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Phage Mu transposes by two distinct pathways depending on the specific stage of 

its life cycle. A common θ strand transfer intermediate is resolved differentially in the 

two pathways. During lytic growth, the θ intermediate is resolved by replication of Mu 

initiated within the flanking target DNA; during integration of infecting Mu, it is resolved 

without replication, by removal and repair of DNA from a previous host that is still 

attached to the ends of the incoming Mu genome. Our studies show that the cryptic 

endonuclease activity reported for the isolated C-terminal domain of the transposase 

MuA, which is not observed in the full-length protein or in the assembled transpososome 

in vitro, is required in vivo for removal of the attached host DNA or “5’flap” after the 

infecting Mu genome has integrated into the E. coli chromosome. I have identified 

additional phage and host factors required for flap removal in vivo, which include an 

early Mu protein called Ner, and the E. coli protein ClpX. Ner regulates bidirectional 

transcription through the Mu transposition enhancer, while ClpX, a molecular chaperone, 

is known to interact with the C-terminus of MuA to remodel the transpososome for 



 vii

replication. The transpososome is a multi-subunit MuA complex assembled on the two 

paired ends of Mu. The enhancer DNA segment serves as an essential scaffold for 

transpososome assembly, and remains stably associated with θ strand transfer MuA 

complexes. I hypothesize that Ner-regulated transcription through the enhancer remodels 

transpososome conformation in the presence of ClpX, promoting activation of the MuA 

endonuclease, which resects flanking DNA during the repair pathway of Mu 

transposition. 
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CHAPTER 1: INTRODUCTION 

 

Transposable Elements  

 

BIOLOGICAL SIGNIFICANCE 

Genomes are not stable, but evolve both by acquiring new sequences, and by 

rearranging existing sequences. Powerful facilitators of genome variation are 

transposable elements (TEs) or transposons. TEs are distinct sequences in the genome 

that are mobile. They can transfer themselves to other sites within the genome without 

homology between the transposon sequence and the new DNA target sites (reviewed in 

Curico and Derbyshire, 2003). As a consequence of this mobility, TEs may cause 

mutations and structural changes in single genes or in the overall genome. When TEs 

move into coding DNA regions, they may alter the encoded protein property or disable it. 

TEs inserted into flanking regions or introns of a gene may alter expression patterns of 

the gene. TEs can also cause gene rearrangement through ectopic recombination between 

homologous TE sequences located in non-homologous regions of the genome (Craig et 

al, 2002). 

Transposable elements were first discovered in maize by Barbara McClintock in 

the 1940s. Since then, TEs have been found in all kinds of organisms, from bacteria to 

humans (Kidwell and Lisch, 2000). Genome sequencing has revealed that TEs represent 

1-2 % of E. coli, 3 % of yeast, 15 % of fruit fly, 50-80 % of maize, and 45 % of the 

human genome (Kidwell and Lisch, 2000, Mills et al., 2007). Although TEs have been 

called ‘junk DNA’ and considered as useless parasites of hosts, they have contributed to 
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evolution and adaptation of host organisms. Many TEs, especially in bacteria, encode 

additional functions, such as antibiotic and heavy metal resistance genes or other 

beneficial genes that allow their host to survive in an adverse environment. The 

mammalian V(D)J recombination system that provides 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), are good examples of the molecular domestication 

of TEs. Recent studies on the ciliated protozoa also showed that domesticated piggyBac 

transposases play an important role in developmental genome reorganization (Baudry, 

2009).  

Transposable elements have also been exploited as useful tools for molecular 

genetics, for small or large-scale genome sequencing, and for gene delivery (Berg and 

Berg, 1996; Strausbaugh et al., 1990). P transposable elements of Drosophila, bacterial 

transposons, and the animal mariner transposons have been used for insertional 

mutagenesis to study the function of genes. For genome sequencing, Tn3, Tn5 and Mu 

transposons have been used. Transposon-based sequencing relies on random insertions of 

the transposon into the DNA molecule of interest with universal primers that anneal to 

the transposon used to sequence the DNA (Strathmann et al., 1991). The Tc1/mariner-

class transposons, piggyBac and Sleeping Beauty, are being investigated for use in human 

gene therapy.  

 

CLASSIFICATION 

Transposable elements are classified into two major classes according to their 

mode of transposition; RNA mediated transposable elements or retrotransposons (Class I) 

and DNA transposons (Class II) (Finnegan, 1989) (Fig 1.1). Retrotransposons transpose 
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by an RNA intermediate molecule, which is reverse transcribed into a double stranded 

DNA. DNA transposons generally move by excised DNA intermediate without 

involvement of RNA intermediates.  

DNA transposons are prevalent in bacteria. Bacterial transposons have been 

grouped into several classes; Insertion Sequences (IS1, IS2 etc), composite transposons 

(Tn10, Tn5), non-composite transposons (Tn3, Tn7) and transposable phages (Mu, 

D108). IS elements are the simplest transposons, which contain only the necessary 

elements for transposition. They have 10-40 bp inverted repeats at the ends and a set of 

genes to encode enzymes for transposition (transposases). The composite transposons 

carry drug resistance markers between two IS elements. Non-composite transposons 

combine the qualities of both IS elements and composite transposons. They have 38 - 40 

bp inverted repeats at their ends like IS elements and carry selectable marker genes like 

composite transposons. They encode a transposase (TnpA) and a site-specific 

recombinase of the resolvase (TnpR) or integrase (TnpI) family (Craig et al., 2002). The 

resolvase or integrase catalyze recombination between the two repeated copies of the 

duplicated transposon to generate a target and a donor, both with a copy of the 

transposon. Bacteriophage transposons, Mu and its relative D108, have 95% DNA 

sequence homology. They are bacterial viruses that use transposition for their integration 

and replication. The ends of these elements are complex, but resemble the inverted 

repeats. Their genomes encode transposases and proteins required for phage growth.   

The majority of mammalian TEs are retrotransposons. The major classes of 

retrotransposons are LTR transposons, which contain long terminal repeats at both ends 

and non-LTR transposons, which lack LTRs and possess a polyadenylate sequence at 

their 3’ termini. LTR transposons and retroviruses, such as HIV (human 

immunodeficiency virus) and MLV (mouse leukemia virus), are quite similar in structure. 
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They both contain gag and pol genes that encode a viral coat and a reverse transcriptase 

(RT), ribonuclease H (RH), and integrase (IN) to provide enzymatic activity for 

retrotransposition. However, they are different in that retroviruses encode an envelope 

protein that facilitates their movement between cells, whereas LTR transposons either 

lack or contain a remnant of an env gene and can only reinsert into the genome from 

which they came. Non-LTR transposons consist of two sub-types, long interspersed 

nuclear elements (LINEs) and short interspersed nuclear elements (SINEs). LINEs are 

found in large numbers in eukaryotic genomes. The human genome, for example, 

contains about 20,000-40,000 LINEs, which is roughly 21% of the genome (Griffiths, 

2008). LINEs usually have two ORFs (open reading frames), one encoding a nucleic acid 

binding protein, and the other encoding an endonuclease and an RT. SINEs are derived 

from genes encoding cellular RNAs, such as tRNA, rRNA, and other small nuclear 

RNAs, which are transcribed by RNA polymerase III. SINEs do not encode a functional 

reverse transcriptase protein and rely on other mobile elements for transposition. The 

most common SINEs in primates are called Alu sequences. Alu elements are 280 base 

pairs long, lack any coding sequences, and can be recognized by the restriction enzyme 

AluI (hence the name). With about 1,500,000 copies, SINEs make up about 13% of the 

human genome (Griffiths, 2008).  

 



Class I 

3’ UTR 

IR IR Transposase

L-Alu R-Alu
A(n) 

RTEN

ORF1 ORF2 5’ UTR 

Prt
Gag Env LTR PolLTRLTR 

Non- LTR retrotransposons 
AATAAAA(n) 

LINE 

SINE 

Class II 

DNA transposons  
 
 

Figure 1.1 Classification of transposable elements. Class I transposons are divided 

into LTRs and non-LTR elements. LTR retrotransposons have LTRs and slightly 

overlapping ORFs for group-specific antigen (gag), protease (prt), polymerase (pol), 

and envelope (env) genes. The pol gene product has reverse transcriptase (RT) and 

endonuclease (EN) domains. Non-LTR transposons have two subgroups, long 

interspersed nuclear elements (LINE) and short interspersed nuclear elements (SINE). 

LINEs consist of a 5’-untranslated region (UTR) containing an internal promoter, two 

ORFs, a 3’ UTR, and a poly A signal followed by a poly (A) tail A(n). The RT and EN 

are indicated. SINEs are nonautonomous retrotransposons because they do not encode 

any protein for retrotransposition and use EN and RT from LINEs. They contain L-

Alu and R-Alu, followed by a poly A tail. DNA transposons belong to Class II and 

have inverted repeats (IRs) at both termini and an ORF to encode a transposase. 
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MECHANISM OF TRANSPOSITION 

Replicative vs. Non-replicative transposition 

The insertion of a transposable element into a new site consists of cleavage on the 

transposon ends, generating staggered nicks in the target DNA, joining the transposon to 

the protruding single stranded ends, and filling the gaps.  The generation and filling of 

the staggered ends explains the presence of the direct repeats of target DNA at the site of 

TE insertion. The use of staggered ends is common to all kinds of transposition, but the 

transposition mechanism is varied and mainly divided into two different types, replicative 

and non-replicative transposition, depending on whether the transposon duplicates its 

copy or not.  

Non-replicative transposition occurs by movement of the original DNA from one 

place to the other without replication. This process results in loss of the transposon from 

the donor site and insertion of the transposon into the target site, also called ‘cut-and-

paste’, ‘conservative’ and ‘simple insertion’. This is the most common mode of 

transposition to be found in various elements like bacterial Tn7 (Craig, 2002), Tn10 

(Bender and Kleckner, 1986), Tn5 and IS50 (Goryshin and Reznikoff, 1998), as well as 

eukaryotic DNA Tc1/mariner family transposons (reviewed in Plasterk et al., 1999) and 

the Drosophila P element (Engels et al., 1990). In general, transposition starts with 

cleavage in one DNA strand at each transposon end, releasing the 3’ ends of the element. 

In the simple insertion pathway, subsequent cleavage of the other strand (the 5’ flanking 

DNA) generates an excised transposon. The 3’ OH ends of the excised transposon then 

act as nucleophiles in a strand transfer reaction that results in integration of the 

transposon into the target. Several different strategies are used for the 5’-flanking strand 

cleavage, for example, a hairpin intermediate, the use of two endonucleases, or 

transposition via a circular intermediate, depending on the transposon (Hickman et al., 
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2010) (Fig 1.2). After non-replicative transposition, the donor molecule requires host 

repair enzymes to recognize the double strand break and repair it.  

In replicative transposition, one copy of the transposon remains at its original site 

as another copy inserts at the new site. Thus transposition is accompanied by an increase 

in the number of copies of the transposon. In this mechanism, second strand cleavage 

does not occur. Instead, strand transfer results in fusion of target and donor DNAs, each 

flanked by a copy of the transposon (Craigie and Mizuuchi, 1985; Naigamwalla and 

Chaconas, 1997). The fused intermediate is called θ if both of the donor and target DNAs 

are circular (Shapiro, 1979). The exposed 3’ OHs of the target in this intermediate are 

used to prime DNA synthesis, allowing replication of the transposon to form a 

cointegrate structure. The cointegrate consists of the donor and target replicons fused by 

two copies of the transposon in direct orientation.  

Although some transposons use only one type of pathway for transposition, others 

may be able to use multiple pathways. The elements IS1 and IS903 use both non-

replicative and replicative pathways (Ohtsubo et al., 1981; Weinert et al., 1984; Turlan 

and Chandler, 1995). Phage Mu is also able to branch into either type of pathway from a 

common θ intermediate (Au et al., 2006).  

 

DDE-TRANSPOSASES 

Transposase is an enzyme that binds to the ends of a transposon and catalyzes the 

movement of the transposon to another part of the genome. There are at least five 

transposase families, although this number will most likely grow as new transposases are 

characterized. They are DDE transposase, tyrosine (Y) transposase, serine (S) 

transposase, reverse transcriptase/endonuclease (RT/En), and rolling circle (RC) or Y2 

transposase (Curcio and Derbyshire, 2003). These families use different catalytic 
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mechanism for break/joining of DNA. Here I will only discuss DDE transposases since 

Mu transposase belongs to this family.  

DDE transposases share a conserved triad of amino acids – Asp, Asp and Glu, the 

DDE motif, which makes up the active site that catalyzes the movement of the 

transposon. Retroviral integrase (IN) and transposases of the Mu, Tn7, and IS630 family 

as well as RAG1 of the V(D)J recombination system contain a DDE motif in their 

catalytic domains (Craigie, 2001; Hiom et al., 1998). Mutagenesis studies have 

demonstrated the crucial role of these residues in catalysis (Sarnovsky et al., 1996). In 

many transposition systems, the catalytic mechanism of enzymes containing a DDE motif 

has been well charaterized (Mizuuchi, 1992; Mizuuchi and Baker, 1992). A  DDE motif 

coordinates two divalent metal ions, most likely magnesium in vivo. The divalent metal 

ions activate oxygen from water molecules and prepare them for nucleophilic attack, 

which allows the water molecules to cleave transposon ends. Although the DDE 

transposases share the transposition chemistry, different transposons employ different 

mechanisms in transposition. These differences come from the way in which the second 

(non-transferred) strand is processed (Turlan and Chandler, 2000) (Fig 1.2). The DNA 

strands that participate in reaction chemistry are called transferred strands whereas those 

that do not are non-transferred strands. 

A first distinction is whether the second strand is cleaved or not before strand 

transfer. Retroviral integrase, IN, removes two bases from the transferred strand at each 

end (called 3’ processing) leaving two unpaired bases in the non-transferred strand. The 

recessed ends are joined to the target without processing of the non-transferred strand. 

Bacteriophage Mu, transposon Tn3, and the IS6 family also do not process the non-

transferred strand. In the case of Mu, after strand transfer, the second strand is cleaved  
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during integration but maintained during lytic growth. The details will be discussed later 

in this chapter. 

For all other known TEs, the second strand is cleaved, liberating the tranposon 

from flanking DNA at the donor site. For the transposon Tn7, two different enzymes are 

used to generate an excised intermediate: TnsB (DDE transposase) for cleavage of the 

transferred strand and TnsA for cleavage of the non-transferred strand. TnsA leaves a 

three base 5’ extension which is removed during the DNA repair steps following 

integration (Sarnovsky et al., 1996). For the IS630 family and the related Tc1/mariner 

eukaryotic transposons, cleavage of the non-transferred strand occurs at several bases 

within the transposon prior to cleavage of the transferred strand (Plasterk et al., 1999; 

Feng and Colloms, 2007). 

In the large IS3 family, the transposase cleaves only one end generating only one 

3’ OH. The resulting 3’ OH then attacks the same strand three or four nucleotides within 

the flanking DNA at the opposite end, creating a circular DNA intermediate, which is 

resolved into a new copy of the transposon through host replication. The newly formed 

circular transposon is nicked at repeated ends exposing 3’ OHs at each terminus, which 

are then joined to the target DNA (Rousseau et al., 2002).   

In the case of the IS4 family, Tn5, Tn10 and the eukaryotic piggyBac transposon 

superfamily, the 3’ OH generated at the end of the transferred strand is used to attack the 

opposite (non-transferred) strand to generate a hairpin. The DNA at the hairpin end is 

cleaved again to create a typical insertion intermediate (Haniford, 2006; Reznikoff, 

2008). In the piggyBac transposon, the excised intermediate carries a 5’ tetranucleotide 

extension consisting of flanking DNA on both non-transferred strands (Mitra et al., 

2008). 
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The V(D)J system and members of the hAT family of eukaryotic transposons, 

such as Hermes, use another pathway for second strand cleavage. Here, cleavage of the 

non-transferred strand generates 3’ OH on the flanking DNA, which attacks the 

transferred strand creating a hairpin structure in the flanking DNAs and liberating the 

transposon (Jones and Gellert, 2004; Warren et al., 1994; Zhou et al., 2004). 

The significant feature of DDE transposases is their topological similarity, despite 

little or no similarity in their primary sequneces. Although they have some variations in 

the size of domains and extra domains inserted into the catalytic domain, the core of the 

catalytic domain has a conserved RNase H-like fold (Hickman et al., 2010).  



IS4 family
piggyBac 

Hermes
V(D)J IS3 family Mu/Tn3 Retroviruses Tn7

 

H2O 

H2O 

H2O 

H2O

H2O 

H2O 

H2O 

H2O

H2O

transcription

reverse  
transcription

H2O 

H2O replication

H2O
H2O

H2O

H2O 

H2O

H2O 

Figure 1.2 Dealing with the second strand. Modified from Hickman et al. (2010). Gray, transposon; blue, flanking DNA; red 

circles, liberated 3’ OH groups involved in strand joining reactions.
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Bacteriophage Mu 

INTRODUCTION 

Bacteriophage Mu is a temperate phage that infects a variety of enteric bacteria. It 

uses DNA-based transposition to integrate into the host genome upon infection, and to 

amplify its genome during lytic growth. Ever since Taylor (1963) discovered Mu as a 

mutator by its ability to cause mutations in its host, Mu has been studied with great 

interest. Because Mu carries out transposition with extremely high frequency and the 

reaction can be triggered at will, Mu has been an ideal system to study DNA transposition 

and DNA rearrangements.   

The Mu genome is linear and double-stranded with a size of 37 Kb (Fig 1.3A) 

(Martuscelli et al, 1971, Morgan et al., 2002), but the genome is packaged into a phage 

head with about 50-150 bp of host DNA at the left end and 0.5-3 Kb on the right end 

(Bukhari et al., 1976). Because of a headful packaging mechanism, which starts at the left 

end, the length of host DNA on the right end increases if part of the Mu genome is 

deleted. Each Mu is packaged from a different site in the host genome, so the host DNA 

on the ends of Mu is unique in every different phage head.  

 

LIFE CYCLE 

Mu can follow two different life cycle paths like other temperate phages (Fig 1.4). 

Upon infection, the linear Mu DNA enters the host cytoplasm and circularizes through a 

Mu-encoded N protein. Mu has neither cohesive ends nor terminally repetitious 

sequences, unlike other temperate phages such as λ, P1, and P2, which form circular 

integrative intermediates. Instead, Mu DNA has heterogeneous host DNA sequences at 
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both ends of the Mu sequences. However, Mu DNA forms a circular DNA-protein 

complex through N binding to the DNA ends during infection. A circular DNA-protein 

complex was shown to accumulate in anucleate mini cells and Mu immune cells, 

suggesting that this complex is a precursor for integration of Mu into the E. coli 

chromosome (Harshey and Bukhari, 1983; Puspurs et al., 1983). The 64-kD N protein 

binds to the ends non-covalently and protects the infecting Mu DNA against host 

nuclease attack.  

Infecting DNA is not replicated prior to integration (Akroyd and Symonds, 1983; 

Harshey, 1984; Liebart et al., 1982) referred to as ‘non-replicative’ or ‘conservative’ 

integration. However, the term ‘conservative integration’ is also used to describe the 

movement of transposons that excise the transposon away from the flanking DNA, where 

the liberated transposon integrates into the target DNA (‘cut-and-paste’). Instead of a cut-

and–paste mechanism, Mu uses an alternate cointegration mechanism where previous 

host DNAs flanking both Mu DNA ends are still linked to Mu DNA upon integration but 

they are removed soon thereafter to give a ‘simple insertion’ (Au et al., 2006). The 

process of Mu integration is similar to retroviral integration (Fujiwara and Mizuuchi, 

1988, Mizuuchi, 1992, Craig, 1995, Andrake and Skalka, 1996). 

After integration, only 1-10 % of the infecting Mu genomes become lysogens and 

the majority enter lytic growth (Howe and Bade, 1975). In the lytic cycle, Mu DNA is 

amplified over 100-fold by replicative transposition (also called ‘cointegrate 

transposition’) (Chaconas et al., 1981). The replicative transposition is well characterized 

at the biochemical level (Mizzuchi, 1992, Chaconas et al., 1996, Chaconas and Harshey, 

2002).  

 

 



 

 

 

Figure 1.3 Organization of Mu DNA. (A) Schematic of the packaged Mu genome, 

showing major genes for phage development and variable-length host DNAs outside Mu 

ends packaged in phage heads. O/E, operator/enhancer; SE, semiessential region; SGS, 

strong gyrase site. (B) Enhancer regions indicating IHF and Ner binding sites with two 

convergent promoters, Pe and Pc. (C) Mu ends attL and attR. Filled arrows indicate Mu 

transposase binding sites and their relative orientations.

 14



 

 
 

Figure 1.4 Life cycle of Mu. See text for details. Blue, Mu DNA; red, E.coli or host 

DNA; green, MuN protein. 
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CHEMICAL REACTIONS OF TWO TRANSPOSITION MECHANISMS 

Mu transposes by two distinct pathways depending on the stage of its life cycle. 

In both pathways, water-mediated single-stranded cleavages at Mu ends generate free 3’  

OHs, which subsequently attack target DNA in staggered positions, to create a θ strand 

transfer intermediate (Fig 1.5). The θ strand transfer intermediate is resolved differently 

in the two pathways. During integration of infecting Mu, the θ intermediate is resolved 

without replication, by removal and repair of DNA from a previous host that is still 

attached to the ends of the incoming Mu genome. During lytic growth, it is resolved by 

Mu replication using 3’ target ends as primers (Mizzuchi, 1984).  

 

TRANSPOSITION REQUIREMENTS 

Mu transposition proceeds through formation of several higher-order protein-

DNA complexes called transpososomes (Surette et al., 1987; Baker and Mizuuchi, 1992). 

An ordered interaction of the transposase MuA with multiple DNA binding sites at the 

Mu ends and an internal enhancer (Fig 1.3A, C), leads to engagement of Mu ends in the 

catalytic sites and their subsequent cleavage and strand transfer. The requirements for Mu 

replicative transposition have been established by in vitro assays.    

 

Mu ends  

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

at the ends of the Mu genome (Craigie et al., 1984; Groenen and van de Putte, 1986; Zou 

et al., 1991). They provide binding sites for the transposase MuA. Unlike the simple 

inverted repeats of many transposons, each end of Mu has a complex combination of  



 

 

Figure 1.5 Two pathways of Mu DNA transposition. A common θ intermediate is 

resolved differentially during replicative versus nonreplicative Mu transposition. The 5’ 

flaps are removed during integration, but not during lytic growth.
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three subsites, respectively L1 to L3 and R1 to R3 at the attL and attR ends, respectively. 

Each subsite is contacted by monomeric MuA. The arrangement of the att sites is 

different at both ends (Fig 1.3C). The three left att sites are all in the same orientation 

with a ~80 bp space between L1 and L2 and a smaller space between L2 and L3. In 

contrast, the three right att sites abut each other. The R3 site is in the opposite orientation 

of R1 and R2. Sites L1, R1, and R2 are essential in the formation of the transpososome 

complex in vitro (Lavoie et al., 1991). The other three sites L2, L3, and R3 are called 

accessory sites, since the deletion of any one of them does not affect the activity of DNA 

transposition. Henceforth, the attL and the attR sites will be referred as L and R ends. 

 

Enhancer 

In addition to Mu ends, another DNA site called the enhancer is essential for 

efficient Mu transposition. The site enhances transposition efficiency by at least 100 fold 

in vivo (Leung et al., 1989; Mizuuchi and Mizuuchi, 1989; Surette et al., 1989). This 

enhancement is distance-independent, but orientation-dependent. For normal 

transposition, Mu ends and the enhancer are required to be in the same molecule, in a 

proper orientation relative to each other. However, the enhancer can work in trans if 

provided at high concentration (40 fold molar excess) along with IHF (integration host 

factor) in vitro (Surette and Chaconas, 1992). The enhancer plays an essential role in 

assembly of the transpososome, but it is not required for the actual chemical steps of the 

reaction (Mizuuchi et al., 1992; Surette and Chaconas, 1992). Mu, and the related phage 

D108, are the only known transposable elements to carry an enhancer element.  

The enhancer also has transcriptional regulatory activity, involved in the lytic-

lysogenic switch. The enhancer consists of three subsites, O1, O2 and O3, which were 

defined as the operator regions recognized by the Mu repressor (Goosen and van de 
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Putte, 1987) (Fig 1.3B). Between O1 and O2, there is a binding site for E. coli IHF, 

which is a DNA bending protein (Higgins et al., 1989). Within the enhancer, there are 

two divergent and slightly overlapping promoters, Pe and Pc, for early transcription and 

repressor function, respectively (Higgins et al., 1989; van Ulsen et al., 1997). The 

expression of the early promoter Pe is responsible for production of Ner, transposase A, 

B, and a number of nonessential or growth enhancing functions (Wijffelman et al., 1974; 

Paolozzi and Symonds, 1987). The choice between lytic and lysogenic development is 

determined by Ner and c repressors, which act at the level of transcription (Van de Putte 

et al., 1981) (Fig 1.6).  Lysogeny is maintained by c repressor occupancy of the O2 site 

in the enhancer, which precludes RNA polymerase from binding to Pe. It also interferes 

with the transposition process by blocking the MuA binding sites (Goosen and van de 

Putte, 1986). The N termini of MuA and c share extensive homology and, accordingly, 

share binding sties (Harshey et al., 1985; Leung et al., 1989). Therefore MuA and c are 

expected to battle for control at several levels in vivo (Mizuuchi and Mizuuchi, 1989). 

Lytic growth is controlled by Ner, which binds to a site between the converging 

promoters and in the absence of other factors, prevents RNA polymerase from binding to 

either Pc or Pe (Van Leerdam et al., 1982). However, the Ner-mediated repression of Pe 

is alleviated by IHF, which binds and alters the DNA structure upstream of Pe and allows 

RNA polymerase to bind Pe irrespective of the presence of Ner (Kukolj and DuBow, 

1992).   

 

SGS (Strong Gyrase Site) 

The SGS is an essential site in the center of the Mu genome (Fig 1.3A). It is 

required for Mu replication in vivo and is believed to act by influencing efficient synapsis 



 

 

Figure 1.6 The operator region of Mu involved in lysis/lysogeny decision. In a lysogen, the repressor c (black triangle) 

binds to the operator to repress Pe, located within the O2 site, and negatively autoregulates its own synthesis from Pc, located 

within O3 site. The c first binds to O2 and then successively binds to O1 and O3 (Rousseau et al., 1996). The occupancy of O1 

and O2 sites by c interferes with the MuA (green circle) binding to this region, which is also the enhancer. During lytic growth, 

Ner expressed from Pe binds to the overlapping site of Pe and Pc (green square), and inhibits transcription primarily from Pc, 

allowing MuA interaction with the enhancer. Binding of IHF to a site between O1 and O2 (pink square) stimulates 

transcription from Pe to express transposition functions. 
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of Mu ends (Pato, 1994; Pato and Benerjee, 1996; Pato and Banerjee, 1999). The SGS is 

thought to function by localizing the Mu prophage DNA into a single loop of 

plectonemically supercoiled DNA upon binding of DNA gyrase to the site. The SGS, 

predicted to reside at the turnaround of the loop, would constrain the two Mu ends to the 

same supercoiled domain to stimulate synapsis. The SGS is not required for in vitro 

transposition, probably because the distance between the ends is small on plasmid 

substrates, and there is no possibility of the two Mu ends residing in different supercoiled 

domains as could occur in the host chromosome.   

 

DNA Supercoiling  

Mu transposition strictly requires a negatively supercoiled donor DNA under 

normal reaction conditions (Mizuuchi, 1983). DNA supercoiling is only required for 

transpososome assembly but not for the chemical steps of transposition (Chaconas and 

Harshey, 2002). The conformational and torsional effects of supercoiling play multiple 

roles at different steps of the Mu assembly pathway (Kanaar and Cozzarelli, 1992). 

Supercoiling increases the binding affinity of MuA to Mu ends (Kuo et al., 1991) and of 

the accessory host factor HU to the L1-L2 spacer (Kobryn et al., 1999). Additionally 

negative supercoiling favors the synapsis of correctly oriented Mu ends and enhancer 

(Craigie and Mizuuchi, 1986; Pathania et al., 2002), facilitates DNA bending at the 

enhancer and the region of Mu-host junction (Surette et al., 1989), and provides the free 

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

1994; Wang et al., 1996).  

 

 

 



MuA transposase 

Transposase MuA, encoded by the A gene, is the key protein for both integrative 

and replicative transposition. It catalyzes donor cleavage and strand transfer reactions. 

MuA is 663 amino acids long (75 kD) (Harshey et al., 1985) and can be divided into 

three major globular domains (Fig 1.7) (Nakayama et al., 1987).  

 

 

 

 

Figure 1.7 Domain organization of MuA showing the various functions mapped 

to individual domains. 

 

 

The N-terminal domain I (aa 1-243) is responsible for specific DNA binding. The 

domain Iα (aa 1-76) interacts with the enhancer element, whereas the domain Iβ (aa 77-

177) and Iγ (aa 178-243) interact with Mu ends (Leung et al., 1989; Mizuuchi and 

Mizuuchi, 1989). NMR structures for all three domains are available (Clubb et al., 1996; 

Clubb et al., 1997; Schumacher et al., 1997). 
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The central domain II (aa 244-574) can be divided into two subdomains. The 

subdomain IIα (aa 244-490) contains the DDE catalytic motif essential for cleavage and 

strand transfer. The subdomain IIβ (aa 491-574) with a large positively charged surface is 

believed to encode the non-specific DNA binding activity observed for this domain 

(Namgoong et al., 1998; Krementsova et al., 1998). A crystal structure for this domain is 

available (Rice and Mizuuchi, 1995). 

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

subdomains. A 26 amino acid stretch in IIIα (aa 575-600) has been shown to have non-

specific DNA binding and nuclease activity (called BAN), normally masked in the full-

length protein. This domain has a cluster of basic residues, RRRQK, essential for both 

DNA binding and endonuclease activity (Wu and Chaconas, 1995). Introduction of 

single, double and quadruple point mutations in this motif resulted in simultaneous and 

successive reduction in both nuclease and DNA-binding activity. When all four basic 

amino acids were replaced by neutral amino acids (RRRQK → LQLQQ), the mutant 

completely lost both these activities. Full length MuA carrying the quadruple mutations, 

LQLQQ, (referred to as MuABAN by Wu and Chaconas) was defective in transpososome 

assembly and strand cleavage, but this defect could be suppressed by MuB protein to give 

about 20 % of wild-type strand transfer activity. Similar basic motifs are found in other 

transposase and retroviral integrases, although a role in DNA binding and/or nuclease 

activity has not yet been shown in these systems (Wu and Chaconas, 1995; Puras Lutzke 

et al., 1994). The phenotypes of mutations in domain IIIα of MuA led to the suggestion 

that this region interacts with the Mu-host junction region and may be involved in 

activation of the substrate for cleavage. However, the function of domain IIIα has 

remained unclear. Domain IIIβ is involved in interaction with both Mu-encoded MuB and 

host encoded ClpX with an overlapping recognition region (Baker et al., 1991; Wu and 
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Chaconas, 1994; Levchenko et al., 1995; Leung and Harshey, 1991); indeed the two 

proteins compete for binding MuA (Levchenko et al., 1997).  

MuA is unstable in vivo (Pato and Reich, 1982), possibly related to the observed 

degradation of MuA monomers by ClpXP (the complex of E. coli molecular chaperone 

with its protease ClpP) in vitro (Levchenko et al., 1995). 

  

MuB 

The phage-encoded MuB is an ATP-dependent DNA-binding protein (Maxwell et 

al., 1987). The ATPase activity of MuB is dependent on MuA and DNA (Adzuma and 

Mizuuchu, 1991). MuB interacts with the C-terminal domain of MuA and stimulates 

transposition in multiple ways. It stimulates MuA assembly and catalysis as well as 

delivers the target DNA (Baker et al., 1991; Naigamwalla and Chaconas, 1997). During 

target selection, MuB is responsible for the reaction called target immunity, which 

prevents Mu from self-integration (Ge et al., 2010). MuB also regulates the disassembly 

of the transpososome after completion of strand transfer through competition with ClpX 

for MuA interaction (Levchenko et al., 1997). By these multiple functions, MuB is 

essential for Mu replication in vivo (Chaconas, 1987). 

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

with the larger 25 kD N-terminal domain and the 8 kD C-terminal domain. The former 

shows both ATP binding and non-specific DNA-binding activities (Teplow et al., 1988). 

The latter also shows non-specific DNA binding activity, and seems to be responsible for 

MuA interaction (Hung et al., 2000). There is a NMR structure available for the C-

terminal domain (Hung et al., 2000). 
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HU 

E. coli HU is a protein essential for an early step in Mu transposition. It is a small, 

basic, sequence-independent histone-like DNA binding and bending protein (Bianchi, 

1994; Grosschedl, 1995; Nash, 1996). A single HU heterodimer binds to the 83 bp spacer 

region between L1 and L2 at the Mu left end (Fig 1.3C), introduces a 155° DNA bend, 

and contributes to the formation of the LER or left end, enhancer, and right-end complex 

(Lavoie et al., 1996). However, HU is not required for Mu end cleavage or strand transfer 

(Craigie and Mizuuchi, 1987). 

 

IHF 

E. coli Integration host factor (IHF) is also a histone-like protein, but it has a 

specific DNA-binding activity unlike HU. It binds to the enhancer between O1 and O2 

sites (Fig 1.3B) (Higgins et al., 1989) with an asymmetric consensus sequence 

YAACTTNTTGATTTW (Engelhorn et al, 1995). IHF binding is known to induce about 

140° DNA bending or a U-turn in around 30 bp of DNA (Swinger et al., 2004, Thompson 

and Landy, 1988). By altering DNA structure, IHF influences transposition as well as 

transcription. IHF increases transcription from Pe 3 to 5 fold and decreases transcription 

from Pc 5 to 10 fold (Krause and Higgins, 1986). During transposition, IHF reduces the 

supercoiling requirement of donor DNA (Surrette and Chaconas, 1989).  

IHF is a heterodimer, consisting of the products of the himA and himD genes 

(Miller, 1984; Flamm and Weisberg, 1985; Nash et al., 1987). In the hosts deficient in 

either himA or himD, Mu does not grow lytically, but lysogenizes such hosts (Bourret and 

Fox, 1988).  
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ClpX 

ClpX is a member of the Clp/Hsp100 class of AAA+ (ATPases associated with 

diverse cellular activities) family of proteins (Tucker and Sallai, 2007). The character of 

the AAA+ proteins is the formation of hexameric ring structure with a central pore in an 

ATP-independent or dependent manner. ClpX forms a complex with the tetradecameric 

protease, ClpP, and the complex ClpXP degrades various cellular proteins (Flynn et al., 

2003). ClpX recognizes and unfolds specific substrate proteins, and then translocates the 

unfolded polypeptides into ClpP for degradation using the energy of ATP (Martin et al., 

2008). Both MuA and repressor C are the substrates of ClpXP degradation (Defenbaugh 

and Nakai, 2003).    

Another important function of ClpX is to remodel and disassemble the highly 

stable Mu transpososome. After strand transfer, the transpososome must be disassembled 

to allow subsequent DNA replication. ClpX fulfills this function by unfolding the most 

stable structural components of the transpososome, either catalytic-left or catalytic-right 

subunits (Abdelhakim et al., 2010), but it does not destroy the complex (Burton and 

Baker, 2003). In this reaction, ClpP is not involved. Transpososome remodeling by ClpX 

is essential for Mu lytic growth (Mhammedi-Alaoui et al., 1994). 

 

Other Host functions  

Mu exploits host enzymes for Mu DNA synthesis during replicative transposition. 

Initiation of Mu DNA replication requires the disassembly of the transpososome and the 

assembly of a replisome at the Mu fork. The transition from transposome to replisome on 

the Mu DNA is highly regulated with various host factors, which include ClpX, MRFα-

DF (cellular fractions), IF2-2 (an isoform of translation initiation factor IF), and 

replication restart proteins such as PriA, DnaT, PriB and PriC. If any one of these 
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components is missing, the Mu lytic growth is prevented (Nakai et al., 2001). Although 

priB or priC knockout mutants do support Mu lytic development, this is consistent with 

the finding that the function of PriB is redundant with PriC (Sandler et al., 1999).  

DNA gyrase is also required for Mu lytic growth, which is consistent with the 

need for a negatively supercoiled substrate. While gyrase and the SGS are essential for 

efficient Mu lytic growth, neither is essential for Mu integration (Pato et al., 1995; 

Sokolsky and Baker, 2003).  

While various host proteins are known to affect Mu lytic growth, nothing is 

known about the host factors involved in the integration reaction.   

 

Other Mu functions (SE or semi-essential region)  

A 5 Kbp region of the Mu genome between genes B and C is known as the semi-

essential or SE region (Fig 1.3), since it is not essential for phage growth but affects burst 

size (Paolozzi and Symonds, 1987). This region is transcribed from the early promoter 

Pe, which includes Mu A and B genes (Stoddard and Howe, 1989). The DNA sequence 

reveals several small open reading frames (Morgan et al., 2002). Different phenotypic 

effects were traced to this region, and the names given to some of the genes were kil 

(kill), gam (by analogy to the gam gene of λ), lig (ligase), and arm (amplification of Mu 

replication). Although designated ‘semi-essential’, it is possible that the genes are 

essential, but that products of bacterial genes (or other phage genes) can substitute for 

them.  

Of the genes in the SE region, kil is thought to act on the membrane to lead to cell 

death (Paolozzi and Symonds, 1987). Only the gam gene has been cloned and 

characterized so far. Gam is known to facilitate Mu replication (Goosen et al., 1982). 

Gam binds non-specifically to dsDNA, protects DNA from exonuclease and stimulates 



 28

end-joining by T4 ligase (Akroyd et al., 1984; Akroyd and Symonds, 1986; Abraham and 

Symonds, 1990). Gam has sequence homology with both subunits of the eukaryotic 

repair protein Ku, and has the potential to adopt a similar architecture to the core-DNA 

binding region of Ku (d’Adda di Fagagna et al., 2003). There are 8 other small orfs in this 

region with no homologies in current databases.  

 

MU TRANSPOSITION REACTIONS IN VITRO 

Mu transposition has been studied in vitro for more than two decades. These 

studies have provided a detailed dissection of this process. Mu transposition occurs 

through a series of high order nucleoprotein complexes, built from six MuA subunits, of 

which four subunits form a stable structural core (Baker and Mizuuchi, 1992; Lavoie et 

al., 1991; Mizuuchi et al., 1992).   

In a typical in vitro reaction, a supercoiled mini-Mu plasmid encoding the left (L) 

and right (R) ends, and the enhancer (E) is incubated with Mu proteins A and B, host 

DNA binding and bending protein HU, supercoiled target DNA, divalent metal ions 

(generally Mg++) and ATP (Fig 1.8). First, catalytically inactive MuA monomers interact 

with the Mu right end and enhancer to form a 2-site complex, ER (Pathania et al., 2003), 

and then the left end joins to the ER complex forming, a 3-site complex LER with 

assistance from HU (Watson and Chaconas, 1996). The LER is a transient complex, 

which is rapidly converted into the more stable Type 0 transpososome. In the Type 0 

complex, MuA forms a stable tetramer that is catalytically active. DNA footprinting of 

the Type 0 complex showed that the MuA tetramer protects the Mu-host junction beyond 

the Mu ends as well as an additional 10 to 13 bp into the host (Chaconas and Harshey, 

2002). L1 and R1-bound MuA monomers within the Type 0 complex catalyze the 
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cleavage of 3’ ends in trans (Savilahti and Mizuuchi, 1996; Namgoong and Harshey, 

1998), generating the Type I complex. The Type I complex shows greater stability than 

the Type 0 complex withstanding harsh conditions such as 4 M urea treatment and 5-

minute incubation at 60 °C (Surette et al., 1987). In the Type I complex, the Mu DNA 

domain remains supercoiled whereas the vector domain is relaxed because of free 

rotation of the DNA around the nicks (Surette et al., 1987). Although the MuA tetramer is 

the structurally stable core of the transpososome, the complexes also contain two other 

loosely bound MuA subunits. Next, the cleaved Mu ends are joined to the target DNA 

forming the most stable Type II complex (Craigie and Mizuuchi, 1985; Surette et al., 

1987; Pathania et al., 2002) previously mentioned as a θ intermediate or a strand transfer 

complex. In the absence of target DNA, MuB stimulates intramolecular transposition, in 

which the nicked 3’ ends of Mu are transferred into sites within the donor DNA itself 

(Baker et al., 1991; Maxwell et al., 1987).  

After joining of Mu to the target, the Type II complex must be disassembled in 

preparation for replication, since the 3’ host DNA ends, which will serve as replication 

primers, are hidden within the transpososome. The Type II strand transfer complex is 

modified to the Type II-2 complex by the interaction of the transpososome with ClpX 

(Jones et al., 1998; Kruklitis et al., 1996; Levchenko et al., 1995). ClpX binding 

destabilizes MuA in the Type II complex. MuA, still present in the Type II-2 complex, is 

subsequently removed through the action of one or more proteins in a partially purified 

host fraction called MRFα-DF (Kruklitis et al., 1996). The resulting Type II-DF product 

has to be remodeled to Type II-PR (prereplisome) by IF2-2, which is the translation 

initiation factor IF2 truncated at the N-terminal end (North et al., 2007). IF2-2 remodels 

the Mu DNA template and promotes replisome assembly. IF2-2 is essential for replisome 

assembly even on the deproteinized Mu fork, whereas MRFα-DF is not required on the 
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deproteinized template (North and Nakai, 2005). The IF2-2 in the Type II-PR complex is 

replaced by recruited replication restart proteins PriA, DnaT and either PriB or PriC.  

The process in which IF2-2 is displaced from the template is dependent on PriA’s 

helicase activity. The restart proteins promote the assembly of a replisome that initiates 

DNA synthesis. The host replication machinery includes DnaB helicase, DnaC, DnaG 

primase, DNA polymerase III holoenzyme, DNA polymerase I, DNA gyrase, DNA 

ligase, and single-strand binding protein (SSB), which initiate Mu DNA synthesis from 

one end to duplicate Mu and form the final cointegrate product (Nakai et al., 2001).  

The transition mechanisms involved in Mu DNA replication promote the 

assembly of replisome at the Mu fork with specific host factors, apparently excluding 

access of the fork to nonspecific host enzymes that can lead to inefficient Mu replication 

or that may damage the template. 

The simple insertion of Mu, a product by non-replicative tansposition seen during 

integration of infecting Mu, has not been observed in vitro and much less is known about 

the non-replicative transposition pathway. 

 



 

 

Figure 1.8 The replicative pathway of Mu transposition.
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CHAPTER 2: MATERIALS AND METHODS 

 

STRAINS 

All strains used in this work were derivatives of E. coli K-12 and are listed in 

Table 2.1. The clpX::kan mutation was moved from strain MC4100 to BU1384 by P1 

transduction. Gene disruptions and point mutations on the chromosome were made using 

the phage λ Red-mediated homologous recombination methodology (Sawitzke et al., 

2007). All incubation steps were performed at 30°C in strains with the temperature-

inducible Mu cts prophage. For gene disruptions with cat or kan, these regions were 

amplified from pKD3 or pKD4, respectively, using primers with 50-nt homology 

extensions (Datsenko and Wanner, 2000). In priA::kan, the kan substitution left only start 

and stop codons of priA. Point mutations in MuA were introduced in a two-step 

procedure. First, ~1.7 kb of gene A was replaced by a dual selection cassette cat-sacB 

amplified from strain SIMD30, selecting for CamR. Next, appropriate PCR products 

carrying the desired mutations in A were introduced, selecting for sucrose resistance on 

LB plates supplemented with 6 % sucrose. In CW54 (HM8305 ∆ner), a kan cassette, 

which replaced the ner gene, was removed using pCP20 (Sawitzke et al., 2007), leaving 

the first and the last three amino acids of Ner. All constructs were confirmed by DNA 

sequencing. 
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Table 2.1 Strain lists 
 

Strains Genotype Source (Ref) 

HM8305 F’ pro lac::Mu cts62/∆pro lac his met rpsL Mur Bukhari 1975 

BU1384 F- ∆pro lac sup Chaconas et al 1984

BU1382 BU1384 himA∆82 Chaconas et al 1984

BU40 ∆pro lac trp-8 SmR Chaconas et al 1984

SIMD30 W3110 ∆(argF-lac)U169 galKTYR145UAG 
(λc1857∆cro-bioA) with cat-sacB  Sawitzke et al 2007 

MC4100 clpX::Kn MC4100 clpX::Kn Mhammedi-Alaoui 
et al 1994 

CW17 HM8305 Mu cts62 A (R575L, R576Q, R577L, 
K579Q) This study 

CW77 HM8305 Mu cts62 A (R576Q K579Q) This study 

CW80 HM8305 Mu cts62 A (R575K R576K R577K 
K579R) This study 

CW27 HM8305 Mu cts62 ∆SE (∆4318-7954) This study 

CW11 BU1384, clpX::kan This study 

CW46 BU1384, priA::kan This study 

MP1999 MP1454 malF::Mu cts629 Pato et al 1990 

CW45 MP1999 with cat at 35040 nt of Mu This study 

CW87 CW77 with cat at 35040 nt of Mu This study 

CW88 CW17 with cat at 35040 nt of Mu This study 

CW54 HM8305 ∆ner This study 

BU2044 F’ pro lac D108 cts ∆pro lac met recA Smr  

CW43 BU2044 ∆A This study 
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MH3491 Mu cts62 Aam O’Day et al., 1979 

 

 

PLASMIDS 

MuA mutants in the BAN domain were amplified from the genomic DNA of 

appropriate Mu prophage strains carrying these mutants, using primers containing 

restriction sites NcoI and BamHI for cloning in pET28 (primers are listed in Table 2.3). 

The MuA domain III variants were amplified with a different set of primers to generate a 

6 x His tags at the N-termini of domain III (residues 575-663 of MuA), and cloned 

similarly on pET28. 6 x His-ClpX was constructed with clpX-specific primers. A ner 

gene was amplified with KpnI and SphI recognition sites for cloning in pBAD33. For 

pWY62, ~3.7 Kb fragments containing from enhancer to B were cloned in a BamHI site 

of pACYC177. D108A amplified from pET-D108A (Yang et al., 1995) and MuA was 

cloned in NcoI and BamHI sites of pTrc99. 

 

OLIGONUCLEOTIDES  

PCR primers used in this dissertation are listed in Table 2.3.
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Table 2.2 Plasmid lists 
  

Plasmids Contents Source (Ref) 

pSP104 mini-Mu plasmid Pathania et al 
2002 

pUC19  NEB 

pJHN Enhancer-deleted mini Mu plasmid Jiang and 
Harshey, 2001  

pKD3 Source of cat Datsenko & 
Wanner 2000 

pKD4 Source of kan Datsenko & 
Wanner 2000 

pCP20 FLP recombinase synthesis by thermal induction Datsenko & 
Wanner 2000 

pIL153 Mu A and B in pACYC184 (No specific promoter) Insuk Lee 

pWY21 His-tagged clpX in pET28 This study 

pET158 MuA in pET11 Kim et al 1995 

pETMuABAN MuA (R575L R576Q R577L K579Q) in pET11 S.Mariconda 

pWY47 MuA (R575K R576K R577K K579R) in pET28 This study 

pWY48 MuA (R576Q K579Q) in pET28 This study 

pWY24 His-tagged domain III of MuA in pET28  This study 

pWY52 His-tagged domain III of MuA (R576Q K579Q) in 
pET28 This study 

pWY53 His-tagged domain III of MuA (R575K R576K 
R577K K579R) in pET28 This study 

pWY54 His-tagged Domain III of MuA (R575L R576Q 
R577L K579Q) in pET28 This study 

pWY59 ner in pBAD33 This study 

pWY62 Enhancer~B region in pACYC177 This study 

pET-scIHF2 
His-tagged scIHF2 (single polypeptide chain IHF) 
in pET 

Corona et al., 
2003 
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pWY12 MuA in pTrc99 This study 

pWY15 D108A in pTrc99 This study 

pWY17 Substitution of MluI (2960 nt) recognition site with 
NcoI site at IHF binding site in pSP104 This study 

pRH421 pUC19 (R1-R2), synthesized oligonucleotide 
containing R1 and R2 sites cloned in pUC19  

Namgoong et al., 
1994 

pWY39 AatII recognition site removed from pUC19 This study 

pRH304 MuA(∆1-84) in pET Yang et al., 1995 

pIL162 MuA(∆1-84) in pACYC184 Insuk Lee 

pIL161 MuA in pACYC184 Insuk Lee 
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Table 2.3 Primers used 
 
Name                         Sequence 
For detecting integrated Mu 
MuB (F)                   gcaccacgccgtaaaggg  
MuB (R)                   ccttcttaattacgcagcagc  
MuR (F)                   catttgaagcgcgaaagctaaag  
LacZ (R)                   caccgcgaggcggttttctccggc  
Tsr (F)                     cagcgtaattgacggcattgcc  
Tsr (R)                     accacagccgatgtttcacgctg  
Owy 031 (F) 35671 nt      cgatcggtaatacagatcgattat
Owy 162 (R) 36388 nt      gaacgtactttcatgactgcc
 
For introducing mutations in Mu A  
Owy083 cat-sacB (F)  agccgatatcaagcaggtgaataacatggaactttgggtatcaccgtgtgacggaagatcacttcg  
Owy084 cat-sacB (R)  tttcgtcgcagatttcagttgttgctggagctggagatattcacggcctgccgcagatcaaagggaaa 
Owy036 MuA (F)     gccgatatcaagcaggtgaataac  
Owy075 LQL-Q (R)  cgcagatttcagttgttgctggagctggagatattcacggcctgccgcagc 
Owy173 KKK-R (R)  tccatttgtttctgcgccttaatggctgctttcgtcgcagatttcagttggegctgcttcttcttatattcacggcctgccgca  
Owy175 RQR-Q (R)  tccatttgtttctgcgccttaatggctgctttcgtcgcagatttcagttgttgctggcgctggcgatattcacggcctgccgca 
 
For inserting cat gene into Mu 
Owy185 (F)                gccagaagcctgatttaccgtttcctgtaaaccgaggttttggataatggggatccgtgtaggctggagctgcttc 
Owy186 (R)               ctggatctcctgtttaaaagcgccaatcatgccatgcgtg ccaaaatcga ggatcccatatgaatatcctcctta 
 
For substituting priA with kan 
Owy121 (F)                cggcaatgtgtatactaacccaccgaatttcaagtcaggatgatgctatggtgtaggctggagctgcttc        
Owy122 (R)                tgtgatgaatattgaatttttcgatccgcctcgcatcgtgagcggtttaacatatgaatatcctcctta             
 
For SE region deletion 
Owy061 (F)                atatttcaacgctgctgcgtaattaagaaggagaagaaattatgatggtgtaggctggagctgcttcg  
Owy062 (R)                cgccgcgaaaaactgcaactgtcaaagatcatggaagacattatcacatatgaatatcctcctta  
 
For cloning MuA variants 
Owy005 (F)                gaataccatggaactttgggtatc 
Owy007 (R)                ttgtttaaaggatccttaaatggcttttttacg 
 
For cloning clpX 
Owy067 (F)                ttttgacatatgacagataaacgcaaagatggc  
Owy071 (R)                gggaatggatccttattcaccagatgcctgttgcgcttcc  
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For cloning domain III of MuA and variants 
Owy079 WT (F)             ggccgtcatatgcgccgccgccagaaacaactg  
Owy198 KKK-R (F)         ggccgtcatatgaagaagaagcagcgccaactg  
Owy199 RQR-Q (F)         ggccgtcatatgcgcccagcgccagcaacaactg 
Owy200 LQL-Q (F)         ggccgtcatatgctccagctccagcaacaactg  
 
For ner deletion 
Owy131 (F)                 agttaaattgctaactttatagattacaaaacttaggagggtttttaa atgtgttccgtgtaggctggagctgcttc  
Owy132 (R)                 ccaggaagatt cgcacactct ttcggtgata cccaaagttc catgttattccatatgaatatcctcctta  
 
For cloning the region from enhancer to B 
Owy176 (F)                aaagttggatccgccttgcgtgcttcatctgg 
Owy058 (R)                described above 
 
For cloning ner 
Owy219 (F)                gagggtggtaccatgtgttccaacgaaaaggcc 
Owy220 (R)                caaagtgcatgcttattcacctgcttgatatcgg 
 
For PCR of enhancer fragments used in vitro assay 
Owy113 (F)                gcggcgaacaccaaattgac 
Owy114 (R)                ccctcctaagttttgtaatc 
 
For cloning D108A in pTrc99 
Owy092 (F)                actaggccatggggatgaaagaatggtatacagca 
Owy007 (R)                described above 
 
For cloning MuA in pTrc99 
Owy005 (F)                 gaataccatggaactttgggtatc 
Owy007 (R)                described above 
 
For substituting MluI with NcoI in pSP104 
Owy129 (F)                ttaaactccttatttatcaccatggtaatcagtaatcaaaggaatt 
Owy130 (R)               aattcctttgattactgattaccatggtgataaataaggagtttaa 
 
For deleting MuA from BU2044 
Owy104 (F)                gggaatgacaccgcaagatatttggccgtctcgatactaggtgcgctatggtgtaggctggagctgcttc  
Owy023 (R)                ctcgtaattaaattttgtttaaacgttaattaaatggcttttttacgtctcatatgaatatcctcctta 
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PROTEINS 

The wild-type MuA and the variant proteins were expressed from pET vectors 

and purified as described (Kim et al., 1995). MuB and HU proteins were also purified as 

described (Leung and Harshey, 1991). His-tagged proteins were purified according to the 

Qiagen manual, concentrated with Amicon (Millipore), and quantified by the Bradford 

assay (Bio-Rad).  

 

PHAGE AND GENOMIC DNA PREPARATION 

Procedures for prophage Mu induction, Mu infection and phage purification have 

been described (Au et al., 2006). Briefly, wild-type or mutant phage from HM8305 or 

derivative strains of HM8305 was induced by thermal shift. For strain CW17, the 

prophage was induced in the presence of pIL153 to supply MuA and MuB. Prophage 

induction from CW54 (HM8305 ∆ner) was performed with pWY62 (ner, A, and B) and 

pIL153 (A and B). The lysate was collected and precipitated with 10% PEG 8000 

overnight. The phage was pelleted by centrifugation at 11,000 x g for 15 min. The pellet 

was resuspended in Mu buffer (20 mM Tris-HCl, pH 7.5, 0.2 M NaCl, 1 mM CaCl2, 20 

mM MgSO4 and 0.1 % gelatin) and loaded onto CsCl step gradients (1.4 to 1.6 g/cm3 in 

Mu buffer). The phage band was recovered and dialyzed against two changes of Mu 

buffer. Purified phage was stored at 4°C until used. Typical phage titers after CsCl 

purification and concentration were 1 x 1011 pfu/ml, but the MuABAN phage gave titers of 

about 2~6 x 1010 pfu/ml. 

For infection, BU1384, derivative strains of BU1384, and BU1382 were used as 

hosts with the supply of appropriate plasmids. The cells were grown to 0.4 at an OD600 

and resuspended in 1 ml of ice-cold infection buffer (20 mM Tris-HCl, 200 mM NaCl, 2 

mM CaCl2, 20 mM MgCl2, pH 7.5). After addition of phage (5 MOI) on ice, cells were 
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incubated with 9 ml of LB containing 5 mM MgSO4 and 2.5 mM CaCl2 at 37°C. Cells 

were collected for total DNA extraction at various times after infection. The total DNA 

was isolated by Wizard Genomic DNA purification kit from Promega.  

Integrated Mu was separated from free input Mu by pulse field gel electrophoresis 

(PFGE) as described (Au et al., 2006), except that 2-3 ug of total DNA was loaded in 

each well. The PFGE was conducted at 200 V for 17 h with a 1.3 s switch time at room 

temperature. The gel was stained with ethidium bromide and high molecular-weight 

chromosomal DNA was extracted using the QIAGEN gel extraction kit. DNA 

concentration was measured at OD260. 

 

EXPERIMENTAL STRATEGY FOR MONITORING FLAP REMOVAL 

Fig 2.1 shows the summary of procedures used to follow the fate of flap DNA 

after Mu infection. 

 

DETECTION OF INTEGRATED MU AND FLAP SEQUENCES ON THE E. COLI GENOME 

Mu integration was detected by PCR using primers within the B gene, and flap 

DNA by primers that amplifed the junction between the Mu R end and lacZ in the 

flanking host DNA as described (Au et al., 2006). In case of ner-phage infection, a host 

carried a plasmid containing A and B genes. Thus Mu integration was detected with 

primers to anneal at 35671 to 35368 nt of the Mu genome to prevent detectection of Mu 

genes on the plasmid. Primers within E. coli tsr amplified this chromosomal marker as an 

internal control. Primers are listed in Table 2.3. PCR was performed with 50-75 ng of 

template DNA, 10 pmol of primers, 10 umol of deoxynucleoside triphosphates, 2.5 units 

of Taq polymerase (Qiagen), 1x PCR buffer, and 1x Q solution in 50 μl. The PCR 



conditions were 94°C for 2 min; 30-40 cycles of 94°C for 30 s, 62°C for 30 s, and 72°C 

for 30 s; and a final extension at 72°C for 2 min.  

 

 

** 
- 

C 0 5 15 30 50  

 

 

Figure 2.1 Experimental strategy for monitoring flap removal. Approximately 4 % of 

progeny phage derived from induction of a Mu prophage inserted in lacZ carry these 

sequences on both ends. Infection into a lacZ-(∆lac) host is followed by isolation of total 

cellular DNA at various times after infection and separation of Mu integrated in genomic 

DNA from free Mu by PFGE. Mu and flap sequences are detected by PCR using 

appropriate primers. 
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QUANTITATION OF DNA BANDS 

DNA band intensities were quantified using Quantity One software from BioRad.  

 

NUCLEASE AND DNA-BINDING ACTIVITY OF DOMAIN III 

Domain III proteins, 0.3-3 nmoles, were incubated with supercoiled plasmid 

pUC19 (5 -15 ug/ml; 2.6 - 8 nmoles) in 20 μl of 25 mM Hepes-KOH (pH 7.6), 140 mM 

NaCl, and 10 mM MgCl2 at 37 °C for 1 h. Nuclease reactions were stopped by incubation 

with 0.5 % SDS and 100 ug/ml of Proteinase K (Sigma Aldrich) for 1 h at 50 °C, and 

subjected to electrophoresis on a 0.7 % agarose gel. Proteinase K addition was necessary 

because when the reactions were stopped with SDS alone, the KKKQR mutant appeared 

to still be bound to DNA. DNA-binding reactions were loaded directly on a 1 % agarose 

gel. 

 

TRANSPOSITION AND TRANSPOSOSOME DISASSEMBLY ASSAYS 

Type I reactions contained supercoiled mini-Mu plasmid pSP104 (26 ug/ml), HU 

(10 ug/ml), and MuA (25 ug/ml) in 20 ul of 20 mM Hepes-KOH (pH 7.6), 10 mM 

MgCl2, 140 mM NaCl for 30 min at 30 °C. For Type II strand transfer reactions, MuB 

(0.3 ug), ATP (2 mM), and pUC19 (23 ug/ml) were added to Type I reactions and 

incubated for 30 min at 30 °C in 20 ul. For Type II-2 reactions, where ClpX disassembles 

the transpososomes, 5 mM ATP and 63 pmoles of His6-ClpX were added to Type II 

reactions at 30 °C for 1 h. Reaction products were analyzed on 1 % agarose gels and 

viewed by staining with ethidium bromide.  
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IN VITRO TRANSPOSITION WITH AATII-DIGESTED TYPE I COMPLEX  

After completion of the Type I reaction for 20 min at 30 °C, restriction enzyme 

AatII (500 unit/ml) was added to the reaction and incubated for 10 min at 30 °C. The 

reaction mixtures were divided into each 20 ul portions and some aliquots were loaded 

onto 1 % agarose gels directly or with 1 % SDS. The other aliquots of the reaction 

mixtures were incubated with MuB (0.3 ug), ATP (2 mM), and a modified pUC19 

(pWY39; 23 ug/ml) for Type II formation and then incubated with His6-ClpX. His6-ClpX 

treatment was described above. 

 

IN VITRO TRANSPOSITION WITH MUA(∆1-84) 

The Type II reactions were the same as normal in vitro reactions described above, 

except that MuA was replaced by MuA (∆1-84) (85 ug/ml).  

 

IN VITRO TRANSPOSITION WITH R1- R2 OLIGONUCLEOTIDE SUBSTRATES 

The reaction was carried out essentially as described (Namgoong et al., 1994). 

The 20 ul reaction contained 15 % DMSO, R1-R2 oligonucleotide substrates (25 ug/ml), 

MuA (25 ug/ml), 10 % glycerol, 25 mM Tris-HCl (pH 7.5), 125 mM NaCl, 10 mM  

MgCl2, and target DNA, pUC19 (10 ug/ml). R1-R2 substrates were prepared by digestion 

of pRH421 with PvuII and purification of ~ 400 bp fragments containing R1 and R2. 

Incubation was performed at 30 °C for 30 min. After incubation, the reaction mixtures 

were divided for direct loading or His6-ClpX incubation. Half of the sample was loaded 

directly and the other half was loaded with 1% SDS onto a 1% agarose gel for 

electrophoresis.   
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NEM TREATMENT OF THE TRANSPOSOSOME COMPLEXES 

Type 0 reactions were the same as Type I reactions except with 10 mM CaCl2 

instead of 10 mM MgCl2. NEM was added to Type 0, Type I and Type II reactions to a 

final concentration of 1 mM and incubated for 10 min on ice. The unreacted chemical 

was quenched with 10 mM DTT for 5 min on ice. For transition of the Type 0 complex to 

Type I and Type II complexes, the Ca2+buffer was changed with Mg2+ buffer using a 

Sepharose 6B column (Bio-Rad).  

 

NCOI DIGESTION OF THE ENHANCER REGION IN TRANSPOSOSOMES 

Type I and Type II formation were preformed with a modified pSP104 plasmid 

(pWY17). NcoI (10 units/ml) was added to Type I and Type II reactions and incubated 

for 30 min at 30 °C.   

 

IN VITRO ASSAY WITH ENHANCER SUPPLIED IN TRANS 

Type I reactions contained enhancer-mini Mu donor pJHN (35 ug/ml), HU (10 

ug/ml), MuA (25 ug/ml), 20 mM Hepes-KOH (pH 7.6), 10 mM MgCl2, 140 mM NaCl, 

the enhancer fragment (9.8 ug/ml), and His6-scIHF2 (100-200 ug/ml). Reaction mixtures 

were incubated for 30 min at 30 °C. Formation of Type II complexes was carried out with 

addition of MuB (0.3 ug), ATP (2 mM), and pUC19 (23 ug/ml) after heparin (50 ug/ml) 

was added to the Type I reaction for displacing the enhancer fragment from the Type I 

complex. The Type II reaction was incubated at 30 °C for 20 min. In the reaction, I used 

1:40-50 molar ratio of the donor plasmid to the enhancer DNA (Jiang and Harshey, 

2001). For IHF, I purified a His-tagged version of scIHF2, which is a single polypeptide 
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chain IHF made up of the α subunit of IHF inserted into the β subunit (Corona et al., 

2003) for easy purification. The scIHF2 is functionally similar to the heterodimeric, 

parental IHF in biochemical and functional assays; His-tagged scIHF2 exhibits the wild 

type activities in DNA binding and bending (Corona et al., 2003; Bao et al., 2004). Non-

Mu and Mu DNA from the donor plasmid were amplified with the primers to anneal to 

the right and left ends of Mu. 
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CHAPTER 3: DNA REPAIR BY THE CRYPTIC ENDONUCLEASE 
ACTIVITY OF MU TRANSPOSASE 

 

Introduction  

 

Phage Mu transposition has two alternative outcomes, depending on the phase of 

its life cycle (Fig 1.4) (Symonds et al., 1987). Infecting Mu integrates without replication 

(Akroyd and Symonds, 1983; Harshey, 1984; Liebart et al., 1982), whereas every 

subsequent transposition event during the lytic growth that follows is accompanied by 

replication (Chaconas et al., 1981). The replicative pathway has been well studied in 

vitro. These studies have established that Mu transposes by a ‘cointegrate’ mechanism 

where single-stranded cleavages at Mu ends generate free 3’ OHs, which subsequently 

attack target DNA to create a θ strand transfer intermediate (Fig 1.5) (Mizuuchi, 1992). 

(The DNA strands which participate in reaction chemistry are called ‘transferred strands’ 

whereas those that do not are ‘non-transferred’ strands.) The Mu-target joint leaves 3’ 

OHs on target ends, which can be used as primers for Mu replication (Mizuuchi, 1984; 

Nakai et al., 2001). These reactions take place within a highly stable transpososome, built 

from multiple subunits of the transposase MuA (Chaconas and Harshey, 2002). The 

transition between transposition and replication is enabled by disassembly of the 

transpososome and assembly of the replisome on Mu ends. Disassembly requires the E. 

coli unfolding protein ClpX, which interacts with the C-terminal domain of MuA 

(Levchenko et al., 1995). MuA is exchanged with a series of host proteins and finally 

with the replication re-start complex, which includes PriA (Nakai et al., 2001; North et 

al., 2007). 
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 In contrast to the replicative pathway, the non-replicative pathway is still 

unexplored. The donor substrate in this pathway is the infecting Mu genome, which is 

linear in the phage head, and includes host sequences flanking both ends of its original 

insertion site (Fig 1.4). An injected phage protein N binds to these ends, protecting the 

DNA from degradation and converting linear Mu into a non-covalently closed 

supercoiled circle (Harshey and Bukhari, 1983; Puspurs et al., 1983; Gloor and Chaconas, 

1986). As observed in vitro with mini-Mu plasmids, a purified Mu-N protein complex 

also generates the θ or cointegrate strand transfer intermediate upon transposition into a 

plasmid target (Gloor, 1988). In vivo evidence for a cointegrate mechanism of Mu 

integration came from the observation that the host DNA sequences flanking both ends of 

infecting Mu are found integrated along with Mu in the chromosome (Au et al., 2006). 

These sequences are removed fairly rapidly. Thus, integration of infecting Mu occurs by 

a variation of the cointegrate mechanism in which, instead of the ‘nick-join-replicate’ 

pathway, Mu follows a ‘nick-join-repair’ pathway (Au et al., 2006) (Fig 1.5). Removal of 

flanking host DNA is only the first step in repair, which must be completed with help of 

polymerase and ligase activities to fill the 5 bp gaps left at the Mu-host junction by the 

transposase. 

 The present study was initiated to identify the function responsible for the initial 

removal of 5’ flanking host DNA after integration of infecting Mu. I will refer to these 

sequences as ‘flaps’. I reasoned that such a function was likely to be phage-encoded, 

since efficient integration is vital to phage development. A prime candidate for this 

function is the MuA transposase itself, because an isolated C-terminal domain of MuA 

was found to have a strong endonuclease activity (Wu and Chaconas, 1995). This activity 

is not manifest in the full-length protein, suggesting that it is normally masked. Other 

phage candidates for a flap removal function could be one or more of the many small 
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ORFs in the early or ‘semi-essential’ region of the phage genome (Morgan et al, 2002). 

Different phenotypic effects have been traced to this region including DNA end 

protection (gam/sot) and ligase (lig) activities (Paolozzi and Symonds, 1987; d’Adda di 

Fagagna et al., 2003). I also considered host involvement in this reaction. Although 

several host genes (in addition to those required for DNA replication) are known to 

specifically affect Mu replicative transposition (e.g. clpX, gyrA, gyrB, priA) (Mhammedi-

Alaoui et al., 1994; Sokolsky and Baker, 2003; North and Nakai, 2005), almost nothing is 

known about host functions that specifically affect non-replicative transposition. 

However, I was interested in the influence of ClpX, since the transpososome remains 

strongly bound to Mu ends in its absence (Nakai et al., 2001; Levchenko et al., 1995; 

Nakai and Kruklitis, 1995; Abdelhakim et al., 2008; Surette et al., 1987). Does the 

transpososome have to be disassembled before the flaps can be removed?  

 I show that MuA mutants defective in the C-terminal endonuclease activity are 

defective in flap removal, whereas deletion of the ‘semi-essential’ region of Mu does not 

affect this process. ClpX, which was previously thought to participate only in replicative 

transposition, is also necessary for efficient removal of the flap after integration. I 

propose that ClpX participates in stimulating the nuclease activity of MuA in a highly 

regulated reaction, which cleaves the non-transferred strands of Mu, severing the flaps 

prior to or concomitant with disassembly of the transpososome.  

 



 49

Results 

 

Endonuclease, DNA-binding and transposition activities of mutants in the BAN 

region of MuA  

Isolated domain III displays an activity designated as BAN (non-specific DNA-

binding and endonuclease) (Wu and Chaconas, 1995). A basic amino acid cluster 

RRRQK at residues 575-579 in this domain was shown to be important for both 

activities. To test whether the BAN region is involved in flap removal in vivo, three 

variants in this region were generated (Fig 3.1A). The RRRQK residues were altered to 

give RQRQQ, LQLQQ and KKKQR. The first two mutants were reported to be partially 

or completely defective, respectively, in both DNA-binding and endonuclease activities 

of isolated domain III (Wu and Chaconas, 1995). In the KKKQR mutant, the basic 

character of the residues was retained, but their identity was changed, with the thought 

that DNA-binding activity might be retained, but nuclease activity might be lost, thus 

separating the two activities. The endonuclease activities of wild-type and mutant domain 

IIIs are shown in Fig 3.1B (left). Complete degradation of the input pUC plasmid was 

observed with wild-type domain III. The KKKQR mutant did not degrade the DNA like 

the wild-type domain, but showed significant nicking activity. The LQLQQ and RQRQQ 

mutants showed negligible nicking.  

 DNA binding was measured by a gel-shift assay. The KKKQR mutant was 

proficient in DNA binding, whereas the LQLQQ and RQRQQ mutants were defective as 

reported earlier (Wu and Chaconas, 1995) (Fig 3.1B, right). The gel-shift seen with the 

KKKQR mutant was not eliminated even in the presence of SDS, and required addition 
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of Proteinase K (see Methods, nuclease assay), suggesting that the strong DNA binding 

by this mutant may prevent multiple rounds of endonucleolytic cleavage, accounting for 

the difference in the nuclease activities of the wild-type versus the KKKQR mutant (Fig 

3.1B, left). 

 Full-length MuA(LQLQQ)575-579 (refered to as MuABAN by Wu & Chaconas), was 

reported to be defective in transpososome assembly, but this defect could be suppressed 

by MuB protein to give ~20% of wild-type strand transfer activity (Wu and Chaconas, 

1995). The strand transfer activity of full-length MuA containing all three sets of 

mutations in domain III was examined in the presence of MuB, along with the ability of 

the transpososomes to be disassembled by ClpX (Fig 3.1C). The Type II transpososome, 

formed by strand transfer of the donor mini-Mu plasmid into a target pUC plasmid, was 

assembled efficiently by two of the three mutants; MuA(LQLQQ)575-579 showed poor 

Type II activity as reported earlier. Addition of ClpX (Type II-2 reaction) gave a series of 

θ DNA topoisomers, diagnostic of disassembly. Efficiency of disassembly of 

MuA(KKKQR)575-579 and MuA(RQRQQ)575-579 complexes was similar to that of wild-

type. These mutants should therefore support wild-type transposition activities in vivo. If 

the nuclease domain participates in flap removal after integration, the mutants would be 

expected to differ only in the efficiency of this reaction. 

  



 
 

Figure 3.1 Endonuclease, DNA-binding, and transposition assays.  
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(A) Domain organization of MuA showing the various functions mapped to individual 

domains. Residues targeted for mutagenesis in the BAN domain are boxed and in gray 
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letters; the multiple changes made in three mutants in this region are indicated 

underneath. (B) Endonuclease and DNA binding activities of isolated domain III (His-

tagged MuA residues 575-663) carrying indicated mutations in residues 575-579. All 

reactions contained 0.3 nmoles of protein except the nuclease reactions with the mutant 

proteins, which contained 3 nmoles of protein. 8 nmoles of pUC19 DNA was used for 

nuclease reactions and 2.5 nmoles for DNA binding reactions. Addition of SDS may 

trigger the nuclease activity, accounting for the presence of DNA in the shifted complex 

in the WT DNA-binding assay. OC and SC are open circular and supercoiled forms of the 

substrate plasmid pUC19. (C) Type II (strand transfer) and Type II-2 (ClpX-mediated 

disassembly of Type II complexes) reactions using indicated full length MuA and its 

BAN variants. D, donor plasmid pSP104; T, target plasmid pUC19; θ, disassembled θ 

topoisomers. 
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Flap removal in vivo is dependent on the endonuclease activity of MuA 

All three sets of domain III mutations were moved into the A gene on a Mu 

prophage inserted in lacZ (Au et al., 2006). Earlier results showed that ~4% of the 

induced phage from this strain package the original prophage insertion, i.e., have lacZ 

sequences linked to both ends. Wild-type and mutant MuA phages were used to infect a 

Δlac host; cell lysis profiles with two of the three mutant phages were similar to wild-

type (Fig. 3.5A), in keeping with the expectation from in vitro results that these mutants 

would not be affected for those MuA functions needed to promote Mu replication (Fig 

3.1C). Total cellular DNA was isolated at various times up to the onset of lysis at 50 min; 

infection with MuA(LQLQQ)575-579 phage was followed longer because the cells did not 

lyse. The DNA was subjected to pulse field gel electrophoresis (PFGE) to separate 

integrated Mu in chromosomal fragments from free Mu (Au et al., 2006). Genomic DNA 

bands were excised and subjected to PCR with primers specific to Mu (within the B gene) 

or to the lacZ flap reporter (spanning the MuR-lacZ junction) as described (Au et al.2006; 

Fig 2.1). Using real-time PCR, Au et al. (2006) had established that the majority of 

infecting phages integrate with the flap still attached. 

 In cells infected with phage carrying wild-type MuA, Mu sequences were 

detected in the chromosome by 15 min, concomitant with detection of flap sequences 

(Fig 3.2A). Although the Mu signal increased at 30 and 50 min, the flap signal showed 

the opposite trend and was undetectable by 50 min. A similar flap DNA profile was 

observed during infection with MuA(KKKQR)575-579 phage; recall that this MuA variant 

showed significant nicking activity in its domain III in vitro (Fig 3.1B). In infections with 

the nuclease-deficient MuA(RQRQQ)575-579 phage, flap sequences were observed up to 50 

min. MuA(LQLQQ)575-579 phage showed a 15 min delay in integration compared to wild-
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type, but the flap signal in these nuclease-deficient phage was still detectable until 120 

min. 

 To better assess the longevity of the flaps in MuA mutant phages that showed 

delayed flap removal, these infections were repeated using a himA host, which does not 

support Mu replication. The himA locus encodes one of the two subunits of the 

integration host factor (IHF), which is involved in the regulation of early Mu gene 

expression. The efficiency of Mu integration is decreased 2 to 3 fold in this mutant (Au et 

al., 2006; Chaconas, 1984). As shown earlier, flap sequences were maximally detected at 

30 min in the himA host (compared to 15 min in a wild-type host), but the kinetics of flap 

removal was similar to that observed in a wild-type host when the infecting phages were 

wild-type (Fig 3.2B). However, phages with either MuA(RQRQQ)575-579 or 

MuA(LQLQQ)575-579 failed to significantly process the flap even up to 120 min after 

infection. With both MuA mutants, the flap signal was consistently higher at all time 

points compared to wild-type MuA (Fig 3.2C).  

 In summary, flap removal in vivo is strongly correlated with the endonuclease 

activity observed for domain III of MuA in vitro. The longevity of the flaps in the 

nuclease-deficient phage infections suggests that the strand transfer joint is protected 

from degradation by cellular nucleases.  
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Figure 3.2 Flap removal from integrated Mu following infection with MuA BAN 

domain mutants in vivo.  

(A) Wild-type host BU1384 was infected with phages carrying wild-type or indicated 

mutants in the MuA BAN region. Mu (B gene) or flap sequences (MuR-lacZ) were 

amplified from isolated genomic DNA at the indicated times after infection. DNA (50 ng) 

was used in all reactions with 30 cycles for detecting Mu and 40 cycles for detecting 

flaps. C is a control where genomic DNA from uninfected cells was mixed with Mu DNA 

and isolated by PFGE, to gauge the extent of contamination of the genomic DNA band 

with free Mu in subsequent PCRs. DNA loading was standardized to a chromosomal 

marker tsr. N, no template control, M, input Mu. (B) As in A, except infection was in a 

himA host (BU1382), which does not support subsequent Mu replication. DNA (60 ng) 

(30 cycles) was used for detecting Mu and 75 ng (40 cycles) for detecting the flap. The 

results in each panel were verified in at least three independent repeats. (C) The flap 

DNA bands in panel C were quantified as described in Methods and normalized to the 

signal from a chromosomal gene marker tsr. 



Flap removal is independent of the semi-essential region of Mu 

A single large early transcript which includes A and B also includes the semi-

essential or SE region with several ORFs of unknown function (Morgan et al., 2002; 

Goosen and Van de Putte, 1987) (Fig 1.3A). Although called ‘semi-essential’ because 

insertions and deletions in this region reduce but do not abolish phage growth, it is 

possible that these genes are important, yet bacterial genes can substitute for them. To 

test if the SE region is involved in flap removal, this region was deleted in a prophage 

and the resulting phage was used in infection as before. The kinetics of flap removal was 

indistinguishable between wild-type and ΔSE Mu phage infections (Fig 3.3). Therefore, 

the SE region is not involved in flap removal. 

 

 

 

 
 

Figure 3.3 Flap removal is independent of the SE region of Mu.  

Wild type or ∆SE Mu phage were used to infect a wild type host. Reaction conditions 

were described as in Fig 3.2A.  
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Flap removal is dependent on ClpX, but independent of PriA  

The two pathways of Mu transposition are thought to diverge at the Type II-2 

stage, when ClpX disassembles the transpososome in a highly choreographed transition 

to replication (Fig 1.8). Although Mu replication is blocked, Mu lysogens are reported to 

be readily recovered in a clpX mutant (Mhammedi-Alaoui et al., 1994). This finding was 

interpreted to mean that ClpX functions only in the replicative pathway, and is not 

required for the non-replicative or repair pathway.  

 In the absence of ClpX, the assembled transpososome is not expected to 

disassemble rapidly. To test the fate of the flap in such a situation, a clpX mutant host 

was infected with wild-type Mu phage. Since replicative growth is blocked in this 

mutant, flap sequences were assessed up to 120 min as I had with himA infections. The 

kinetics and efficiency of Mu integration were similar in both the wild-type and clpX 

mutant strains (the time points start at 30 min for clpX because this strain was followed 

longer). Unlike the wild-type host where the flap sequences diminish significantly at 30 

min, the clpX mutant retained these sequences until 60 min, decreasing thereafter, but still 

detectable by 120 min (Fig 3.4A, B). These data suggest that ClpX is required for 

efficient flap removal. Growth of the infected clpX host stalled until 60 min, but resumed 

subsequently (Fig 3.5B), suggesting that other host mechanisms eventually disassemble 

the transpososome to repair the integrant. Infection of the clpX mutant host with 

MuA(RQRQQ)575-579 phage showed a flap removal profile similar to that of infection of 

this mutant with wild-type phage (Fig 3.6). 

 Although examination of flap removal at each of the known stages of the Mu 

replication pathway (see Fig 1.8) would be useful, the identity of MRFα, which functions 

after ClpX, is not known, and IF2, the next protein in the replication pathway, is essential 
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for growth. However, PriA, which is required for the last step prior to assembling the 

replisome at Mu ends (Jones and Nakai, 1999), can be deleted, although this mutant is 

defective in double-strand break repair and grows slowly (Kogoma et al., 1996). When 

Mu infection was performed in the priA mutant, flap removal was similar to that seen 

during infection of a wild-type host (Fig 3.4A, B).  

 Thus, in addition to the nuclease activity of MuA, ClpX is also required for 

efficient flap removal, whereas PriA is not.  

 



 

B 

A 

Figure 3.4 Flap removal is delayed in a clpX, but not a priA mutant.  

 (A) Wild-type Mu was used to infect wild-type, clpX or priA mutant hosts. Reaction 

conditions were described in Fig 3.2A. (B) The flap DNA bands in indicated infections 

were analyzed as in Fig 3.2C. 
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Figure 3.5 Lysis profile of wild-type and MuA mutant phages.  

(A) Wild-type strain BU1384 was infected with indicated phage as described in Methods. 

Phage and titers of all strains that lysed were ~3-5 x 108 pfu/ml. (B) Wild-type (BU1384) 

or clpX mutant CW11 (BU1384 clpX::kan) strains were infected with wild-type phage.
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Figure 3.6 Flap removal in a clpX mutant infected with wild-type or MuA 

(RQRQQ)575-579 phage.  

Reaction conditions were described in Fig 3.2A. 

 
 

.  
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Discussion 

 

I report a physiologically relevant function for the cryptic endonuclease activity 

discovered within the C-terminal domain of the transposase MuA (Wu and Chaconas, 

1995). I call this activity ‘flap endonuclease’ for removing the 5’ flaps attached to the 

integrated Mu genome upon Mu infection. Although this is the first report of a DNA 

repair function encoded within a transposase, other proteins involved in repair of DNA 

forks and flaps also have endonuclease domains (Van Duyne, 2005). I propose a model 

for a spatial location of the nuclease domain within the transpososome, and discuss how 

this activity might be regulated in vivo. The relevance of these findings to the cellular 

repair of transposition intermediates also is discussed. 

 

A model for endonuclease activity in the context of the transpososome  

MuA is organized in three domains (Chaconas and Harshey, 2002; Nakayama et 

al., 1987) (Fig 3.1A). Domain I binds the Mu ends and enhancer sites (Fig 3.1A), domain 

II has the catalytic DDE residues for transposition, and domain III has the BAN region as 

well as a regulatory region at its C-terminus which interacts with both MuB and ClpX 

(Fig 3.1A). In addition to target capture, MuB modulates the activity of MuA, 

suppressing many MuA defects in assembly and catalysis (Chaconas and Harshey, 2002). 

The Mu transpososome is built from six MuA subunits, whose assembly at the Mu ends 

is directed by an ordered interaction between att and enhancer sites (Pathania et al., 2003; 

Yin et al., 2007). The two MuA subunits bound at the L and R termini are responsible for 

catalysis, each acting in trans to carry out successive cleavage and strand transfer through 
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the DDE active sites (Namgoong and Harshey, 1998; Savilahti and Mizuuchi, 1996; 

Aldaz et al., 1996). A specific function has not been assigned to the other subunits in the 

transpososome.  

 In a transpososome in which the ends have not yet undergone cleavage, an 8-10 

bp region around the cleavage sites is melted (Wang et al., 1996; Kobryn et al., 2002), 

likely promoting engagement of the transferred strands in the DDE active sites in 

preparation for single-strand cleavage  (Lee and Harshey, 2003). Based on the inefficient 

assembly of MuA(LQLQQ)575-579 [MuABAN], as well as the inefficient assembly of other 

domain IIIα mutants (Naigamwalla et al., 1998), Wu & Chaconas speculated that the 

BAN region binds to the Mu-host junction to stabilize the transpososome. I extend this 

proposal to suggest that this region specifically engages the non-transferred strands (Fig 

3.7). Thus, the two Mu DNA strands are held in two different active sites. However, the 

nuclease active site is more fastidious and is not “ON” until certain conditions are met, 

one of these being interaction of domain III with ClpX (Fig 3.4A). This interaction is not 

a sufficient condition, since flap removal is not observed in vitro despite the presence of 

ClpX (Fig 3.1C). When conditions that activate the nuclease are met (see below), I 

propose that a specific phosphodiester bond in the non-transferred strand undergoes 

endonucleolytic cleavage, releasing the flap. The released flaps are then degraded by 

cellular nucleases, monitored in these assays as disappearance of the flap DNA signal. 

The longevity of the flap in both the MuA BAN domain mutants (Fig 3.2) and in the clpX 

mutant host (Fig 3.4) shows that the Mu-host joint is not readily accessible to host 

nucleases and its efficient removal is a highly regulated process. 

 



             

 

 

Figure 3.7 Model for domain III contribution to cleavage of non-transferred 

strands.  

Two catalytic subunits positioned at Mu termini, act in trans to carry out successive 

cleavage and strand transfer. The transferred strand is engaged in the DDE active site, 

whereas the non-transferred strand in engaged in the BAN active site. Domain IIIs could 

be contributed by non-catalytic subunits (Wu and Chaconas, 1995), indicated by 

unconnected hinge regions. Arrowheads, specific cleavage by BAN endonuclease. Black 

, Mu; red, target; blue, flap. 
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To repair or replicate  

What determines the alternate biochemical fates of a common θ intermediate in 

the same cellular milieu? It is apparent from these studies that ClpX is required for both 

replication and repair, so the two pathways must diverge soon after ClpX action, prior to 

recruitment of PriA. The replication pathway has been studied in considerable detail in 

vitro, but nothing is known about the repair pathway. ClpX alone is clearly not sufficient 

for flap resection in vitro, so there must be additional players that promote MuA nuclease 

activation. The phage tail protein MuN, which is injected along with phage DNA (Gloor 

and Chaconas, 1986), and circularizes and protects the ends from degradation (Harshey 

and Bukhari, 1983; Puspurs et al., 1983) (Fig 1.4), has long been touted as playing a 

decisive role. In the absence of this protein, when Mu DNA is injected in Salmonella by 

phage P22, Mu transposition is lethal unless the strain is Rec+ (Sonti et al., 1993). This 

finding was explained by the suggestion that the N-less Mu cannot repair and therefore 

proceeds to replicate, thereby linearizing the chromosome (see Fig 1.5), which would 

then require recombination between the two copies of Mu in order to recover lysogens. A 

biochemical activity for the N protein remains to be demonstrated in vitro. Another 

candidate promoting repair might be the enhancer DNA segment, which was observed in 

vitro to remain associated with the transpososome even after completion of strand 

transfer (Pathania et al., 2003). This finding is curious because the enhancer plays an 

early role in assembly and is not required for the subsequent cleavage and joining 

reactions of transposition (Surette and Chaconas, 1992). The enhancer is part of the 

operator region controlling the Mu lysis/lysogeny decision (Fig 1.3B). Immediately after 

integration of infecting Mu, the early region must attract RNA polymerase for 

transcription from a set of divergent promoters within the enhancer. Interaction of the 



 67

transcription complex with the transpososome could alter it in some manner that 

promotes ClpX stimulation of the nuclease domains in a subset of the MuA subunits. 

Finally, like replication factors MRF-α and IF-2, which were identified only in 

biochemical assays (Fig 1.8), there are likely as yet unidentified host proteins that 

function in the repair pathway.  

 

Cellular repair of stalled Mu intermediates 

The longevity of the flaps in nuclease-deficient, ClpX disassembly-proficient 

mutants of MuA (Figs 3.1, 3.2) suggests that the Mu-host joints are protected in vivo even 

after disassembly of MuA. Very likely, MuA is exchanged for some host factors specific 

to the repair pathway, as it is for host factors specific to the replication pathway (Fig 1.8). 

In the absence of Mu-specific flap removal, cellular functions must eventually step in, as 

evidenced by isolation of lysogens after infection with MuA(LQLQQ)575-579 mutant 

phage, which had correctly repaired the Mu insertions (Table 3.1; the apparent frequency 

of lysogeny with wild-type or MuA(RQRQQ) phage was similar). In the absence of the 

Mu endonuclease, the flap endonuclease of DNA polymerase I might substitute. In the 

absence of ClpX, when Mu θ repair is also stalled, one expects that the un-disassembled 

transpososome would additionally block passage of the replication machinery, leading to 

cessation of growth or cell death. In keeping with this expectation, the infected clpX 

mutant ceases growth initially (Fig 3.5B). However, it recovers after 60 min suggesting 

that cellular proteins eventually disassemble the transpososome and repair the block. 

Lysogens recovered from infection of a clpX mutant had also repaired the Mu insertions 

correctly (Table 3.1). Thus, cellular repair of Mu integrants is quite robust. This may 
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explain why flap removal was not more delayed in a clpX mutant infected with wild-type 

phage compared to a clpX mutant infected with MuA(RQRQQ)575-579 phage (Fig 3.6). 

 The failure of repair after Mu integration was expected to trigger a check-point 

that would block replication, since the consequences of replicating a linear donor 

integrant would be to linearize the chromosome. However, this appears not to be the case 

as evidenced by the normal lysis and phage titres obtained upon infection with 

MuA(RQRQQ)575-579 phage (Fig 3.5A), which are defective in flap removal (Fig 3.2). I 

interpret this to mean that there is a narrow window of opportunity for completion of 

repair, in the absence of which replication can proceed. The free linear ends so generated 

would be protected by the N protein so that replicative amplification of Mu should not be 

affected.  
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Table 3.1 Sequence of several Mu cts62 A(LQLQQ)575-579 [MuABAN] lysogens 

isolated from a wild-type host, and wild-type Mu lysogens isolated from a clpX 

host 
 

Lysogen 
No.            Insertion gene 5bp sequence 

flanking Mu ends 

Insertion site 
(bp on E. coli 
chromosome) 

WT host infected with MuA (LQLQQ) 575-579 phage    
S2 AI-2 kinase CCCGA / CCCGA 1596903 
S3 arginine transporter subunit CCCGC / CCCGC 900614 
S4 predicted dehydrogenase CCCGG / CCCGG 835520 
S5 general secretory pathway component GCGGA /GCGGA 346395 
S8 ethanolamine ammonia-lyase CCCGG / CCCGG 2556238 
S9 carbamoyl phospate phosphatase GCGGC / GCGGC 2834634 

S10 predicted protein CCGAC / CCGAC 4233597 
L3 acetyl-CoA synthetase CCCGG / CCCGG 4283984 
L4 DNA binding transcriptional activator CCGCC / CCGCC 2853106 
L5 L-fuculose-1-phosphate aldolase ACGAG / ACGAG 2931687 
L6 predicted universal stress (ethanol tolerance) protein B CTGGC / CTGGC 3637368 
L8 predicted sugar transporter subunit GCCGA / GCCGA 4448964 

    
clpX host infected with WT phage    

1 formate dehydrogenase N, alpha subunit CTGGG/CTGGG 1545799 

2 nitrate reductase GAACC/GAACC 2299827 

3 GTPase CACAG/CACAG 4586101 
 

The lysogens were isolated as CamR colonies after infection with phages induced from 

CW45 and CW88 (see Table 2.1). The apparent frequency of lysogeny determined for 

Mu cts62 A(RQRQQ)575-579 (from CW88) was similar to that for wild-type phage (from 

CW45). At an m.o.i. (multiplicity of infection) of 5, there were 20% fewer survivors with 

the MuA mutant phage infection compared to wild-type phage infection; among the 

survivors, there were 10% more lysogens in the mutant infection compared to wild-type. 

Similar results were seen during infection of the clpX host, where despite a block in lytic 

growth, only ~10% of the infected cells survived. 
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Cellular repair of other Mu-like transposition events 

The DNA joints created by Mu transposition resemble those made by retroviral 

DNA, Tn7 and some IS elements (Hindmarsh and Leis, 1999; Haren et al., 1999). The 

Mu flap is unusual in being several hundred to several thousand base pairs long; in other 

elements the flap is only a few nucleotides long. It is not known whether dedicated 

enzymes are involved in flap removal in these elements. The gap left in the target after 

strand transfer may eventually be repaired by polymerases and ligases. Considerable 

research into retroviruses has revealed a strong link between integration and cellular 

NHEJ (non-homologous end-joining) mechanisms involved in DNA repair (Smith and 

Daniel, 2006). These proteins are normally involved in double-strand DNA break repair, 

but are also recruited to single-strand breaks, stalled replication forks, or bulky lesions. 

The exact mechanism by which retroviral integration intermediates are repaired remains 

to be demonstrated.  

 Similarities abound between retroviral integrases and the MuA transposase 

(Haren et al., 1999). The structures of their catalytic DDE domains are superimposable, 

as are their reaction mechanisms. Both are organized into three distinct domains and both 

function as multimeric complexes. Interestingly, the basic amino acid motif found in the 

BAN region of MuA is also found in the C-terminal domain of retroviral integrases 

which exhibit non-specific DNA binding (Andrake and Skalka, 1996). A peptide 

containing an RRKAK sequence derived from HIV integrase exhibited DNA-binding, but 

not nuclease activity (Puras et al., 1994).  It would be interesting to see if the flap 

removal function is unique to the Mu transposase, or if retroviral integrases also cleave 

their own flap, and use host proteins only for gap repair.  
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 CHAPTER 4: INVOLVEMENT OF THE MU ENHANCER IN FLAP 
REMOVAL DURING MU INTEGRATION 

 

Introduction  

 

Bacteriophage Mu uses two distinct transposition pathways in vivo: nonreplicative 

for initial integration and replicative for subsequent lytic growth (Fig 1.4) (Akroyd and 

Symonds, 1983; Harshey, 1984; Liebart et al., 1982; Chaconas et al., 1981). Both 

transposition pathways are initiated with single strand cleavages at each Mu end, and 

followed by joining of the cleaved ends to target DNA. The distinction between the two 

pathways is in the way in which a strand transfer θ intermediate is resolved. The 

intermediate is resolved by removal and repair of 5’ flap DNA in the nonreplicatve 

pathway, but by replication of Mu DNA during lytic growth, generating different end 

products - simple inserts and cointegrates - respectively (Fig 1.5) (Au et al., 2006). In the 

cointegrate product, donor and target DNAs are joined through the two duplicated copies 

of Mu. 

Although replicative transposition has been well established in vitro, 

nonreplicative transposition has only been observed in vivo. All the known requirements 

for replicative transposition are shown in Fig 1.8 (Nakai et al., 2001; North et al., 2007). 

Although the two transposition pathways are outcomes of alternate resolution of a 

common θ intermediate (Fig 1.5) (Au et al., 2006), all θ intermediates under the 

established in vitro assay are resolved to cointegrates, suggesting that the two pathways 

have different requirements. 
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In previous studies (Chapter 3) the endonuclease activity reported for the isolated 

C-terminal domain of the transposase MuA (Wu and Chaconas, 1995), which is not 

observed in the full length protein, is required in vivo for removal of the 5’ flap (Choi and 

Harshey, 2010). Efficient flap removal also requires the host protein ClpX (Choi and 

Harshey, 2010). ClpX is known to interact with MuA to disassemble the multi-subunit 

MuA strand transfer complex or Type II complex, in preparation for Mu replication 

(Levchenko et al., 1995). However, addition of ClpX to Type II reactions did not 

stimulate the endonuclease activity of MuA (see Fig 3.1C). Thus additional players 

appear to be responsible, and these players are distinct from the established requirements 

for replicative transposition.  

The main thrust of the experiments described in the present study was to test the 

hypothesis that the transposition enhancer regulates MuA nuclease activation either 

directly or indirectly by controlling transcription through it. The enhancer is a cis element 

with a dual role in the Mu life cycle. On the one hand the enhancer encodes the early 

regulatory region involved in the lysis-lysogeny decision (see below). On the other, it is 

essential for transpososome assembly in vitro, and increases the efficiency of mini-Mu 

transposition from plasmids by at least two orders of magnitude in vivo (Leung et al., 

1989; Mizuuchi and Mizuuchi 1989). In vitro, the enhancer provides a scaffold for 

transpososome assembly, which depends on an ordered set of interactions, initially 

between the enhancer (E) and the right end (R) to form a 2-site ER complex (Pathania et 

al 2002, 2003). The ER complex then recruits the left end (L) to form the LER complex, 

which progresses into the Type 0, Type I and Type II complexes (Fig 1.8). The dual 

enhancer- and end-DNA binding specificities of MuA (Fig 1.7) are responsible for 

bridging the E and end sites during transpososome assembly. After assembly of the Type 

0 complex, the enhancer is no longer required for the cleavage and strand transfer 
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reactions (Surette and Chaconas, 1992). However, the enhancer was observed to remain 

associated with the transpososome in both the Type I and Type II complexes (Pathania et 

al., 2003). The continued association of the enhancer with the Type II transpososome 

suggests a post-strand transfer role for the enhancer. This role could potentially include 

blocking the endonuclease activity of MuA, since this activity has not yet been observed 

in vitro. For the MuA endonuclease activity to be stimulated, perhaps the enhancer has to 

be either released or alter its association with Mu ends in the strand transfer complex. 

There are several known factors (see below) that hinder/alter the interactions between the 

enhancer and transpososome in the cell. 

The enhancer is a subset of the operator region that regulates the lysogenic-lytic 

switch. This region is composed of three sites, O1, O2, and O3 with a binding site for the 

DNA-bending protein IHF (integration host factor) between O1 and O2 (Higgins et al., 

1989) (Fig 1.3). Whereas all three sites are required for optimal enhancer function (Jiang 

et al 1999), a deletion analysis mapped the minimal region required for enhancer function 

to span O1 and half of the O2 site (Fig 1.6) (Surette et al., 1989). There are two divergent 

promoters within the enhancer - Pe within the O2 site for early rightward transcription, 

and Pc within the O3 site for leftward transcription of repressor gene c (Fig 1.3B) 

(Higgins et al., 1989; van Ulsen et al., 1997). The transcript from Pe includes ner, 

transposase A, and B (Wijffelman et al., 1974; Paolozzi and Symonds, 1987). Ner is a 

small (8 kDa) DNA-binding protein (Tolias et al., 1986), which regulates transcription 

from both Pe and Pc by binding to a region overlapping the two promoters (Fig 1.6) (Van 

Leerdam et al., 1982). Ner inhibits transcription from Pc, while allowing transcription 

from Pe. However, high levels of Ner inhibit Pe transcription as well, an inhibition which 

is alleviated by IHF (Goosen and van de Putte, 1984; Kukolj and DuBow, 1992). Ner has 

also been shown to play an additional essential role during lytic growth, which is 
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dependent on preventing Pc transcription, but independent of repressor synthesis (Goosen 

and van de Putte, 1986).  

In a Mu lysogen, the leftward transcription from Pc must traverse the entire 

enhancer region (Goosen and van de Putte, 1986). The product of this transcript, 

repressor protein c, binds to O1-O3 to not only shut off transcription from Pe, but also 

prevent the enhancer from participating in transpososome assembly. In addition, the 

repressor can bind to the L and R ends, further interfering with MuA activity (Harshey et 

al., 1985; Mizuuchi et al., 1986). Thus, maintenance of the interactions between the 

enhancer and transpososome must depend on the orientation of transcription from the two 

promoters, which control production of repressor, Ner and MuA. 

Here several in vitro and in vivo strategies were used to test the role of the 

enhancer and early transcription in promoting the flap removal process specific to the 

nonreplicative pathway. In vitro, I generated enhancer-independent transpososomes by 

several methods. I also attempted to mimic the structure of the incoming infecting Mu 

DNA, and to stimulate the nuclease activity with ClpX aided by a protease. In vivo, an 

altered enhancer specificity phage to test if the enhancer was even required for the initial 

integration event, and ner- phage was used to alter the pattern of transcription through the 

enhancer and to test its effect on flap removal. Of all these experiments, only the in vivo 

infection experiments yielded positive results. The data showed that the enhancer is 

required for integration, and that Ner is essential for flap removal. 
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Results 

ClpX is not sufficient for activation of MuA nuclease in vitro. 

In vivo, ClpX was seen to be required for flap removal (Fig 3.4). However, 

addition of ClpX to the Type II complex did not result in flap removal in vitro. I therefore 

tried several additional manipulations of the reaction conditions in the presence of ClpX. 

The standard Mu transposition reaction requires a negatively supercoiled mini Mu 

plasmid, MuA, MuB, E.coli protein HU, a target DNA, Mg 2+ and ATP. The mini Mu 

donor must include correctly oriented L and R ends and the enhancer. With all these 

requirements, the cleaved Mu ends in the donor plasmid are transferred to the target DNA 

generating the Type II complex. If MuB, ATP, and target DNA are omitted, the reaction 

stops at Mu 3’ end cleavages generating the Type I complex (Fig 4.1).  Here pSP104 

was used as a mini Mu donor (4.1 Kb) (Pathania et al., 2002) and pUC19 (2.7 Kb) as the 

target. The mini Mu donor plasmid is composed of 1.9 Kb of Mu sequences and 2.2 Kb 

of the plasmid backbone. If the flap, which is the non-Mu DNA backbone attached to the 

Mu 5’ ends in the Type II complex, is cleaved, it will release the 2.2 Kb donor backbone 

from the Type II complex while generating a simple Mu insert into the target (Fig 4.1).  

When ClpX was added to the Type II complex, simple inserts and free donor 

backbones were not generated, although ClpX was functional in transpososome 

disassembly as indicated by production of θ DNA topoisomers (Fig 4.2A; see also Fig 

3.1C). This experiment was repeated with various amounts of ClpX, without success. 

ClpX also was incubated with the Type I complex to allow MuA interactions with ClpX 

prior to interactions with MuB, since MuB competes with ClpX for an overlapping 

recognition site in MuA. As shown in Fig 4.2A, some of the transpososomes in the Type 
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I complex disassembled producing transpososome-free nicked donor plasmids (D(oc)), 

but there was no 5’ flap cleavage.  

Since the endonuclease activity of MuA is masked in the full length protein and is 

observed only when domain III is expressed separately (Wu and Chaconas, 1995), I 

added trypsin, a serine protease, to the reaction with the idea that trypsin might assist the 

function of ClpX in stimulating the endonuclease activity of MuA by its proteolysis 

activity. Trypsin alone generated θ topoiosmers like ClpX, by degrading the MuA 

subunits in transpososomes (Fig 4.2B, lane 5). The combination of ClpX and trypsin did 

not cause flap removal (Fig 4.2B, lanes 6 and 7).  

The infecting Mu genome is not a closed circular DNA but a non-covalently 

circularized linear DNA with Mu encoded N protein. To test whether the structure of 

donor DNA is important for the flap removal, the donor plasmid backbone was cut with 

AatII restriction enzyme, which makes a single cut leaving 86 bases from the outside 

right end and 2.2 Kb from left end in the Type I complex. The cleaved Type I complex 

mimics the circularized linear Mu DNA with linear non Mu DNA flanking both the 5’ 

Mu ends, but lacking the bound N protein. If the flap DNA is cleaved after strand transfer 

of the AatII-digested Type I complex, it will generate a 4.6 Kb simple insert and linear 

2.2 Kb + 86 bp DNA fragments. The AatII-digested Type I products migrated slower 

than the Type I complexes (arrow in lane 3 in Fig 4.3). During the transition from the 

Type I to the Type II complex, several intramolecular transposition products, where the 

nicked 3’ ends of Mu are transferred into sites within the donor DNA itself, were formed 

(lane 5). After ClpX incubation, half of the reaction was directly analyzed on a 1% 

agarose gel with the other half treated with 1% SDS, which denatures proteins and 

improves the visibility of DNA bands. None of the Type II reactions (lanes 7-12) yielded 

backbone DNA expected after flap removal.  
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In summary, ClpX is not sufficient to promote flap removal either by itself, in the 

presence of trypsin, or when the donor DNA is linearized to partially mimic the incoming 

phage genome. 



 
 
 
 

Figure 4.1 A schematic in vitro nonreplicative transposition.  

(A) The mini Mu plasmid pSP104 consists of Mu DNA (red) including the enhancer (E) 

and two Mu ends L and R shown in black, and the plasmid backbone (blue). pUC19 

target plasmid is shown in green. The nucleoprotein complexes Type I and Type II have 

been observed in vitro in the replicative pathway. The preceding ER, LER and Type 0 

complexes are not shown. The Type II complex with cleaved flaps is hypothesized for the 

nonreplicative pathway. (B) Expected configuration of DNA in the complexes shown in 

A. The nicked Mu ends (black) join to the target DNA (green) generating the θ strand 

transfer intermediate. In nonreplicative transposition, cleavage of the 5’ flaps flanking 
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Mu will result in a simple Mu insert into the target, and release a free plasmid DNA 

backbone (blue).     
 
 



 

 

Figure 4.2 Effect of ClpX on flap removal. 

(A) ClpX addition to Type I and Type II complexes. After the formation of the Type I 

and the Type II complexes as described in Chapter 2, ClpX (132 ug/ml) was added to the 

reactions with 5 mM ATP and incubated for 1h at 30 °C. (B) Trypsin treatment of Type 

II complexes in presence and absence of ClpX. 250 ng/ml of trypsin (for trypsin only, 
 80
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lane 5) and 25 ng/ml (lane 6) – 250 ng/ml (lane 7) of trypsin in combination with ClpX 

(132 ug/ml) were added to the reaction and incubated for 1h at 30 °C. D, donor pSP104; 

T, target pUC19; oc, open circular; sc, supercoiled; θ, disassembled θ topoisomers; SM, 

500 bp ladder marker. 

 



 

Kb 

 

Figure 4.3 Influence of the donor DNA structure on flap removal activity.  

Type I complex was converted to the Type II complex by incubation with MuB, ATP, 

and the target DNA for 20 min at 30 °C, either before (lanes 5 and 6) or after (lanes 7 

and 8) digestion with the AatII restriction enzyme for 10 min at 30 °C, respectively. 

ClpX was added to the Type II reactions as in Fig 4.2 (lanes 9-12). Each Type II 

reaction was also treated with 1% SDS prior to gel electrophoresis (lanes 6, 8, 10, 

12). Arrows indicate the AatII-cleaved Type I and Type II complexes, respectively. 

Intramolecular transposition products were indicated with ‘Int’. The lane 1 is a 

control for DNA only. ln, linear. Other symbols are as in Fig 4.2. 
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Transpososomes assembled without enhancer do not display flap removal in vitro 

Enhancer-less transpososomes were assembled by the following 5 different 

strategies.  

 

Use of enhancer-independent MuA(∆1-84). Several N-terminal deletions of 

MuA that included the enhancer binding domain Iα (1-76 aa) (Fig 1.7), were found to 

display enhancer-independent transposition activity (Yang et al 1995). We used the 

enhancer-independent variant MuA(∆1-84) in strand transfer reactions. This variant was 

reported to display ~15 % - 20 % of the wild-type Type I activity. As shown in Fig 4.4, 

the formation of Type II with MuA(∆1-84) was quite inefficient (lane 4). Inclusion of 5-

10 % glycerol, which is known to enhance the efficiency of in vitro transposition, did not 

increase the activity of MuA(∆1-84) (not shown). The Type II product formed by 

MuA(∆1-84) was not disassembled by ClpX (compare the lane 4 and 5 in Fig 4.4), 

suggesting that the N-terminal deletion of MuA apparently affects interactions with 

ClpX. No flap removal activity was observed in these reactions, even upon addition of 

SDS to disassemble the complex (lane 6). However, lack of ClpX-mediated disassembly 

in this experiment, precludes knowledge of whether ClpX interacted with the complex. 

Thus, enhancer requirement for flap removal cannot be assessed in this reaction. 



 

 

 

Figure 4.4 Use of MuA(∆1-84) for formation of Type II complex. 

The reactions were carried out as in Fig 4.2A except with the use of MuA(∆1-84). Type 

II complexes were disassembled with ClpX. SDS was added to lane 6 for complete 

disassembly (SDS treatment decreased the amount of DNA overall, perhaps accounting 

for the diminution of the linear donor D (ln) band). Other symbols are as in Fig 4.2. 
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Use of R1-R2 oligonucleotide substrates. The Mu left and right ends consist of 

three subsites, L1 to L3 and R1 to R3, respectively (Fig 1.3). The right end fragment 

containing R1 and R2 can assemble a stable transpososome and transfer cleaved ends to 

the target in the presence of dimethylsulfoxide (DMSO) (Namgoong et al., 1994). DMSO 

is known to overcome the requirement for the enhancer, DNA supercoiling, a correct 

orientation of the Mu ends, HU and MuB (Mizuuchi and Mizuuchi, 1989). So, we used 

the enhancer-independent DMSO reaction with R1-R2 oligonucleotides as donor 

substrates to test flap removal. Cleavage of the donor substrates and strand transfer to 

supercoiled target DNA is seen in Fig 4.5 lane 2, where the two strand transfer product 

bands arise from single- and double-end insertion of the donor DNA into the target. Flap 

DNA cleavage was expected to release ~ 200 bp DNA. Such a product was not observed 

either in the absence (lanes 2, 4) or in the presence of ClpX (lanes 3, 5).  



 

 

Figure 4.5 Use of R1-R2 oligonucleotide substrates for formation of the Type II 

complex.  

(A) A schematic of nonreplicative transposition with the R1-R2 substrate. The substrate 

is ~400 bp in length, with ~200 bp outside R1. The R1 and R2 sequences are shown with 

thick line and non-Mu DNA part is shown with dotted line. Within the 2-end reaction 
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complex, the R1 termini are shown nicked, with the 3’ ends of the nicks indicated by 

arrowheads. Target DNA is shown as thin lines. After strand transfer by either a single or 

a double-end insertion of the donor substrate, cleavage of the flaps attached to the 5’ end 

will generate ~200 bp of linear DNA.  (B) In vitro transposition with the R1-R2 

substrates. The reaction was carried as described in Methods. The Type I and the Type II 

complexes are indicated.  
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NEM treatment. This experiment was based on our previous observations that 

transpososomes assembled on supercoiled substrates (Type 0), when treated with NEM 

(N-ethyl maleimide), disrupt enhancer interactions (Z. Yin and R. M. Harshey, 

unpublished data). Indeed, EM studies employing NEM failed to find the enhancer in 

stable complexes (Lavoie and Chaconas, 1990). NEM is commonly used to modify 

cysteine (Cys) residues in proteins. Although the enhancer binding domain of MuA 

contains one Cys (C10) residue, it is not known whether the NEM modification on C10 

affects enhancer interaction.  

Based on previous work in the lab, 1 mM NEM was added to the transposition 

reaction, incubated for 10 min on ice, and then the reaction was quenched with 10 mM 

DTT. ClpX addition after NEM treatment of the Type I or the Type II complexes 

promoted intramolecular transposition as well as disassembly of transpososomes, but did 

not promote the flap DNA cleavage (Fig 4.6, lane 5 and 9). In a variation of this 

experiment, the Type 0 complex was treated with NEM and allowed to convert to Type I 

and Type II as described in Methods. As expected, NEM did not prevent Type 0 

conversion to Type I or Type II (since the enhancer is required for assembly and not for 

cleavage and strand transfer in vitro), but there was no evidence of flap removal (not 

shown). Increasing amounts of NEM (up to 2.5 mM) and prolonged incubation (30 min) 

did not change reaction outcomes (not shown).   

  



 

 

Figure 4.6 NEM treatment of Type I and Type II complexes. 

After formation of the Type I and the Type II complexes as described in Methods, 1 mM 

NEM was added to the reaction, incubated for 10 min on ice, and quenched with 10 mM 

DTT for 5 min on ice. ClpX was treated as Fig 4.2. The arrows indicate intramolecular 

transposition products. Symbols are as in Fig 4.2. 
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Restriction enzyme digestion of the enhancer region in transpososomes. In 

this approach, the enhancer region in Type I or Type II complexes was cleaved with a 

restriction enzyme to disrupt enhancer interactions within the transpososomes. A 

functional enhancer in vitro requires O1, the intervening IHF binding site, and O2 (Fig 

1.3B) (Surette et al., 1989). A DNA bend in the region intervening O1 and O2 – whether 

induced by IHF at low superhelical densities, or by high plasmid superhelical densities in 

the absence of IHF, appears to be important for enhancer function. There is a naturally 

occurring MluI recognition site within the IHF binding site. However, the donor plasmid 

pSP104 has two additional MluI sites. Therefore the MluI site within the enhancer was 

changed to a NcoI site, while removing the single NcoI site in a target DNA by site 

directed mutagenesis. 

Digestion of the Type I and the Type II complexes with NcoI was carried out for 

30 min at 30 °C, followed by ClpX incubation. NcoI cleavage will cause supercoiled Mu 

DNA in the complexes to relax, resulting in their slower migration (see arrows in Fig 4.7 

B and C). With ClpX addition, the NcoI cleaved Type I complexes easily disassembled 

compared to the uncleaved Type I complexes and migrated at linear DNA positions (Fig 

4.7B, lane 7 and 9). The ClpX-treated complexes migrated at higher positions than the 

NcoI cleaved Type II complexes, indicative of complete cleavage by NcoI (Fig 4.7C, lane 

5). Denaturation of the cleaved Type II complexes with 1% SDS displayed the similar 

band patterns as ClpX-treated complexes (Fig 4.7C, lane 5), suggesting the complexes 

are completely disassembled by ClpX (not shown). Despite disrupting the essential IHF 

site, which is expected to destroy the DNA bend essential for this region to maintain its 

conformation in the complex, flap removal was not observed. 



 

 

Figure 4.7 NcoI digestion of the enhancer region in Type I and Type II 

complexes.  

(A) A schematic to show the NcoI-cleavage and subsequent flap removal in the Type I 

and the Type II complexes. Mu ends and the enhancer are shown in black. Blue, non-Mu 

DNA; red, Mu DNA; green, target DNA. NcoI (0.2 units) was added to the each 20 ul 
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reaction after formation of the Type I (B) or the Type II products (C) and incubated for 

30 min at 30°C. In B, duplicate reactions were analyzed. After NcoI digestion, ClpX was 

added to the reaction as Fig 4.2A. Symbols are as in Fig 4.2. 
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The enhancer supplied in trans. The enhancer normally acts in cis but it can act 

in trans when supplied as a linear fragment at a 40-fold molar excess and in the presence 

of IHF, to a supercoiled donor plasmid containing the two Mu ends (Surette and 

Chaconas, 1992). After transpososome assembly, the linear enhancer DNA can be 

removed by heparin treatment.  

An enhancer-in-trans reaction was peformed with a Mu end-containing plasmid 

pJHN, a PCR amplified linear enhancer fragment, and IHF. Type I complex formation 

was dependent on added enhancer (E) and IHF under these conditions (Fig 4.8A, 

compare lanes 3 and 4 to lane 2). In the absence of heparin, the most pronounced gel-shift 

was observed with the enhancer fragment, likely due to IHF binding (lane 3). This gel 

shift was abrogated upon addition of 1 ug heparin, conditions reported to remove the 

enhancer from the assembled complex as well (Sewitz et al., 2003). The enhancer-free 

Type I was used in Type II reactions by the addition of MuB and ATP (Fig. 4.8B). Flap 

removal was not observed in the absence or presence of ClpX under these conditions (Fig 

4.8B, lanes 5-7).  

 



 

 

Figure 4.8 Type I assembly by providing enhancer in trans, and subsequent Type 

II reactions in absence of enhancer.  

(A) Type I assembly with enhancer-deleted Mu donor pJHN (D), PCR fragment 

containing the enhancer (E), MuA, HU, and IHF. The buffer conditions were the same as 

in normal transposition reaction. Lane 1, pJHN donor; lane 2, donor + enhancer fragment 

E in absence of IHF; lane 3, donor + E + IHF; lane 4, addition of 1ug heparin to remove 

E from the Type I complexes. (B) Conversion of the Type I (obtained in lane 4 of A) to 

Type II by addition of MuB, target DNA pUC19 (T), and ATP. Non-Mu (NM) and Mu 

(M) DNA markers were prepared by amplification of appropriate regions from the 

plasmid. The amplified non-Mu DNA is ~100 bp larger than the actual non-Mu part. The 

released flap DNA is expected to be the size of the NM marker. Other symbols are as in 

Fig 4.2. 
 94



 95

In summary, a variety of in vitro manipulations designed to test flap removal in strand 

transfer complexes without the enhancer and in the presence of ClpX, failed to display 

this activity, suggesting either that the enhancer is not involved, or that there are 

additional missing components required for stimulating the flap removal activity of MuA 

in strand transfer complexes.   

 

The enhancer is required for initial Mu integration in vivo.  

While the enhancer has been known to be essential for efficient Mu transposition 

during the replicative phase, no direct experiment had been done to test its requirement 

during the non-replicative phase. Prior to the in vitro experiments described above, I 

investigated whether the enhancer was indeed required for integration of infecting Mu. 

To test this, I used the transposase of a related phage D108, which differs from the Mu 

transposase only in its enhancer binding activity (Fig 4.9A) (DuBow 1987; Gill et al., 

1981; Toussaint et al., 1983; Harshey et al., 1985; Mizuuchi et al., 1986). MuA and 

D108A can functionally substitute for each other if provided with the cognate enhancer 

sequences in cis with respect to the att sites (Toussaint et al., 1983; Yang et al., 1995). 

Our lab has used this transposase effectively to dissect Mu end-enhancer interactions 

(Yang et al., 1995; Jiang et al., 1999).  

 

Our experimental strategy for testing the requirement for the enhancer during Mu 

integration was as follows. Mu A amber phages propagated in a sup+ host were used to 

infect a sup- host, supplying either wild-type MuA, D108A or the enhancer-independent 

MuA (∆1-84) from the plasmid in the recipient host, to allow Mu integration. The 

specificity of D108A was ascertained by complementation of an A- D108 lysogen for 
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prophage induction, which was observed only with D108A and not MuA (data not 

shown). If the enhancer is not required for Mu integration, the A amber phage should 

integrate when complemented by all three of the proteins.  

After infection of the Mu A amber phages in sup- hosts expressing one of the 

three transposase variants described above, total cellular DNA was isolated from these 

strains at various times up to 50 min (as shown in Fig 2.1), and the DNA was subjected to 

PFGE (Pulse field gel electrophoresis) to separate the integrated Mu in chromosomal 

DNA from free Mu. The chromosomal DNA was isolated and used for PCR with primers 

specific to Mu. When the complementing transposase was wild type MuA, the Mu A 

amber mutant integrated into the host chromosome with normal kinetics, being first 

detected by 15 min and increasing continuously thereafter due to Mu replication (Fig 

4.9B). However, there was no detectable Mu integration signal when the complementing 

transposase was D108A or MuA (∆1-84) (only D108A data shown in Fig. 4.9B). Thus, 

the enhancer is essential for non-replicative Mu integration, as it is for replicative 

transposition.  
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Figure 4.9 Integration of MuA am phage in a sup- host, assisted by MuA or 

D108A proteins expressed from a plasmid. Organization of MuA, D108A and 

MuA (∆1-84) proteins. The enhancer binding domain (Iα) in D108A (shown in the 

gray circle) originated from D108 phage. (B) MuA am phage was infected in a sup- 

host carrying plasmids expressing wild type MuA, D108A or MuA (∆1-84). Only 

data from the first two infections are shown. Mu integration was detected by 

amplifying the Mu B gene as described in Fig 3.2. N, no template control; M, input 

Mu; C, PFGE control to gauge the extent of contamination of the genomic DNA with 

free Mu DNA. 
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Ner protein levels are critically important for flap removal in vivo.  

The in vitro experiments described above, which tested a direct inhibitory role for 

the enhancer in flap removal, failed to uncover such a role. I therefore considered the 

possibility of a more complex role for the enhancer, involving bidirectional transcription 

from Pe and Pc, or early regulatory proteins synthesized from this region playing 

additional roles as co-factors. A potential candidate for an early regulatory protein is Ner, 

which not only shuts off Pc transcription and repressor synthesis, but was shown to play 

an additional essential role during the lytic cycle (Goosen and van de Putte., 1986). 

Therefore, a ner- prophage was first constructed as described in Methods.   

The ner- prophage cannot go through lytic growth. Phage production was 

therefore induced with the supply of Ner, A, and B by two different plasmids together. 

Plasmid pWY62 expressed all three genes from the natural Pe promoter, but 

complementation from this plasmid was not enough to generate high phage titers. A 

second plasmid pIL153, which expressed A and B at a basal level without any promoter, 

was therefore introduced in addition into the ner- prophage strain. The ner- phage 

resulting upon induction, were used to infect a ∆lac host as described in Fig 2.1. The 

infected host carried one of three different plasmids – pBAD-ner (pWY59), pWY62, 

pIL153.  Only the host expressing all three proteins (Ner, A, B; pWY62) supported lytic 

growth by the infecting phage (Fig. 4.10). Absence of phage growth in the host 

expressing only A and B (pIL153) is consistent with earlier data showing that Ner is 

required for lytic growth (Goosen and van de Putte, 1986). The host where Ner 

expression was induced (pBAD-ner) did not support lytic growth likely because Ner 

autoregulates Pe expression, and high levels of Ner are expected to shut off this promoter 

(Goosen and van de Putte., 1986).  
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Figure 4.10 Lysis profiles of cells infected with ner- phage.  

Wild-type (sup-) strain BU1384, carrying three different plasmids, was infected 

with ner- phage at an MOI of 5. pBAD-ner supplied Ner under Para, where expression is 

inducible with 0.1 % arabinose. Ner, A, and B were expressed from the Pe promoter in 

pWY62. A and B were expressed without any specific promoter in pIL153.  
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Irrespective of whether the infecting ner- phage went through the lytic cycle, I 

was interested in determining whether the infected hosts support Mu integration, and if 

so, whether the ner- mutation affects flap DNA removal. This experiment is shown in Fig. 

4.11. In cells infected with wild type phage, Mu integration was detected within 15 min 

of infection together with detection of flap sequences. The Mu signal increased at 30 min 

and at 50 min, but the flap signal showed a notable decrease by 30 min and disappeared 

at 50 min. The ner- phage showed slightly delayed integration compared to the wild type 

(Fig. 4.11, no-vector panel). However, the flap signal persisted up to 90 min in this 

infection, indicative of failure of flap DNA processing. Similar results were obtained 

when the host expressed only A and B (pIL153) (not shown). When the host expressed 

Ner, A and B (pWY62), the infecting ner- phage showed a profile of integration and flap 

removal similar to that with wild-type phage. Interestingly, in infections of the host 

harboring pBAD-ner, absence of arabinose supported a wild-type pattern of flap removal, 

but addition of 0.1% arabinose inhibited flap removal. The kinetics of Mu integration 

were similar to that of the no-vector control in these two strains. I interpret these 

experiments as follows. Ner is not required for integration, but is critical for flap removal. 

There is no flap processing either in the absence of Ner (no-vector control) or when Ner 

is in excess (pBAD-ner, 0.1% arabinose). Low levels of Ner (pBAD-ner, no arabinose) 

made by leaky expression (known to occur from the pBAD promoter in the absence of 

repression by glucose) are necessary for flap removal.  

To re-confirm these observations, as well as monitor flap removal in all strains for 

the same period of time uncomplicated by the lytic development of Mu, the infections 

were repeated in a himA host, which does not support Mu replication. As shown in Fig 

4.12 (left panels), the efficiency of Mu integration was similar in all three conditions - 

basal level expression, high level expression, and no expression of Ner. However, the 
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kinetics of flap removal were consistent with the results of infections in the wild-type 

host shown in Fig 4.11. The flap signal was not detected after 50 min at basal level 

expression of Ner, but persisted up to 90 min either in the absence of Ner or when Ner 

was overexpressed.  

In summary, ner- phage are proficient in integration, but defective in flap DNA 

removal. The levels of Ner were critical for the latter process. Thus a new player in the 

flap removal reaction has been identified. 



 

 

Figure 4.11 Flap removal from wild-type host infected with ner- phage in vivo.  

Wild type host BU1384 carrying indicated plasmid vectors was infected with ner- phage. 

Mu or flap sequences were amplified as described in Methods. Symbols are as Fig 4.9B.
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Figure 4.12 Flap removal in himA host infected with ner-phage.  

Reaction conditions as in Fig 4.9, except infection was in a himA host BU1382. 
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Discussion 

 

The nonreplicative or repair pathway of Mu transposition has yet to be established 

in vitro. Studies described in this chapter were aimed at identifying DNA or protein 

factors involved in channeling the θ intermediate into the repair pathway. In previous in 

vivo studies (Chapter 3), this pathway required activation of the endonuclease activity in 

the domain III of MuA, as well as ClpX. I hypothesized that ClpX, which is known to 

interact with domain III of MuA, the domain that harbors the cryptic endonuclease, is 

somehow involved in activating this nuclease in the strand transfer complex, leading to 

cleavage of the 5’ flaps attached to the flanking Mu DNA in the θ intermediate (Fig 3.7). 

However, ClpX by itself did not show flap removal when added to Type II reactions in 

vitro (Fig 3.1C, Fig 4.2A), suggesting involvement of additional factors. Several 

possibilities were considered. First, I focused on the difference in the structure of the 

donor substrate between replicative and nonreplicative transposition. In replicative 

transposition, the donor Mu is part of the chromosome, not unlike the covalently closed 

circular mini Mu plasmid substrates used in vitro. The infecting Mu genome on the other 

hand is linear, but noncovalently circularized by N protein bound on both ends. To test if 

the donor conformation is important for flap removal, I cleaved the backbone DNA of 

mini Mu plasmid in the Type I complex to partially mimic the infecting donor. Absence 

of flap removal under these conditions (Fig 4.3), suggests either that a potentially linear 

configuration is not important, or that the Mu N protein may be important. Thus a 

purified Mu DNA-N protein complex needs to be tested in vitro in future experiments. 

 Next, we considered a direct role for the enhancer DNA segment in inhibiting 

flap removal in vitro, and used several strategies to disrupt its interaction with the Mu 
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ends within the transpososome (Figs 4.4-4.8). This possibility was entertained because 

the enhancer is only essential for Type 0 assembly in vitro, and is not required for the 

chemical steps of cleavage and strand transfer (Surette and Chaconas, 1992), yet it 

remains associated with the Mu ends even after completion of strand transfer (Pathania et 

al., 2003). However, none of these disruptive strategies yielded a positive result. These 

results suggest either that the enhancer plays no role in the repair pathway, or that there 

are additional factors missing in the in vitro reaction. 

Although the simple presence or absence of the enhancer within the strand 

transfer complex did not change the outcome of the in vitro transposition reaction, the 

possibility of enhancer involvement by other mechanisms cannot be excluded. The 

enhancer is indeed very dynamic in function and structure. In vivo, transcription 

complexes are moving through the enhancer in opposite directions, and IHF is likely 

present within the complex as well (Fig 1.6). IHF was observed to stimulate transcription 

from Pe, but repress transcription from Pc when a plasmid bearing the enhancer region 

changed from the relaxed to the negatively supercoiled form (Higgins et al., 1989). This 

effect of IHF is thought to be responsible for the lack of lytic development of Mu, as well 

as its suboptimal integration efficiency during infection, although IHF does not contribute 

to the flap removal directly since a himA mutant supports flap removal in vivo. Also, the 

presence of IHF in vitro does not show any evidence of flap removal.  

Ner and repressor c proteins also bind to the enhancer and impact the bidirectional 

transcription through the region (Van de Putte et al., 1980). The repressor protein is 

known to inhibit Mu transposition (Wijffelman et al., 1974). The regulatory roles of Ner 

in inhibiting Pc transcription while promoting Pe transcription are well established 

(Kukolj and DuBow, 1992). However, Ner was reported to be essential for lytic growth 

by a mechanism independent of inhibition of repressor synthesis, but dependent on 
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inhibition of Pc transcription (Goosen and van de Putte, 1986). The molecular basis of 

this observation is not known, and suggests that Ner function is under-investigated. In 

this study, a novel involvement for Ner in flap DNA removal was observed (Fig 4.11-12). 

There was no flap removal in the absence of Ner, so Ner is clearly essential for this 

process. However, flap processing was seen only at low levels of Ner, with high levels 

being inhibitory. This result might reflect either direct or indirect effects of Ner. In a 

direct-effect model, Ner interacts specifically with MuA to stimulate its endonuclease 

activity. In an indirect-effect model, the transcriptional effects of Ner modulate 

transpososome configuration. These preliminary results showing a critical role for Ner 

are exciting, and open up many new questions for the future, which will involve assessing 

the direct effects of Ner in vitro, as well as separating its transcriptional effects on the 

two promoters both in vivo and in vitro. 
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