 

which extends and unwinds DNA and promotes homology search and strand exchange 

within the filament (Bell, 2005), the MuB filament does not appear to change DNA twist 

(our unpublished data; see also (Tan et al., 2007)), and is apparently refractory to Mu 

integration inside the filament.  Comparison of the data in Fig. 3.3 and 3.4 would suggest 

that MuB likely forms short unstable rather than long stable filaments on natural DNA 

sequences.  One role for short unstable filaments might be to increase the target capture 

efficiency without inhibiting integration.  As a corollary, long stable filaments or a 

complete absence of filaments would prevent integration.  The latter explanation has 

been proposed for ‘target immunity’, a phenomenon where Mu does not utilize its own 

DNA as an integration substrate (Greene and Mizuuchi, 2004).  According to this 

proposal, if only the MuB filaments that are assembled on A/T rich regions are 

acceptable sites of integration, then non-A/T regions will be ignored by the 

transpososome.  From the results reported here, however, it is apparent that A/T content 

is not a good predictor of Mu behavior in vivo.  
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CHAPTER 4:  MU GENOME IMMUNITY 

Abstract 

Phage Mu uses transposition to amplify its 37 kb genome at least 100-fold during 

the lytic growth cycle. To produce viable progeny, Mu must avoid transposing into itself, 

a daunting task given that nearly half the host genome is composed of Mu sequences by 

the end of the lytic cycle, and that Mu lacks target specificity. Our data suggest that Mu 

may have solved this problem by two opposite mechanisms, both employing MuB 

protein, which paradoxically promotes target capture and integration. The first 

mechanism has been demonstrated in vitro. The immunity of plasmids carrying Mu end 

sequences is due to the dissociation of MuB from these substrates upon interaction with 

MuA bound to Mu ends, clearing MuB from neighboring DNA and preventing its use as 

target. We show here that this immunity is not operative in vitro on linear Mu DNA 

isolated from virions.  By contrast, Mu DNA is quite refractory to Mu integration in 

vivo. Absence of DNA supercoiling in the virion DNA is unlikely to contribute to its lack 

of immunity, since a linear mini-Mu plasmid is still immune.  To test if in vivo immunity 

is related to clearing of MuB from the Mu genome, ChIP experiments were performed.  

Contrary to expectation, MuB was found to be strongly bound within the interior of the 

Mu genome.  MuB is known to pose a barrier to transposition when bound to A/T-rich 

DNA, where it forms long, stable filaments that protect the DNA from being used as 

target.  However, the interior of the Mu genome is not A/T-rich, yet MuB binds strongly 

here.  We propose that additional phage or host factors promote MuB binding in a 

manner that shields this DNA against integration.  Thus, a protein that is essential for 
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integration also provides immunity from integration by apparently diametrically opposed 

mechanisms.
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Introduction 

Transposition is double-edged sword, allowing elements to populate new sites 

within their host genomes while potentially exposing their own DNA to self-disruption.  

Several bacterial transposons including members of the Tn3-family, Tn7 and 

bacteriophage Mu display transposition immunity (Craig, 1997).  These elements avoid 

insertion into DNA molecules that already contain a copy of the transposon, a 

phenomenon called cis-immunity, and it is thought that this form of self-recognition must 

also provide protection against self-integration.  Cis-immunity does not provide 

protection to the whole bacterial genome on which the transposon is resident, but can 

extend over large distances from the chromosomal site where the transposon is located, or 

over an entire plasmid harboring the transposon.  

 In vitro studies with phage Mu provided the first molecular insights into the cis-

immunity phenomenon (Adzuma and Mizuuchi, 1988; Adzuma and Mizuuchi, 1989).  

Mu transposition requires two Mu proteins, the MuA transposase, which binds 

specifically to the ends of Mu and catalyzes the DNA breakage and joining reactions of 

transposition, and MuB, an ATP-dependent DNA binding protein that directs the 

transpososome to integrate into DNA to which MuB is bound.  MuA-MuB interaction 

also stimulates the ATPase activity of MuB and promotes its dissociation from DNA.  

This latter activity is the basis of Mu transposition immunity i.e. removal of MuB from 

DNA that contains a copy of Mu through interaction with MuA bound to the Mu ends, 

makes the DNA a poor target for new insertions (Adzuma and Mizuuchi, 1988; Greene 

and Mizuuchi, 2002c).  The oligomeric state of MuA, e.g. monomer when bound to Mu 
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ends versus multimer when assembled into an active transpososome, may distinguish 

interactions at the ends that underlie immunity from those which promote target capture 

and transposition (Greene and Mizuuchi, 2002c).  The mechanism of Tn7 target 

immunity is related to that of Mu. Like Mu, Tn7 also has an ATP-dependent target-

recognizing protein, TnsC, which can control the activity of the transposase TnsACB via 

ATP hydrolysis (Bainton et al., 1993; Stellwagen and Craig, 1997).  

 A different form of immunity against self-integration is observed with 

retroviruses such as Moloney Leukemia Virus (MLV) and Human Immunodeficiency 

Virus (HIV), which protect their DNA against intramolecular insertion by using a protein 

called BAF, which is a cellular component of viral pre-integration complexes (Lee and 

Craigie, 1998) (Lin and Engelman, 2003).  BAF is a dimeric protein that bridges viral 

DNA non-specifically and condenses it (Bradley et al., 2005; Zheng et al., 2000).  It 

appears to play dual role, compacting DNA reversibly to prevent autointegration on the 

one hand, while promoting intermolecular target capture on the other (Suzuki and 

Craigie, 2002). 

 A BAF-like immunity mechanism could be provided by MuB itself, since MuB 

can polymerize non-specifically on DNA (Greene and Mizuuchi, 2004), and protect 

bound DNA from integration (Chapter 3).  MuB binds more stably to A/T-rich DNA.  

However, MuB is not expected to form a continuous filament within the Mu genome, 

since the A/T content in the interior of the genome is lower than that for the average E. 

coli genome.  A/T content is not a good predictor of Mu behavior in vivo, however, as 

demonstrated in Chapter 3 where higher binding of MuB was observed to select hot 

versus cold gene targets in vivo, even though the hot genes had an average A/T content 
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and cold genes had higher A/T values.  Poor binding of MuB to cold targets could be 

due to the presence of other bound proteins, or to higher transcription through these 

regions, since a negative correlation has been demonstrated between transcription and Mu 

transposition (Manna et al., 2004).  

 Mu immunity in vivo has been assumed to be due to the cis-immunity mechanism 

demonstrated using mini-Mu plasmid substrates in vitro, which would remove MuB 

protein from the vicinity of the Mu genome.  Support for this mechanism came from 

studies using a 10 Kb derivative of Mu (Mud), which was monitored for transposition 

into Tn10 elements placed at various distances from the Mud element on the S. 

typhimurium chromosome (Manna and Higgins, 1999).  A gradient of immunity was 

observed in both directions from the Mud insertion point, Mu transposition being 

unobstructed when the separation between the Tn10 target and Mud was 25 Kb, but 

undetectable when the separation was 5 Kb.  Immunity decayed more sharply in a gyrase 

mutant than in a wild-type strain, leading to a proposal that supercoil diffusion promotes 

transposition immunity (Manna and Higgins, 1999).  These experiments did not test for 

immunity within the Mu genome. 

 Is the Mu genome also immune to self-integration?  If yes, does the cis-immunity 

mechanism contribute to the immunity?  Operation of such a mechanism predicts that 

MuB would be cleared from the interior of the Mu genome.  Alternatively, high 

transcription might be responsible for poor MuB binding.  Experiments to test these 

ideas were designed.  We show in this study that the Mu genome in vivo is indeed fairly 

refractory to self-insertion, but not as refractory as some cold sites identified on the E. 

coli chromosome (Manna et al., 2004).  However, the linear Mu genome is not immune 
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to integration in vitro.  This lack of immunity cannot be attributed to absence of DNA 

supercoiling, since a linear mini-Mu plasmid substrate is still immune.  ChIP 

experiments designed to test if MuB is absent from the interior of Mu genome showed 

that contrary to expectation, MuB was strongly bound, with binding strengths in the right 

half of the Mu genome approaching those found for hot E. coli targets.  Our results 

suggest that a different immunity mechanism must act to prevent integration within the 

Mu genome.  We propose that strong MuB binding within Mu presents a barrier to auto-

integration, and that other phage or host proteins are involved in promoting barrier 

formation. 
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Results 

The Mu genome is fairly immune to integration in vivo  

 It has been assumed thus far that Mu would be immune to self-integration.  To 

test this proposition for the first time, we monitored Mu integration within Mu by 

analyzing DNA isolated from Mu virions.  This DNA contains sequences flanking Mu 

insertion sites, which are also packaged into phage heads (see Fig. 1.3).  Insertions in 

seven regions spanning the Mu genome were monitored for Mu insertion in PCR 

reactions employing a common R-end primer and second primer within the Mu region 

being analyzed.  This method will report not only on Mu insertions into another Mu 

genome, but also on intra-molecular insertion of Mu within itself.  As controls, we 

monitored Mu insertions into a representative cold E. coli target gene rfaS, and an 

average target gene ahpF described earlier (Ge and Harshey, 2008; Manna et al., 2004).  

 Analysis of the insertion profiles within these targets is shown in Fig. 4.1.  The 

heights of the peaks (indicated by arbitrary units on the Y axis) represent the relative 

frequency of insertion into nucleotides indicated on the X axis.  The majority of 

insertions in the 600 bp region of the cold target rfaS have peak heights well below 500, 

with four insertions showing values between 500-1000.  The majority of insertions into 

the average target ahpF were higher than 1000, with many showing peaks heights up to 

10,000.  Insertions into the seven Mu regions examined resembled those in the cold 

target rfaS in that the majority had peak heights below 500.  A handful of insertions 

showed values >1000, some approaching 4000-6000.  Overall, these values were much 
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below those seen with the average target ahpF1.  We conclude that the Mu genome is 

fairly, but not entirely, immune to integration. 

The Mu genome is not immune to integration in vitro 

 While it is known that mini-Mu plasmids are immune to Mu integration and are 

not used as targets in vitro, the immunity of the whole Mu genome has not been tested in 

vitro.  To do so, we compared the efficiency of use of a mini-Mu plasmid versus the 

linear Mu genome as target in in vitro transposition reactions employing MuA and MuB 

proteins and the mini-Mu donor plasmid pSP104 (Fig. 4.2).  As expected, the reaction 

with pSP104 alone did not progress beyond the stage of Type 1 formation, wherein Mu 

ends have undergone single-strand cleavages (lane 2).  When a non-Mu plasmid 

(pUC19) was included in the reaction, the Type 1 complex was converted to the Type 2 

complex, where Mu ends have integrated into the pUC19 target (lane 3).  In reactions 

using pSP104 as donor and the Mu genome as target, Type 1 complex was efficiently 

consumed along with linear Mu genome target, resulting in the appearance of high MW 

Type 2 strand transfer complex (lane 4).  Reactions using the linear Mu genome as donor 

and pUC19 as target showed no consumption of pUC19, or appearance of intramolecular 

strand transfer products using the Mu genome both as donor and target (lane 5).  A linear 

donor substrate is not expected to undergo cleavage at Mu ends, because supercoiling is 

essential for assembling the transpososome on the paired Mu ends under these assay 

conditions (Chaconas and Harshey, 2002). 



Figure 4. 1 Profile of Mu insertion into seven different regions within Mu in vivo. 
 
The strategy for amplification of in vivo insertion sites packaged in Mu phage is 
described (chapter 3). A fluorescently labeled primer hybridizing within the Mu R end, 
and second primer hybridizing to one of the seven regions indicated on the Mu genome 
(top), was paired to amplify intervening DNA in PCR reactions, which was subjected to 
Fragment Length Analysis. Primers hybridizing to an average (ahpF) or a cold (rfaS) 
target gene served as controls. Numbers on the X-axis refer to nucleotides. The intensity 
of the fluorescent signal is represented by arbitrary numbers on the Y axis.  
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Figure 4. 2 In vitro transposition reactions with the linear Mu genome.  
 
Transposition reactions were set up as described in Methods, by incubating MuA, MuB 
and HU proteins with the mini-Mu plasmid pSP104 as donor, and either linear Mu 
genome or pUC19 as target as described in the text. Type 1, cleaved complex; Type 2, 
strand transfer complex; Type 2 (Intra), intramolecular strand transfer complexes; SC, 
supercoiled; OC, open circlular. Lane 1, DNA size markers; lanes 6-8, control substrates 
without added proteins. 
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 An important difference between the Mu genome substrate in vivo versus that 

isolated employed in vitro, is that Mu is part of the supercoiled E. coli genome in vivo, 

but is linear when isolated from virions.  Will linearization of the mini-Mu plasmid 

allow it to serve as target in vitro?  Reactions with linearized plasmid pSP104 and 

control pUC19 are shown in Fig. 4.3.  Three different restriction enzymes sites were 

used to linearize pSP104 as shown in Fig. 4.3A, in order to produce different lengths of 

potential target DNA flanking the Mu ends.  Because linear DNA is less efficient as 

target than supercoiled DNA, the Type 1 complex was first assembled on pSP104, and 

the cleaved complex was subsequently added to linear target DNA in order to minimize 

channeling the complex preferentially towards intramolecular reaction.  As shown in 

Fig. 4.2, supercoiled pUC19 was converted efficiently into Type 2 (Fig. 4.3B, lane 2), 

while supercoiled pSP104 was not used as a target (lane 3).  Linear pUC19 was used as a 

target, but at a lower efficiency (lane 4). Linear pSP104, however, was not used as target 

at all irrespective of the enzyme used for linearization (lanes 5-7).  

We conclude that supercoiling is not essential for immunity of the mini-Mu 

plasmid, but is apparently essential for that of the linear Mu genome. 

 

 

 

 

 



 

 
 
 
Figure 4. 3 In vitro transposition reactions with linear mini-Mu plasmids.  
 
A. Map of pSP104 showing restriction enzyme sites used for linearization and their position with respect to the L and R Mu 

ends. B. Transposition reactions were set up as described in Fig. 4.2, except that Type 1 complexes were first assembled on 

supercoiled pSP104, and added to the linear target DNA in a second step. Lanes 1-7 contain all the reaction components for 

transposition, while lanes 8-13 are DNA controls without added proteins. Lane 14, DNA size markers. 
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Figure 4. 4 Profile of Mu integration into seven different regions within Mu in vitro.  
 
Reactions were as described in Fig. 4.1, except that in vitro products of the Type 2 
reaction shown in Fig. 4.2, lane 4, were used as template in PCR reactions.
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The linear Mu genome is not immune to insertions even in the proximity of Mu ends 

We wished to test whether mini-Mu insertions into the linear Mu genome were 

uniformly distributed throughout the genome, or whether there was a gradient of 

immunity extending inwards from the Mu ends as demonstrated outside Mu ends in vivo 

(Manna and Higgins, 1999).  Insertions of mini-Mu into the linear Mu genome were 

analysed in the Type 2 strand transfer reaction shown in Fig. 4.2, lane 4, with the same 

primer pairs employed to analyze insertions into the Mu genome in vivo (Fig. 4.1).  The 

results are shown in Fig. 4.4.  Insertions were absent only at the MuA binding sites near 

the Mu ends, likely because bound MuA prevented access to this DNA.  However, there 

was no apparent protection of DNA in the vicinity of the ends, and insertions were found 

in all the seven regions within Mu examined. Curiously, DNA outside the R-end was free 

of insertions.  While we do not understand why this is so, it is clear that the cis-immunity 

fails to operate even within a short range on the linear Mu genome.  In light of these 

results, immunity of the linear mini-Mu plasmids is puzzling (see Fig. 4.3). 

MuB binds strongly within the Mu genome in vivo 

 From the in vitro results shown in Figs. 4.3 and 4.4, it does not appear that 

immunity of the Mu genome in vivo can be attributed solely to supercoiling, or that cis-

immunity is functional on the Mu genome.  To test if immunity is due to absence of 

MuB binding within the genome perhaps due to transcription or expression of other 

proteins during lytic development, ChIP experiments were conducted in the presence and 

absence of Mu induction.   In these experiments, MuB was engineered to encode a c-
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myc epitope on its N-terminus, and provided on a promoter-less plasmid pJG8 to a Mu B- 

lysogen. The c-myc tag was created because the c-myc antibody has a higher affinity for 

its epitope compared to the antibody against MuB used previously (chapter 3).  The 

choice of a promoter-less plasmid was necessitated because over-expression of MuB 

from an inducible plasmid inhibited Mu growth.  Expression of untagged and c-myc 

tagged proteins is shown in Fig. 4.5.  When similar amounts of whole cells were used, 

MuB protein expression from the promoter-less plasmid expressing untagged MuB 

(pIL164) was similar to that from the Mu lysogen HM8305 induced for 30 min (Fig. 

4.5A, compare lanes 2 and 3).  Cells expressing c-myc-MuB from the same vector, 

showed a stronger signal in Western blots due to the higher affinity of this antibody for 

its substrate (Fig. 4.5B).  Lysis of Mu B- lysogen strain harboring pJG8 was delayed by 

20 min compared to wild-type (Fig. 4.5C), but the lysate yielded viable phage with a 

comparable titre (Fig. 4.5D). 

 MuB binding to an induced and uninduced Mu genome was assayed by ChIP in 

the Mu B- lysogen strain CW28.  To assess binding during induction, c-myc-MuB was 

provided on pJG8. To assess binding in the absence of induction, both MuA and c-myc-

MuB were provided on pJG6; MuB binding under these conditions should report on the 

contribution of MuA-MuB interaction alone.  ChIP samples were prepared 30 min after 

Mu induction as described under Methods, and DNA spanning the same seven regions 

within Mu that were assayed for Mu insertion (see Fig. 4.1) was amplified in PCR 

reactions using primer pairs designed to amplify 300-400 bp segments (Fig. 4.6A). 

Controls included representative hot (yidP), cold (rfaS) and average (ahpF) E. coli gene 
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targets for Mu insertion. Controls without antibody were used to assess the contribution 

of non-specific binding.  

 In chapter 3, higher Mu integration frequency was seen to be correlated with a 

higher MuB-binding preference and vice versa.  We were therefore expecting Mu to 

behave like the cold target, with little or no MuB binding. Contrary to expectation, 

however, MuB was seen to bind strongly within Mu in both the induced and the 

uninduced state (Fig. 4.6 B).  In the induced strain, the amount of binding was greater 

than that at the cold site rfaS at most positions except the R end (region 7).  At regions 4-

6 representing the central and right half of the Mu genome, the binding was greater than 

at the average site ahpF.  At regions 1-3 representing the left half of the Mu genome, the 

binding was slightly lower than average, but higher than at the cold site. In the uninduced 

strain, where MuA and B were provided from a plasmid, a similar pattern of MuB 

binding was observed.  However, there was less MuB bound overall, with the exception 

of region 7 (Mu R end) which showed strong binding.  

 We conclude that MuB binds strongly within the interior of the Mu genome, 

irrespective of transcription.  The results indicate that Mu immunity is not related to the 

absence of MuB, but could be related to its presence. 



 

 

 

 
Figure 4.5 Expression and complementation of c-myc-MuB from a promoter-less 
plasmid.  
 
A. Western blots of purified MuB (lane 1), MuB from the Mu lysogen HM8305 induced 
for 30 min (lane 2), MuB from plasmid pIL164 in DH5α, and control DH5α without 
plasmid were developed with MuB antibodies as described in Methods. B. Western blots 
developed with c-myc antibodies using the following strains: lane 1, CW28 (MuB-

lysogen); lane 2, CW28 induced for Mu growth with pJG8 (c-myc-MuB); lane 3, CW28 
un-induced for Mu growth with pJG8; lane 4, CW28 with pJG6 (c-myc-MuB + MuA). C. 
Lysis profiles of indicated strains, where the 0 is the time at which the culture was shifted 
to 42°C to inactivate the temperature-sensitive Mu repressor and initiate lytic growth of 
Mu. D. Titre of Mu in lysates from indicated strains. The lysate from CW28/pJG8 was 
titered on DH5α carring pJG8.  
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Figure 4. 6 Analysis of MuB binding on the Mu genome using ChIP. 
 
A. Location of PCR primers within regions 1 – 7 on the Mu genome for assessing MuB 
binding. B. The relative binding strength (RBS) of MuB on indicated Mu regions shown 
in A, in an induced (left) or uninduced (right) Mu lysogen strain CW28 with MuA and/or 
c-myc-MuB supplied from indicated plasmids. Representative hot (yidP), cold (rfaS) and 
average (ahpF) Mu insertion target genes in E. coli (Manna et al., 2004) were used as 
controls. MuB binding was measured by ChIP assays using c-myc antibody as described 
in Methods. Bound DNA was amplified by PCR and quantified. RBS is the ratio of 
specific to non-specific binding. The binding data are an average of three repeats.  
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Discussion 

 This study was initiated to test whether the Mu genome in vivo is indeed immune 

to self-integration as has been assumed, and if so, whether the immunity mechanism 

involves clearing of MuB from the interior of the Mu genome as has been demonstrated 

in vitro using mini-Mu plasmids.  We have found that the Mu genome is indeed fairly 

immune in vivo. However, the immunity is not due to absence of MuB binding.  On the 

contrary, MuB was found to be strongly bound to internal regions within Mu. Curiously, 

the Mu genome isolated from virions was not immune in vitro, suggesting that an entirely 

different immunity mechanism acts to prevent integration within the Mu genome in vivo. 

Based on the known property of MuB to prevent integration within DNA on which it 

binds strongly and in long stretches, we speculate that the in vivo Mu immunity 

mechanism may be dependent on the presence rather than on the absence of MuB.  We 

will call this immunity ‘Mu genome immunity’, to distinguish it from the cis-immunity 

mechanism which is dependent on absence of MuB. 

 MuB polymerizes on double-stranded DNA, showing a propensity to form larger 

polymers or filaments on A/T-rich DNA (Greene and Mizuuchi, 2004).  Preferred MuB 

binding has been correlated to Mu integration both in vitro (Adzuma and Mizuuchi, 

1988) and in vivo (chapter 3).  There is distinct difference, however, in the behavior of 

MuB in vitro on natural DNA that is 40-70% A/T versus synthetic DNA that is 100% 

A/T.  The former substrate permits integration, while the latter is refractory to 

integration.  On natural DNA the pattern of Mu insertion within a target is robust i.e. 

unperturbed over a wide range of MuB concentrations.  On synthetic A/T-only DNA, 
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however, even moderate concentrations of MuB suppress integration completely (chapter 

3). Footprinting experiments showed strong protection of the A/T-only DNA, and it was 

inferred that MuB likely formed a continuous filament on this DNA. Thus, both strong 

MuB binding as well as the complete absence of MuB prevents integration, and it is only 

when MuB binding is just right that integration is promoted.   

What determines a ‘just right’ zone of MuB binding? Integration is apparently 

ubiquitous, so MuB binding should be ubiquitous.  Hot targets show higher MuB 

binding. Two hot targets examined showed the same profile of Mu insertions in vivo as 

observed in vitro in reactions employing purified MuA and MuB proteins, suggesting that 

these proteins are largely responsible for the in vivo insertion profile on the hot targets 

(chapter 3; Fig.3.3 and 3.4).  It appears that hot targets represent regions to which the 

Mu proteins have an unrestrained access, whereas integration into average or cold targets 

might be controlled by limited access. Factors limiting access appear to be RNA 

polymerase traffic or presence of other proteins strongly bound to the DNA (Manna et al., 

2004).  Although high A/T content favors MuB binding in vitro, it does not appear to 

influence the choice of the target in vivo likely because of other competing cellular 

processes.  Analysis of sequences around insertion peaks showed a G/C-rich 5 bp MuA 

target consensus sequence, with little, if any, sequence conservation within the 

surrounding 95 bp region examined.  However, a significantly higher A/T content was 

observed in the flanking regions compared to a central 25 bp region expected to be 

occupied by the transposase (chapter 3).  These data suggest that when allowed access, 

MuB likely binds in an interspersed manner to locally A/T-rich segments in natural DNA, 
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preventing integration in the bound regions but directing the transpososome to adjacent 

DNA sites free of MuB.  

 The cis-immunity mechanism, where integration into a Mu target in vitro is 

suppressed due to removal of MuB, at first presented a logistical problem because if MuB 

dissociates and is removed from DNA upon interaction with MuA, would it also not 

dissociate from non-Mu targets which promote integration?  However, in the light of the 

fact that oligomeric MuA in a transpososome simultaneously also promotes integration, 

while monomeric MuA bound to Mu ends only promotes MuB dissociation, the 

paradoxical properties of MuB in dissociation versus target capture are easily reconciled 

(Greene and Mizuuchi, 2002c). Also, dissociation of MuB from DNA is not relevant for 

transposition, as evidenced by the ability of ATPγS to support transposition in the 

absence of MuB dissociation (Adzuma and Mizuuchi, 1988; Teplow et al., 1988), and 

also because the DNA into which insertion occurs is adjacent to but not within MuB-

bound regions (chapter 3).  Does cis-immunity operate near Mu ends in vivo?  

Integration is certainly suppressed outside Mu ends (Manna and Higgins, 1999), as well 

as inside Mu (Fig. 4.1). However, there is gradient of Mu insertions between 5-25 Kb 

outside Mu ends, consistent with the cis-immunity mechanism, while there is no such 

gradient inside. While we do not have information about MuB binding outside the Mu 

ends, MuB is bound strongly inside (Fig. 4.6). It would appear from these results that two 

separate MuB mechanisms may be responsible for immunity inside versus outside Mu 

ends – cis-immunity operates outside and Mu genome immunity inside. 

The barrier to integration presented by a continuous MuB filament offers an 

alternative and antithetical mechanism to the established mechanism that requires an 



 90

absence of MuB binding. However, it is difficult to directly test whether Mu genome 

immunity depends on the presence of strongly bound MuB, because one needs MuB to 

promote integration. It is also not clear what the basis is of strong MuB binding inside 

Mu, given that there is a striking absence of DNA features known to promote stable MuB 

binding in vitro i.e an A/T-only sequence (Fig. 4.7). The overall A/T content of the Mu 

genome is 48%, compared to 50% overall for the E. coli genome. There appears to a 

gradient of high 65% to low 42% A/T from the ends to the center of Mu. Thus, some 

feature other than A/T content is responsible for strong MuB binding here. Perhaps there 

are additional phage or host proteins involved, reminiscent of BAF and other cellular 

proteins of HIV and MLV that compact DNA and prevent auto-integration (Suzuki et al., 

2004). However, these proteins must be able to distinguish the interior from the exterior 

of the Mu genome, presenting a new challenge for understanding Mu genome immunity, 

and raising many new questions. For example, what is the timing of establishment of this 

immunity? How does immunity to integration still allow other processes like 

transcription and replication to go on, if indeed they do? Is it possible that strong Mu 

transcription initially disfavors integration, but that replication through the genome marks 

it for genome immunity, in preparation for packaging into virions?



 

 

 
Figure 4. 7 AT content of the Mu genome.  
 
The graph plots the A/T content across the Mu genome using a moving window of 100 bp with a moving step of 20 bp 
(NC_003197). The overall A/T content is 47.95%, but the ends are more A/T rich than the central region. 
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CHAPTER 5: GENOME-WIDE ANALYSIS OF MUB BINDING IN 
ESCHERICHIA COLI: THE NEGATIVE IMPACT OF A-TRACTS 

 

Abstract  

Bacteriophage Mu transposition exhibits a 1000-fold bias in target preference 

within the E. coli chromosome.  Defining what factors impact this preference is critical 

for understanding not only the biochemical mechanism underlying Mu transposition in 

vivo, but also the reciprocal impact between the mobile DNA and host chromosome 

structure and function.  Phage-coded protein MuB is thought to be responsible for the 

genome-wide target preference, because the locations of MuB binding were found to be 

coincident with preferential Mu integration sites in vitro.  However, our previous 

chromatin immunoprecipitation (ChIP) experiments found two contradictory results: (1) 

MuB binds strongly to two hot integration targets, but not to two cold targets, and (2) 

MuB binds strongly to its own genome that is cold or immune to Mu integration.  To 

elucidate how MuB binding impacts target selection, we determined the genome-wide 

distribution of MuB on the E. coli chromosome using ChIP coupled with high resolution 

whole genome tiling microarrays.  We identified 317 strong MuB binding regions across 

the E. coli genome.  Although these strong MuB associated regions do not match the hot 

integration targets individually, analysis indicates that MuB binding strength is positively 

related to transposition target preference, and negatively related to transcription.  We 

have found that MuB binding is insulated by the nucleoid-associated protein Fis, which 

responds to A-tracts that signal chromosome domain structure.  A-tract frequency has a 
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negative impact on MuB binding and on Mu target selection.  These novel results have 

revealed the role of MuB in Mu transposition target selection on a genomic scale, and 

provide new insights into how host chromosome structure modulates transposable 

element activity.
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Introduction 

Transposable elements have learned to balance self-propagation and host survival 

in their long evolution history.  They choose properly replicated/transcribed regions to 

ensure their reproduction, as well as avoid those regions that could potentially kill the 

host.  TE-encoded proteins, especially transposases/integrases and their accessory 

proteins, play central roles in selecting transposition targets.  Host-coded proteins that 

strongly bind to DNA and genome-wide host events like replication and transcription also 

severely impact target selection by modulating DNA accessibility (Craig, 1997).  A 

consolidation of all of these complex interactions eventually leads to an optimization of 

transposition target sites for both the TE and its host.  

Mu selects its transposition targets at several levels.  At the base-pair resolution 

level, Mu recognizes a weak target sequence consensus of 5'-NY(G/C)RN-3’ (Ge and 

Harshey, 2008; Mizuuchi and Mizuuchi, 1993).  At a regional level, Mu transposes 

preferably into AT-rich sequences within plasmids (Castilho and Casadaban, 1991; 

Mizuuchi and Mizuuchi, 1993) and near the control region of some genes (Manna et al., 

2001; Wang and Higgins, 1994).  At a genome-wide level, an approximately 1000-fold 

bias in target selection across the whole E. coli genome was found (Manna et al., 2004). 

About 4% of the E. coli genes were hot spots and 1% cold spots, although the majority of 

the E. coli genome was seen to be equally used as a transposition target.  Study of Mu 

transposition in Salmonella led to similar results (Manna et al., 2007).  

Mu employs a compound mechanism to choose its target.  As we discussed in the 

previous chapters, the base-pair level target consensus is determined by the direct 
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interaction between the transposase MuA and target DNA at the strand transfer step, and 

the regional preference is thought to be determined by MuB.  On a genomic scale, DNA 

accessibility appears to be a key determinant for Mu target selection, which is 

prominently impacted by replication, transcription, host DNA-binding proteins and 

chromosome structure.  For example, comparison of Mu integration frequency with 

transcript abundance in E .coli and S. typhimurium, showed a negative relationship 

between transcription and transposition (Manna et al., 2004; Manna et al., 2007).   

Impact of a host DNA-binding protein is seen in the cold spot for Mu transposition at the 

par locus in Salmonella, where the plasmid partitioning protein ParB forms a stable 

filament on the DNA (Manna et al., 2007).  Chromosome structure is likely to be another 

key factor modulating DNA accessibility to Mu, since Mu transposition responds 

inversely to transcriptional domains (Manna et al., 2004; Manna et al., 2007), which very 

likely correspond to the chromosomal supercoiling domain structure (Allen et al., 2003; 

Lobner-Olesen et al., 2003; Sinden and Pettijohn, 1981).  Mu target immunity is also 

hypothesized to be sensitive to the chromosome supercoiling status (Manna and Higgins, 

1999).  

The E. coli chromosome is negatively supercoiled and segregated into 

independent domains that constrain the plectonemic negative supercoil energy introduced 

by DNA gyrase.  Over time, various experimental approaches have estimated the 

number of these domains. The most recent estimates based on electron micrographs and 

resolvase half-life experiments reached a consensus of 400~450 supercoiling domains per 

nucleoid, each domain ~10 kb, in exponentially growing cells (Alexandrov et al., 1999; 

Sinden and Pettijohn, 1981; Stein et al., 2005).  The domains are dynamically organized 
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both in size and in numbers over the life time of a cell (Stein et al., 2005).   It is 

suggested that the supercoiling domains are packaged into the rosette-like structures to 

facilitate a higher level of chromosome organization (Nanninga, 1985).  However, this 

mode of packaging cannot account for the total compaction ratio in bacteria (Zhuang, 

2004).  Some lower level of nucleoid organization is thought to play an important role in 

the condensation process.  E. coli nucleoid-associated proteins, which bind the 

chromosome similar to eukaryotic histones, are believed to be involved in this lower level 

of nucleoid organization (Ussery et al., 2001).  Among at least 12 nucleoid-associated 

proteins found in E. coli, most research has focused on Fis, H-NS, HU, and IHF 

(Dorman, 1994).  These proteins are abundant in the exponential phase of cell growth 

(>20,000 copies per cell), and play major roles in E. coli chromosome condensation.  A 

recent report demonstrated the Fis functions as a structural protein of the E. coli 

chromosome (Cho et al., 2008).  Fis (factor for inversion stimulation) is a 98 amino acid 

basic protein that can bind DNA specifically or nonspecifically and cause 50~90º DNA 

bending (Pan et al., 1996).  Fis enhances transcription, promotes DNA compaction, and 

modulates DNA topology by stabilizing DNA looping (Schneider et al., 1997; Travers 

and Muskhelishvili, 1998). The genome-wide analysis of Fis binding on the E. coli 

chromosome revealed a stoichiometric relationship of two Fis binding regions per 

chromosome supercoiling domain, implying that Fis functions as a building block in 

chromosome condensation (Cho et al., 2008). 

 Another important factor for the lower level of nucleoid organization is A-tract 

sequences in the chromosomal DNA.  An A-tract is defined as the sequence AnTm,  

where (n+m) ≥4 (Haran et al., 1994; Hodges-Garcia et al., 1989).  The E. coli 
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chromosome contains over-represented A-tracts that demonstrate 10-12 bp periodicity 

and are grouped into clusters (Tolstorukov et al., 2005).  A-tract clusters produce an 

intrinsic DNA curvature and serve as binding sites for nucleoid-associated proteins like 

Fis, H-NS, HU, IHF that have affinities for curved DNA (Trifonov, 1985).  Thus, A-tract 

clusters may facilitate DNA packaging as an in cis sequence signal. 

What is the mechanism by which the Mu target selection process responds to 

global host events like replication, transcription and chromosome compaction?  

Naturally, MuB is thought to play key role, but how specifically does it do so?  Our 

previous ChIP experiments coupled with PCR assays gave us contradictory results: On 

the one hand, MuB bound strongly to two hot targets, but not to two cold targets; on the 

other hand, MuB bound strongly to its own genome yet prevented Mu integration.  To 

elucidate how MuB-binding impacts genome-wide target preference, we mapped MuB 

binding locations on the E. coli chromosome using ChIP coupled with high-resolution 

whole genome tiling microarrays (ChIP-chip).  The ChIP-chip approach is well-suited 

for analyzing the occupancy profile of proteins on the chromosome by measurement of in 

vivo protein-DNA complexes (Ren et al., 2000).  Data for MuB obtained from these 

experiments can then be compared to data for other DNA-binding proteins such as 

nucleoid-associated proteins, or transcription profiles, or particular DNA sequences that 

modulate chromosome domains, to determine how Mu chooses its targets.  We show that 

Mu transposition is generally positively related to MuB binding both genome-wide as 

well as in the hot and cold regions, although no apparent mathematical correlation could 

be found.  Although transposition is inversely related to transcription, our data suggest 
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that the negative impact is likely due to processes other than the transcription per se.  We 

find that Mu is insulated from transposing into regions bound and compacted by Fis.
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Results 

Measurement of in vivo MuB binding 

To measure genome-wide MuB binding, the Mu B- lysogen CW28 harboring 

plasmid pJG8 was used, and ChIP was performed using c-myc antibody as described in 

Chapter 4.  ChIP-chip analysis was performed using whole-genome tiling microarrays 

(NimbleGen) that contained a total of 386,486 50 bp oligonucleotide probes representing 

the E. coli genome (NC_000913) overlapping by 26 bp on both the forward and reverse 

strands.  The array was hybridized with Cy5 –labeled ChIP DNA and Cy3- labeled 

whole genome DNA, both amplified by random primers.  The “ratio” value of each 

probe (fluorescence intensity of Cy5 over Cy3) is the relative enrichment of that probe 

sequence in the ChIP sample, hereafter termed the relative MuB binding preference or 

BBP.  The chip used in these experiments is a two-color array, and hence the data can be 

treated as a stand-alone experiment.  The fluorescent signals were scanned and log2 BBP 

values were calculated and normalized with Tukey bi-weight function as described in 

Methods.  A scatter plot of BBP values from three biologically independent experiments 

showed that the variation between experiments for most of the probes is large but still 

acceptable because the three data groups are still in an apparent linear relationship with 

their average values (Fig. 5.1).  



 

 

 
 
Figure 5. 1 Reproducibility of MuB binding measurements.   
 
The log2BBP for various oligonucleotide probes in each of the three microarray slides 
were plotted against the average of three measurements.  Each color represents data from 
one array.  BBP values were determined and normalized as described in Methods.
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Figure 5. 2 Distribution of relative MuB binding strength (BBP).   
 
The number of oligonucleotide probes within a given interval of BBP value was plotted 
against BBP intervals.  Each interval of log2 (BBP) was 0.05.  The values of log2 (BBP) 
were normalized by Tukey bi-weight mean.  The fitted normal distribution is shown as 
the dashed line. 
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The average log2 BBP value for each probe calculated from both forward and 

reverse strands on three slides was used for subsequent analysis.  BBP values followed a 

normal distribution with mean of 0.045 and standard deviation of 0.76, and ranged from -

2.78 to 4.6, representing a 166-fold difference in MuB binding on preferred (hot) and 

non-preferred (cold) 50 bp probes (Fig. 5.2).  For 81% of the genome, BBP values were 

within 2-fold (above or blow) of the median, whereas for 96% of the genome, BBP 

values fell within 3-fold of the median.  Only 1.5% of the genome had BBP greater than 

4-fold of the median, and among them most were above 4-fold.   

Genome-wide mapping of MuB binding regions on the host chromosome 

To construct a genome-wide MuB binding map, BBP values for all probes were 

plotted against their location (Mb) (Fig. 5.3A).  Each bar represents the intensity of the 

probe positioned at the starting nucleotide of each probe. MuB was seen to bind 

throughout the genome without gross bias in any region of the chromosome. A slight 

decreasing gradient in overall MuB binding was found from the origin (ori) to the 

terminus (ter) in both replicores (ori to ter and ter to ori) (Fig. 5.3A). However, the 

difference in MuB binding near the origin versus terminus regions was around 1.5 fold, 

which is not as prominent a difference when compared to the 2-fold difference in Mu 

transposition target preference (TTP) in the same regions (Manna et al., 2004).   



 

 

 
Figure 5. 3 Genome-wide mapping of MuB binding regions in E.coli.   
 
A. An overview of MuB binding profiles across the E. coli chromosome. The log2 (BBP) 
values were plotted on the y-axis against the location of each oligonucleotide probe in the 
4.64 Mb E. coli genome on the x-axis.  ter: replication terminus; ori: replication origin. 
B. MuB binding peaks on selected regions. Two hot Mu integration targets yidP and ybjP 
were strongly bound by MuB (red peaks). rfaS, a cold integration target, had no MuB 
binding, while the other cold integration target ybcK had weak MuB binding (grey 
peaks). Peak cores are determined by the log2 (BBP) values of individual binding regions. 
Red peaks, FDR≤0.05; grey peaks, FDR >0.2.
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Using a peak detection algorithm (NimbleScan) based on the double regression 

model (Kim et al., 2005), 317 unique peaks of MuB binding regions were identified and 

classed into 4 tiers depending on their false discovery rate (FDR) values.  FDR is an 

approach to control the expected proportion of false positives during the multiple 

comparison procedures involved in peak identification. To validate the ChIP-chip results, 

the binding peaks for two hot target genes yidP and ybjP, and two cold genes rfaS and 

ybcK were visualized using SignalMap software (NimbleGen) (Fig. 5.3B).  The red 

peaks within yidP and ybjP coding regions represent very low FDR values (≤0.05) and 

high peak scores (determined by the BBP values of the peak), indicating genuine MuB 

binding on these two genes.  The grey peaks within ybcK gene represent very high FDR 

value (>0.2) and low peak scores, indicating weak, very possibly false positive MuB 

binding.  There was no peak identified within the cold rfaS coding region.  These results 

are in agreement with our previous results (see Chapter 3) (Ge and Harshey, 2008).  A 

complete list of these binding regions will be published elsewhere.   

MuB binding preference is positively related to Mu transposition target preference  

None of the 25 most preferred Mu target genes (Manna et al., 2004) were among 

the top 25 regions showing highest MuB binding (data not shown). We therefore 

manually determined the presence of genuine peaks within the 25 most preferred and 25 

least preferred Mu target genes.  18/25 hot genes and 9/25 cold genes had peaks with 

FDR values ≤0.2 either within or in a 500 bp region in the vicinity of their coding 

sequence. The rest of the genes either had no peaks or had peaks with FDR >0.2.  

Although more genuine MuB binding regions were found among the preferred targets, 
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there was no apparent mathematical relationship between MuB binding preference and 

transposition preference among this set of 50 target genes. 

To see whether target choice coincides with MuB binding on a genome-wide 

scale, moving medians of BBP (150 kb window, 1 kb step) and TTP (101 gene window, 

1 gene step) were plotted against genome location (Fig. 5.4).  Both MuB binding and 

transposition values are seen to be grouped into domains with high and low activity.  

Overall, MuB binding and transposition was positively correlated throughout the genome 

(parallel trend lines), with peaks and troughs of MuB binding generally coinciding with 

those of transposition. However, a close examination revealed that these peaks and 

troughs are not exactly matched, but are slightly offset with respect to each other.  This 

result implies that Mu transposition occurs in regions near, but not directly on, those 

bound by MuB.   

MuB binding is negatively related to transcription  

Previous studies have shown that Mu transposition responds to transcription, 

preferring poorly transcribed regions.  To determine if MuB binding is also insulated by 

active transcription, BBP values were compared with the transcript copy number (TSC) 

that measures the mRNA abundance in exponentially growing cells in LB (Allen et al., 

2003; Bernstein et al., 2002; Lander et al., 2001).  When moving medians of BBP and 

TSC were plotted against genome location as before, the overall trend of MuB binding 

was seen to be inversely related to that of transcription (opposing trend lines; Fig. 5.5).  

Interestingly, many individual peaks of BBP were correlated to the peaks of TSC, 

suggesting transcription per se does not exclude MuB binding.  The response of MuB 



 106

binding to transcription may therefore be due to the chromosome structure within these 

regions, and not to transcription itself. 

MuB binding is inversely related to Fis binding 

A recent ChIP-chip analysis has shown that Fis protein is directly involved in 

structuring the E. coli chromosome supercoiling domains through stabilization of DNA 

crossovers, loops and bends (Cho et al., 2008).  This study derived an average of two Fis 

binding regions per supercoiling domain.  To test if BBP values directly respond to Fis 

binding and hence to the chromosome domain structure, the binding profile of MuB was 

compared with that of Fis protein by plotting the median of both BBP and Fis enrichment 

ratio (similar to BBP, with a similar window and step) against genome location (Fig. 5.6).  

Both MuB and Fis binding values could be grouped into fluctuating high and low binding 

regions.  Strikingly, the peaks of MuB binding correlated with the troughs of Fis 

binding, and vice versa.  Thus, MuB appears to bind in regions devoid of Fis, suggesting 

that Fis shields its bound DNA from MuB. 



 

 
Figure 5. 4 Comparison of moving median of BBP and TTP.   

 
The moving median of BBP is with 150kb window and 1kb step, and is plotted against 
the location of each probe.  The moving median of TTP is with a window of 101 genes 
and a step of one gene, and is plotted against the location of each gene.  TTP values are 
from Manna et al., 2004.  Red, BBP; blue, TTP; dashed: fitting lines.   
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Figure 5. 5 Comparison of moving median of BBP and TSC.    

 
The moving median of BBP is with 150kb window and 1kb step, and is plotted against 
the location of each probe. The moving median of TSC is with a window of 101 genes 
and a step of one gene, and is plotted against the location of each gene.  TSC values are 
from (Allen et al. 2003).  Red, BBP; blue, TSC, transcription copy number; dashed: 
fitting lines.  
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Figure 5. 6 Inverse correlation between MuB and Fis protein binding on the E.coli 
chromosome.   
 
A moving median of MuB BBP and Fis enrichment ratio with a 150kb window were 
plotted against the probe location.  Fis enrichment ratio values were from previous ChIP-
chip data (Cho et al. 2008). Red, BBP; blue, Fis enrichment ratio; dashed: fitting lines.  
 

 109



 110

A-tracts have a negative impact on MuB binding and Mu transposition 

 A-tracts are proposed to constitute a sequence-directed structuring code for the E. 

coli chromosome in part by serving as binding sites for Fis, which stabilizes the intrinsic 

curvature of these tracts to form DNA loops, and builds chromosome domains by 

promoting DNA compaction either directly or through protein–protein interactions  (Cho 

et al., 2008). To see the relationship between Fis binding and A-tracts, we plotted the 

median A-tract frequency (150 kb window, 1 kb step) and Fis enrichment ratio against 

genome location. Fis binding regions exhibited a strong positive relationship with a high 

A-tract frequency (Fig. 5.7A).  These data suggest that the A-tract frequency profile 

could be used to represent the binding profiles of other nucleoid-associated proteins such 

as H-NS, IHF and HU as well (Tolstorukov et al., 2005) 

 We next compared the MuB binding profile with the A-tract frequency profile, 

and found an inverse relationship between them (Fig. 5.7B).  When Mu transposition 

target preference was plotted against the A-tract frequency, a similar inverse relationship 

was observed (Fig. 5.7 C). These data are consistent with the results in Figs 5.4 and 5.6, 

and show that MuB binds in regions unoccupied by Fis, promoting Mu transposition near 

its binding regions.



 

 

 

 

Figure 5. 7 E.coli nucleoid-associated proteins insulate MuB binding hence Mu integration in A-tract rich regions.  
 
 (A) Fis protein binding on E.coli chromosome positively correlates with A-tract abundance. A moving median of A-tract 
frequency per kb and Fis enrichment ratio with a 150kb window and 1kb step were plotted against the genome location. (B) 
MuB binding on E.coli chromosome inversely correlates with A-tract abundance. A moving median of A-tract frequency per 
kb and MuB BBP with a 150kb window and 1kb step were plotted against the genome location. (C) Mu integration on E.coli 
chromosome inversely correlates with A-tract abundance. A moving median of A-tract frequency per kb and MuB BBP with a 
150kb window and 1kb step were plotted against the genome location. A-tract was plotted in green, Fis enrichment ratio in 
ocean blue, MuB BBP in red, and Mu TTP in dark blue.  
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Discussion 

 In this study, we developed a genome-wide MuB binding profile using ChIP-chip 

analysis that has allowed us to confirm known properties of MuB and its relationship to 

Mu integration, address contradictory data with respect to MuB binding and integration 

reported in Chapters 3 and 4, and obtain new insights into the relationship between Mu 

integration and E. coli chromosome domain structure.  

 A high-resolution E. coli whole-genome tiling array enabled us to identify MuB 

binding regions throughout the chromosome at a level of 50 bp.  Data analysis showed 

that about 81% of the genome was within 2-fold of the median in MuB binding and only 

1.5% of the genome was above 4-fold of the median (Fig. 5.2).  This result is in 

agreement with the generally accepted view that MuB is a non-specific DNA binding 

protein (Miller et al., 1984).  

When MuB binding preference (BBP) and transposition target preference (TTP) 

were compared using moving medians with large windows (150 kb) and small steps (1 

kb) in order to minimize noise inherent in short range signals, TTP was seen to be 

positively related to BBP (Fig. 5.4).  This result implies that Mu prefers to integrate at 

regions bound by MuB, consistent with in vitro observations (Mizuuchi and Mizuuchi, 

1993), as well as with in vivo observations using a select set of genes as demonstrated in 

Chapter 3 (Ge and Harshey, 2008).  A closer examination of the data, however, found a 

slight offset between BBP and TTP peaks, suggesting that Mu integration is close to, but 

not superimposed on, MuB bound regions.  These data are consistent with previous 

DNase I footprinting results showing that Mu transposition occurs on either side of a 
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MuB-protected region on a plasmid (Mizuuchi and Mizuuchi, 1993), as well as data 

presented in Chapter 3 where MuB bound to synthetic AT-only DNA was seen to 

promote integration not within the bound region, but adjacent to it (Ge and Harshey, 

2008).  Thus, Mu integration appears occurs adjacent to MuB-bound DNA in vivo as 

well.   

 The genome-wide MuB binding profile showed 317 MuB binding peaks or strong 

binding regions (Fig. 5.1). 18 of these peaks were within the top 25 hottest or most 

preferred targets (Manna et al., 2004).  However, none of the 25 hottest targets were 

among the top 25 strongest MuB binding peaks.  Moreover, 9 of the 25 coldest targets 

were found among the 317 MuB binding peaks.  The imperfect correspondence between 

MuB binding peaks and Mu target preference may be due to the following several 

reasons.  (1) Limitation of the method by which TTP values were generated (Manna et 

al., 2004).  The methodology involved low-resolution DNA microarrays containing 4290 

E. coli open reading frames, and hybridization of the arrays was to 1-2 kb of E. coli 

chromosome DNA attached to the right end of the Mu genome packaged in virions.  

Genes could be falsely identified as hot genes because they were linked to the adjacent 

target gene.  (2) A false negative/positive identification of MuB binding peaks inherent 

to the methodology.  (3) The distance between target sites corresponding to MuB 

binding sites being out of the 500 bp screening range used in the analysis.  (4) Alternate 

consequences of MuB binding for Mu integration.  The peaks of MuB binding in the 

cold targets could be related to the strong MuB binding within Mu (a cold target) 

observed in Chapter 4. 



 114

 Mu TTP has been reported to respond negatively to transcription domains (Manna 

et al., 2004).  When we examined the relationship between BBP and transcription or 

TSC values (Fig. 5.5), the overall trend of the relationship between them was negative, 

consistent with the results reported by Manna et al.  However, exceptions to this trend 

were obvious, with many BBP peaks correlating positively to TSC peaks.  These data 

suggest that MuB binding is not excluded by transcription activity itself.  The factors 

impacting the MuB binding profiles could be transcription domains rather than 

transcription, since TSC and BBP exhibit similar domains activity.  The most likely 

candidate for one such factor is chromosome supercoiling domains, which are closely 

related to transcription domains (Postow et al., 2004; Stein et al., 2005).  In E. coli, it is 

estimated that there are ~450 supercoiling domains with an average size of ~10kb, built 

with the assistance of nucleoid-associated proteins binding to intrinsic curvatures in DNA 

(Trifonov, 1985; Ussery et al., 2001).  Intrinsic DNA curvature, which is dependent on 

DNA sequence, facilitates DNA folding by forming small coils and loops.  The best-

known motifs forming intrinsic DNA curvature are A-tracts, which are clustered at 

specific positions like promoter regions (Hagerman, 1986; Koo et al., 1986). 

Consequently, promoter regions appear frequently at the apex of superhelical branches 

and are more accessible for transcription factors and RNA polymerase (Dorman and 

Deighan, 2003; Schneider et al., 2001).  Therefore, the distribution of A-tracts and 

nucleoid-associated protein should directly relate to transcription domains. 

A recent ChIP-chip analysis on Fis protein suggested that Fis binding to A-tracts 

promotes formation of DNA loops, which are thought to be the building blocks of 

chromosome domain structure (Cho et al., 2008).  When we compared moving medians 
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of BBP and Fis enrichment ratio, we observed a striking inverse relationship between 

their two binding profiles, indicating MuB was excluded from Fis binding regions (Fig. 

5.6).  This implies that MuB binding may directly respond to the chromosome domain 

structure, rather to the transcription events within these domains.    

 Fis protein, as well as H-NS, IHF and HU etc., prefer binding to A-tract clusters 

(Tolstorukov et al., 2005).  When we compared Fis binding with A-tract frequency, the 

positive relation between them was clearly apparent (Fig. 5.7A).  Not surprisingly, both 

MuB binding and Mu integration were inversely related to A-tract frequency (Fig. 5.7B, 

C).  These results are consistent with our interpretation of the data presented in Chapter 

3, that AT-rich regions are unavailable for Mu integration in vivo (Ge and Harshey, 

2008), and  strongly suggest that Mu transposition responds directly to chromosome 

domain structure through the differential binding of MuB on the chromosome.   

 In summary, work described in this chapter has not only provided a 

comprehensive assessment of the genome-wide distribution of MuB and its relationship 

to Mu target selection in vivo, but has also advanced our understanding of the reciprocal 

interaction between a bacterial chromosome and a transposable element.  While the 

deleterious effects of transposition into coding regions of genes are self-evident, their 

effects on chromosome structure are less so.  Our data show that DNA sequences that 

determine the architecture of the genome rather than those that code for protein structure, 

likely present a more important turf where the battle between the TE and the host is 

played out.
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