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Supervisor:  Rasika M. Harshey 

 
               Transposition of bacteriophage Mu takes place within nucleoprotein 

complexes called transpososomes. Assembly of a transpososome requires transposase 

binding to multiple sites within the L and R ends of Mu and an internal transpositional 

enhancer E, present on supercoiled DNA. L, R and E interact such that five negative 

DNA supercoils are trapped within the transpososome. We have carried out topological 

studies aimed at understanding the contribution of all of these elements to 

transpososome assembly. We have found that the transposase has an inherent capacity 

to interwrap distant DNA sites. Under enhancer-independent reaction conditions, two 

topologically distinct synapses were identified. These studies have revealed that the 

enhancer as well as the ends, contribute to the topological selectivity of the Mu synapse. 

We have identified specific end – enhancer interactions critical for assembly. Based on 

our topological studies as well as other data, we propose a new model for the structure 

of the 5-noded 3-site Mu complex.  
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Chapter 1:  Introduction 

 

TRANSPOSABLE ELEMENTS 

 

Ubiquitous transposable elements and their biological significance  

              Transposable elements (TEs) are a heterogeneous class of genetic elements 

that can move from one location to another on chromosomes. Nearly all genomes of 

bacteria, plants and animals contain TEs (Kidwell and Lisch, 2000). The proportion of 

TEs in these genomes varies from 1-2% in E. coli, 3% in yeast, 15% in fruit fly, to 50-

80% in maize, and more than 70% in barley (Kidwell and Lisch, 2000). Completion of 

the human and mouse genome sequencing projects has confirmed that TEs have also 

played a major role in shaping mammalian genomes, since at least 45% of the human 

genome and 37% of the mouse genome is composed of DNA sequences related to 

transposable elements (Lander et al., 2001). 

 

              Transposable elements have profound effects on genome structure and 

function, modulating gene expression and generating a variety of genetic 

rearrangements (Craig, 2002). The movement of TEs can either activate or inactivate 

genes depending on the location of their insertion sites on chromosome. Inversions or 

deletions of chromosomal DNA are also promoted either as the direct consequence of 

movement of TEs within a single chrosmosome, or indirectly by host DNA 

homologous recombination on dispersed DNA repeats, which are the result of 

movement of TEs. Many TEs, especially in bacteria, encode additional functions such 

as antibiotic resistance gene or virulence factors. Their dissemination among species 
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has contributed to the shared bacterial gene pool (Curcio and Derbyshire, 2003). 

Therefore, mobile DNA elements indeed have an impact on genome evolution by 

introducing genetic instability and genomic diversity. 

 

             In eukaryotes, TE-associated functions have been co-opted by the host to alter 

the genome structure and introduce diversity, like V(D)J immunoglobulin gene 

rearrangements and nuclear intron splicing (Curcio and Derbyshire, 2003). 

Retroviruses (HIV-1) also use a TE function to integrate their cDNA into a target.  

 

Classification  

              Transposable elements can be classified into two major classes: DNA 

transposons and retrotransposons, based on whether their transposition intermediate is  

DNA or RNA (Finnegan, 1989). DNA transposons, which move commonly by 

excised DNA intermediates, are the best-characterized family of transposons, 

including Ds and Ac elements originally discovered in maize by Barbara McClintock 

in the 1940s. However, it was not until 1960s that transposable elements gained a wide 

acceptance with the discovery of DNA transposons in bacteria. Many bacterial DNA 

transposons have been studied since then. These fall into several general groups: 

insertion sequences (IS1, IS3 etc.), composite transposons (Tn10, Tn5), non-

composite transposons (Tn3, Tn7) and transposable phages (Mu). IS elements are the 

simplest transposons, which have a pair of 10-40 bp identical or near-identical indirect 

repeats at their ends and only encode gene products (transposases) required for 

transposition. Composite transposons have a pair of direct or inverted IS elements 

flanking genes conferring some advantage to the host such as antibiotic or toxin 

resistance. For instance, Tn10, a composite transposable element, is a 9.3 kb DNA 
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element encoding tetracycline resistance, flanked by a pair of inverted IS10 elements 

at its ends. Non-composite transposons (Tn3) lack flanking IS elements, but have a 

pair of inverted repeats at their ends. Many transposons carry antibiotic resistance 

genes (Craig, 2002).  

 

            A majority of mammalian TEs are retrotransposons, which move by being 

transcribed to RNA and then back to DNA by a reverse transcriptase. They can be 

divided into two sub-classes - long terminal repeat (LTR) retrotransposons and non-

LTR retrotransposons. The latter are further divided into long interspersed elements 

(LINEs) and short interspersed elements (SINEs). LINEs, about 4-7 kb in length, are 

transcribed by RNA polymerase II and encode the enzymatic activities required for 

their mobility. SINEs, non-coding sequences of 80-400 bp, are transcribed by RNA 

polymerase III; and LINEs-encoded endonuclease and reverse transcriptase are 

involved in SINEs retrotransposition (Dewannieux et al., 2003).  

 

Mechanisms of transposition: DDE-transposases 

               How do these different transposable elements move? Five major protein 

families are involved in transposition: DDE-transposases, rolling-circle (RC)- or Y2-

transposases, tyrosine (Y)-transposases, serine (S)-transposases, and RT/En (a 

combination of reverse transcriptase and endonucleases) (Curcio and Derbyshire, 

2003). These proteins employ different catalytic mechanisms to mediate the DNA 

cleavage and joining reactions involved in transposon movement. Here, we will 

compare the varous transposition mechanisms underlying DDE-transposases. 
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               DDE-transposases are encoded by a large variety of transposons including 

Mu, Tn5, Tn10, Ac, Tc, P, Mariner elements etc. The conserved amino acids Asp (D), 

Asp (D) and Glu (E) coordinate divalent metal ions implicated in assisting the various 

nucleophilic attacking groups during the DNA cleavage and strand transfer reactions 

(Chaconas and Harshey, 2002). First, the phosphodiester backbone at each end of the 

transposon undergoes water-mediated hydrolysis to generate free 3’ends. Second, the 

exposed 3’ends function as nucleophiles to directly attack the target DNA in a trans-

esterification reaction. The nucleophilic attack by the two free 3’ends on each strand 

of the target is staggered, separated by 2-9 nucleotides. DNA repair or replication 

results in the duplication of these 2-9 nucleotides, a hallmark of DDE-transposition 

(Curcio and Derbyshire, 2003). The DDE-motif is not only present in transposases, but 

is also employed by other proteins like retroviral integrases (HIV-1 and ASLV) and 

V(D)J recombinase (RAG1).  

 

               Although the DDE-transposases perform the same chemical reactions, the 

mechanisms they employ are various. Transposon movements can be categorized into 

“Copy-in”, “Cut-out, paste-in” and “Copy-out, paste-in” (Figure 1.1). 

 

“Copy-in”  

                Representive transposons employing this mechanism are the Mu and the 

Tn3 families. Transposases of Mu and Tn3 make single strand cleavages at their 3’ 

ends and join the free 3’ends of the transposon to the target, resulting in a branched 

strand-transfer intermediate. Replication from the newly exposed 3’ends in the 

flanking target DNA produces a co-integration molecule with two copies of the 

transposon (Figure1.1A, and see detail in Figure 1.5; Chaconas and Harshey, 2002). 
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“Cut-out and paste-in”  

               The major feature of this mechanism is that DNA transposons excise 

themselves from the donor DNA through a hairpin intermediate. For IS10 and IS50, 

the free 3’ end at the transposon ends attack the phosphate backbone at the 5’ends of 

the opposing strand of the transposon, instead of attacking the target, to form a hairpin 

on the transposon ends (Figure 1.1B). For Ac/Ds element and Hermes transposon, it is 

proposed that nicks are introduced at the 5’ ends of the transposon DNA, generating 

free 3’ends in the flanking DNA. Direct trans-esterification of the 3’ ends on the 

opposing strand would result in a hairpin formed on the flanking DNA (Figure 1.1C) 

(Curcio and Derbyshire, 2003). V(D)J recombination shares the same mechanism by 

forming hairpins at the coding ends, which are rejoined by the general non-

homologous end-joining DNA repair apparatus, and releasing the blunt-ended signal 

sequences (equivalent to an excised transposon) (Jones and Gellert, 2004). Besides 

their roles in V(D)J recombination, V(D)J recombinases (RAG proteins) are also able 

to function as transposases to mediate DNA translocation, although at a very low 

frequency (Melek and Gellert, 2000; Messier et al., 2003). 

. 

“Copy-out and paste-in”  

               For IS911, IS2, IS3 and other related elements, the first step of DNA 

cleavage is asymmetric and generates a nick at just one 3’ end of the transposon. The 

resulting free 3’end directly attacks the phosphodiester backbone of 5’ end of the same 

DNA strand, circularizing one strand of transposon DNA and generating a free 3’end 

in the flanking DNA. It is presumed that DNA replication primed from the 3’end of 

the flanking DNA generates a new copy of transposon and releases it as a free 
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transposon circle (as well as regenerates the parent molecule at the same time) (Figure 

1.1D). Therefore, excision of these transposable elements requires DNA replication. In 

contrast, LTR-retrotransposons which are closely related to retroviruses, generate an 

extrachromosomal cDNA by reverse transcription of their RNA transcript. The 

integrase introduces nicks at each 3’ end of the cDNA to release two terminal 

nucleotides and expose a 3’end with a CA dinucleotide at each terminus. Interestingly, 

the terminal CA dinucleotide sequence is conserved among retrotransposons, 

retroviruses and phage Mu (Lee and Harshey, 2003). The 3’ends are joined to the 

target, where the host repair system fills in the single-strand gap at the host junctions 

and removes the two unpaired 5’ nucleotides at the transposon ends (Figure 1.1E). 

These elements move in a “copy-out and paste-in” way (Curcio and Derbyshire, 2003). 
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Figure 1.1   Different mechanisms of transposition by DDE-transposases. A. Mu and 

Tn3 transposases nick the transposon at the 3’ ends, which are covalently joined to the 

target. The resulting 3’ends in the target DNA are used as primers for DNA replication. B 

and C. The transposon DNA is removed out from the donor flank DNA and results in a 

simple insertion. D. IS3-like elements only nick at one 3’ end. The resulting free 3’end 

attacks the same strand to form a closed circle on that strand. DNA replication is 

presumed to release a transposon circle and regenerate the donor DNA. E. LTR-

retrotransposons generate a copy of their DNA by reverse transcription. The 3’ ends of 

this cDNA are processed by s DDE-transposase to expose a CA terminal dinucleotide 
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which is joined to the target. All DDE-transposases insert the transposon between two 

staggered nicks (2-9 nucleotides) in the target. Repair of this gap by host DNA 

replication system results in a target site duplication at both ends of transposons. Blue 

line, transposon DNA; Black line, flanking DNA of transposon; Orange line, target DNA; 

Red line, newly synthesized DNA; curved line, mRNA. This figure is adapted from 

(Curcio and Derbyshire, 2003).     
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BACTERIOPHAGE MU 

 

Background 

                Bacteriophage Mu, a temperate phage, was discovered in the early 1960s 

(Taylor, 1963). Mu derived its name (mutator) from its ability to induce bacterial 

mutations (Taylor, 1963). One of the most fascinating features of Mu is that it is a highly 

efficient transposable element. Mu uses transposition to integrate into the host DNA upon 

infection, and to amplify its genome during lytic growth, generating more than 100 

copies through replicative transposition within one hour. The extremely high 

transposition frequency has made Mu an ideal system for the study of DNA transposition.  

 

Phage Mu life cycle  

                  Mu infects and multiplies in a large range of Gram-negative bacterial species. 

Upon infection of a sensitive host, the linear double-stranded Mu genome DNA is 

converted into a non-covalent closed circular form with the help of an injected phage 

protein (MuN) (Harshey and Bukhari, 1983). The infecting phage genome is integrated 

into nearly random sites in the bacterial chromosome. Recent studies have shown that 

integration of this infecting Mu occurs by the “copy-in” pathway (Figure 1.1A); however, 

the strand transfer intermediate is processed by DNA repair rather than by replication to 

generate a simple insertion, similar to HIV-1 integration (Au et al., 2006). After 

integration, about 1-10% of the phages become lysogens (Howe and Bade, 1975). The 

majority of phages immediately enter the lytic cycle (Figure 1.2).  
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                 The mechanism underlying pathway determination is not yet defined. However, 

host encoded protein IHF (integration host factor), the phage regulatory protein Rep, and 

MuA protein play important roles. The lysogenic state is maintained by the repressor 

protein Rep, a key element in the lysis-lysogeny decision.   

 

                  Phage encoded transposase MuA, assisted by several other factors, catalyzes 

replicative DNA transposition, which results in a preexisting copy and a new copy at a 

random target site on the host chromosome (see Figure 1.1A). During the lytic cycle, 

multiple rounds of transposition generate more than 100 copies of the Mu genome on the 

host chromosome. These copies are eventually cut out and packaged into mature phage 

particles.  

 

                   Mu lysogens are not induced by treatment with UV or other DNA damaging 

agents. Induction of Mu lysogens occurs only spontaneously at a very low frequency. 

However, mutants of phage Mu were generated in laboratories, which expressed mutant 

repressor protein Rep. Modification of N-terminal DNA-binding domain of Rep makes 

the protein thermosensitive for operator binding. Lysogens become inducible at 42°C.  



 

 

Mu amplification 
DNA packaging 

 

 

Figure 1.2  Phage Mu life cycle. Mu, as a temperate phage, enters either lysogenic 

growth or lytic growth after infection. During lytic growth, Mu genome is amplified 

through DNA transposition. See text for details. The figure is adapted from (Sokolsky 

and Baker, 2003).  
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Cis and Trans requirements for Mu transposition 

Mu ends 

                  Mu has a linear, double-stranded DNA genome with a size about 37 kilo base 

pairs (Morgan et al., 2002). Sequences required for DNA transposition are carried at each 

end of the Mu genome. These sequences provide binding sites for the Mu transposase 

(MuA protein). Each end (attL and attR) carries three consensus binding sites for MuA 

(L1, L2 and L3 at left end; R1, R2 and R3 at right end). The orientation of left and right 

end is inverted with respect to each other, with the exception of the R3 site (Figure 1.3). 

The requirement for multiple MuA binding sites at the Mu ends is related to the assembly 

of a highly cooperative nucleoprotein complex.  The binding affinity of MuA for each of 

the six sites varies (Craigie et al., 1984; Craigie and Mizuuchi, 1985) . The core sites L1, 

R1 and R2 are essential for Mu transposition reaction. However, the other three sites, L2, 

L3 and R3, are refered to as accessory sites, since deletion of any one of them can be 

accomplished without severe effects on the activity of DNA transposition. Five of six 

MuA binding sites are essential for assembly of Mu synapse (Chaconas and Harshey, 

2002).  

 

The enhancer  

                The transpositional enhancer element (E) is a unique feature of Mu in that no 

other transposon has such an element. It is located about 1 kb from the left end and 

stimulates Mu transposition reaction over 100-fold both in vivo and in vitro (Chaconas 

and Harshey, 2002).  The enhancer element plays an essential role in assembly of the 

transpososome at the two ends. The enhancer consists of three large sites, O1, O2 and O3, 

originally described as the ‘operator’ for control of Mu early transcription (van de Putte 

et al., 1981). There is a binding site for E. coli integration host factor (IHF) between O1 



and O2 (Higgins et al., 1989). Binding of repressor (c or Rep protein) to these sites 

prevents transcription initiation at the early promoter (transcription of transposition 

functions) and contributes to the maintenance of the lysogenic state of the phage 

(Betermier et al., 1995). The inclusion of the enhancer element as part of the 

transposition synapse must prevent access to the repressor and commit to DNA 

transposition and to lytic growth.  

 

 
 
 
 

 

 

Figure 1.3   Relative arrangements of Mu transposase binding sites on Mu genome. 

Mu ends attL and attR carry three MuA bindng sites each: L1-L3 and R1-R3. The 

transposition enhancer overlaps with the phage repressor (Rep or c protein) binding sites 

O1-O3. Genes regulating Mu transposition (c, A and B) are indicated.  
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DNA supercoiling  

                Mu transposition is strictly dependent on DNA supercoiling of the donor 

substrate under normal reaction conditions. The conformational and torsional effects of 

supercoiling are likely to be manifested at different steps of the Mu assembly pathway 

(Chaconas and Harshey, 2002). Several roles for supercoiling have been deciphered. 

Supercoiling increases the binding affinity of MuA for the L and R ends (Kuo et al., 

1991), and of the accessory host factor HU for the L end (Kobryn et al., 1999), favors 

bending at the enhancer (Surette and Chaconas, 1989), facilitates interwrapping of the L, 

E and R segments within the Mu synapse (Craigie and Mizuuchi, 1986; Pathania et al., 

2002), and assists ‘open termini’ formation, a rate-limiting step in the assembly of the 

transpososome (Wang and Harshey, 1994; Yanagihara and Mizuuchi, 2003). 

Supercoiling is not required for the chemical steps of transposition but is crucial for the 

assembly of Mu transposition complexes (Chaconas and Harshey, 2002).  

 

Proteins 

MuA 

                Transposase MuA catalyzes the chemical steps of Mu transposition. MuA 

protein is 663 amino acids long (about 75 kDa). Three general functional domains are 

assigned to the MuA protein (Figure 1.4A), based on limited proteolysis (Nakayama et al., 

1987). The N-terminal domain I contains two site-specific DNA-binding domains, 

subdomain α for binding enhancer and βγ for binding Mu ends (Leung et al., 1989; Clubb 

et al., 1994). Iα interacts with the enhancer element through a winged-helix DNA-binding 

motif (Clubb et al., 1994). Iβγ interacts with two major grooves within each end-binding 

site using separate helix-turn-helix DNA binding motifs in Iβ and Iγ. The central domain 
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II contains a triad of catalytic acidic residues Asp-Asp-Glu (DDE) motif for strand 

cleavage and strand transfer steps of Mu transposition (Baker and Luo, 1994; Kim et al., 

1995; Rice and Mizuuchi, 1995). This motif coordinates divalent metal ions (Mg++) in 

assisting the nucleophilic attacking during the cleavage and strand transfer reactions 

(Chaconas and Harshey, 2002). There is a remarkable similarity in the overall structure of 

DDE domains among MuA and HIV-1 integrase (Curcio and Derbyshire, 2003). The C-

terminal domain III is implicated in assembly of the Mu transpososome for interaction 

with the MuB protein which is involved in target DNA capture (Chaconas and Harshey, 

2002).   

 

                 Several available mutants of MuA have proved invaluable in our studies for 

dissecting the contribution of cis and trans elements to the topology of the transpososome. 

MuA(E392A), a catalytically deficient mutant  (Baker and Luo, 1994; Kim et al., 1995), 

is used to assemble Mu transpososome without DNA strand cleavage. MuA(∆1-62), an 

enhancer-binding domain deletion mutant (Yang et al., 1995b), is defective in assembly 

under normal reaction conditions, but can be mixed with wild-type MuA as well as 

directed to a subset of the att sites. MuA(∆1-84), an enhancer independent mutant (Yang 

et al., 1995a), can be used to assemble the functional Mu complex by bypassing the 

requirement of the enhancer element. MuA(R146V) is a mutant with altered DNA-

binding specificity which can not bind to wild-type Mu ends, but is able to recognize 

altered att sites with 5 cytocine nucleotides in a subregion of these sites (Figure 1.4B) 

(Namgoong et al., 1998). This mutant gives us a powerful tool to place MuA subunits at 

specific locations and examine their contribution to topology. A limitation of using this 

mutant is that its binding affinity to the altered DNA site is about 10-fold lower than that 

of wild-type MuA to wild-type site. Another drawback is that wild-type MuA can also 
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bind to the altered DNA site with roughly equal affinities as MuA(R146V). In 

experiments using mixtures of these proteins, the substrate is pre-incubated with 

MuA(R146V) so as to occupy all the altered sites, and wild-type MuA is added later. 

 

 

 

 



 
 

 
  
A
 17

 
 
 
 
 
 
            B 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.4   Domain organization of MuA protein and properties of MuA(R146V) 

with altered att DNA binding specificity.  (A) Based on the limited proteolysis, three 

domains (I-III) are assigned to MuA protein. Amino acid numbers corresponding to the 

boundary of each major domain are shown beneath the structure. DDE residues in 

domain IIα are required for catalysis. (B) MuA(R146V) is defective in binding wild-type 

ends or att sites; however, the mutant protein can bind an altered att site substituted with 

five cytosines in the region indicated (Namgoong et al., 1998). 
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MuB 

              MuB is a 312 amino acids-long protein that stimulates the activity of MuA over 

two orders of magnitude in vivo, likely due to its ability to stimulate catalytic activities of 

MuA and to deliver target DNA to the transposition complex (Chaconas and Harshey, 

2002). MuB has a MuA- and DNA-dependent ATPase activity, and can deliver target 

DNA to the complex at any stage of the reaction (Naigamwalla and Chaconas, 1997). The 

MuA-MuB interaction is responsible for “target immunity”, which means that the 

presence of one copy of a transposable element substantially reduces the frequency of 

subsequent insertions of another copy nearby. It is presumed that Mu end-bound MuA 

stimulates hydrolysis of ATP by MuB and promotes the dissociation of MuB from a 

potential target DNA (Adzuma and Mizuuchi, 1988).  

 

HU/IHF 

             HU, a sequence-independent DNA-binding and bending protein from E. coli, 

affects early steps in Mu transposition and is incorporated into Mu transpososome 

(Chaconas and Harshey, 2002). Binding of an HU dimer at the left end of Mu between L1 

and L2 introduces a 155° DNA bend (Lavoie et al., 1996). HU binding is dependent on 

DNA supercoiling, and it is thought that HU plays a role in closing the gap between the 

L1 and L2 (see Figure 1.3) by wrapping the DNA in-between (Kobryn et al., 1999).  

  

             E. coli IHF protein is required for efficient Mu transposition on DNA substrates 

with lower levels of supercoiling (Surette and Chaconas, 1989). An IHF dimer binds 

specifically to the region between O1 and O2 in the enhancer and introduces a sharp 

DNA bend (Higgins et al., 1989).    
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Other Host Proteins 

                 Besides HU and IHF, the E. coli molecular chaperone ClpX plays a role in the 

transition between transposition and replication. ClpX recognizes and unfolds individual 

MuA proteins in the Mu transpososome to destabilize the Mu complex, which  then 

recruits the bacterial replication machinery for replicating Mu DNA (Burton and Baker, 

2005). DNA gyrase is required to provide a negatively supercoiled substrate for 

transposition; it is also implicated in acting at the strong gyrase site (SGS), which is 

located at the center of Mu prophage DNA, to promote Mu end synapsis in vivo by 

localizing the Mu DNA into a single plectonemically supercoiled DNA loop (Pato, 1994; 

Chaconas and Harshey, 2002).  

 

Chemical steps of Mu transposition 

                 The chemical steps of phage Mu transposition are well characterized (Figure 

1.5). Single strand cleavage occurs at the 3’ends of Mu DNA through a direct 

nucleophilic attack by water. The exposed 3’ends function as nucleophiles to directly 

attack the target DNA in a trans-esterification reaction. The nucleophilic attack by the 

two free 3’ends of Mu on each strand of the target DNA is staggered, separated by 5 

nucleotides. Each branch can potentially recruit the host replication machinery for 

duplication of Mu DNA across these 5 nucleotides. Since the two branched structures 

face each other, replication is confined to the Mu DNA (Chaconas and Harshey, 2002).   

 

 

 

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5   Pathways for replicative transposition by phage Mu. See text for details. 
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Mu Transpososomes 

               The Mu transposition reaction occurs within a series of high order nucleoprotein 

complexes called Mu transpososomes (Figure 1.6). MuA binding to the ends and the 

enhancer first result in formation of a 2-site complex ER. L is then recruited into the 

complex in an HU-dependent reaction to form LER. This complex is not stable. 

Conformational changes following interaction of MuA subunits in the LER synapse lead 

to formation of a stable intermediate (type 0). In the type 0 complex, MuA has 

oligomerized into a tetramer which is the active form of the transposase. Single strand 

cleavage of Mu ends leads to formation of type I complex. Strand transfer of Mu ends to 

a target DNA results in formation of the type II complex. Host DNA replication system is 

required to duplicate Mu DNA (Chaconas and Harshey, 2002). Here we only focus on the 

basic features of several early complexes: LER, type 0 and type I.  

 

LER 

             LER, the earliest three-site synaptic complex in the Mu transposition pathway, is 

a transient complex, present in maximal amounts 10 seconds after the start of the reaction, 

and only detected after glutaradehyde cross-linking (Watson and Chaconas, 1996). The 

LER complex can be accumulated using donor substrates carrying terminal base pair 

mutations.  The active site of MuA is not yet engaged in the Mu-host junction region in 

this complex (Chaconas and Harshey, 2002).   
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Type 0 

                The conversion of LER into type 0 is the rate-limiting step of the cleavage 

reaction (Wang et al., 1996). The type 0 complex is short-lived in the presence of Mg++ 

due to rapid conversion into a cleaved complex (Mizuuchi et al., 1992). Type 0 can be 

accumulated, however, when Ca++ is used as the divalent metal ion or MuA catalytic 

mutants are used (Chaconas and Harshey, 2002). A stable MuA tetramer forms in the 

type 0 complex and acts as the structural and functional core of the subsequent complexes 

(Figure 1.6). DNA footprinting of the type 0 complex indicates that protection extends 

from the normal Mu end footprints to cover the Mu-host junction and an additional 10 to 

13 bp into the host DNA (Chaconas and Harshey, 2002). The active site of MuA is poised 

for reaction in trans, with the L1-bound MuA ready to promote single strand DNA 

cleavage at R1 and the R1-bound MuA for catalysis at L1 (Chaconas and Harshey, 2002).  

 

Type I 

                MuA subunits positioned at L1 and R1 make single strand DNA cleavages at 

the Mu-host junctions in trans to generate the type I complex (Chaconas and Harshey, 

2002). The type I complex shows greater stability than the type 0 complex; however, the 

two complexes share a similar DNA footprint. In the type I complex, the vector domain is 

relaxed due to the nicks at Mu ends, but the Mu DNA domain remains supercoiled 

(Figure 1.6). While the figure shows only the core functional tetramer, two other MuA 

subunits are expected to be loosely associated in the complex since MuA monomers bind 

to a total of six end-binding sites (Chaconas and Harshey, 2002).  

 

 

 



 

 

 

Figure 1.6  Higher-order nucleoprotein complexes observed during progression of 

Mu transposition.  See text for details. 
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DIFFERENCE TOPOLOGY 

 

                To understand, at the molecular level, the mechanism of enzymes that act on 

DNA, it is highly informative to know the topology of their substrates and products. Mu 

transposition reaction, unlike site-specific recombination, resists standard topological 

analysis. To overcome this, “difference topology” couples the assembly of Mu 

transpososome to site-specific recombination by the Cre recombinase, which is used to 

trap Mu DNA topology by cutting and joining DNA strands outside Mu synapse. The 

total number of DNA crossings trapped in the recombination products are used to deduce 

Mu transposition topology (Pathania et al., 2002). Generally, “difference topology” is 

applicable to any high-order nucleoprotein complex in which two DNA elements make a 

fixed number of plectonemic wraps with each other.  

 

Cre recombinase 

    Cre, a member of tyrosine-based family of site-specific DNA recombinases, 

does not require any other accessory proteins for DNA recombination activity. It acts on 

two 34 bp recombination loxP sites. In the Cre recombination synapse, two loxP sites are 

aligned in an antiparallel fashion for DNA strand exchange (van Duyne, 2002; Rice, 

2002), without introducing any DNA crossing during recombination (Grainge et al., 2000) 

(Grainge et al., 2002) (Figure 1.7A). Depending on the arrangement of the loxP sites, Cre 

can promote inversion, deletion or insertion of DNA segments. Cre recombination on a 

circular substrate with indirect loxP sites results in DNA inversion products (Figure 1.7B) 

or Cre recombination on a substrate with direct loxp sites generates unlinked deletion 

circles (Figure 1.7C).  



 

 

                              A 

 

 

 

 

B                      C 

 

 

 

 

 

 

 

 

 

Figure 1.7 Cre recombination. (A) Anti-parallel alignment of loxP sites for DNA strand 

exchange during Cre recombination. (B) and (C) Cre recombination generates DNA 

inversion or deletion on indirect or direct loxP substrates, respectively.  
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Harnessing Cre recombination to reveal DNA topology of nucleoprotein complexes 

                  Cre recombination from the anti-parallel geometry of recombination sites will 

not introduce DNA crossings during DNA strand exchange, which offers a simple 

method of deriving the number of DNA crossings trapped in Mu transpososome. When 

Cre recombination occurs in a pre-assembled nucleoprotein synapse, the DNA crossovers 

between the two interdomains of the circular substrate separated by two loxP sites can be 

trapped in the form of knot or catenane nodes as illustrated in Figures 3.2 and 4.1. The 

loxP sites are placed within 200 bp of any one of the interacting domains to minimize 

trapping of random DNA supercoils. This method can only report on the number of DNA 

crossings between two domains separated by loxP sites. When a nucleoprotein with three 

interacting domains is analyzed, three separate analyses need to be done and are 

superposed to deduce the final composite topology.  

 

                 Although no DNA crossings are introduced during DNA strand exchange 

between two anti-parallel loxP sites, the need to align these sites in the anti-parallel 

fashion tends to introduce an extra DNA crossing if the sites are initially in a parallel 

orientation. It is therefore important to use two different orientations of loxP sites for 

each substrate to be tested in the difference topology assay. In an unknown pre-assembled 

nucleoprotein complex, if the pair of loxP sites are juxtaposed in an anti-parallel 

configuration in one orientation, they will be in a parallel configuration in the substrate 

with the other orientation of loxP sites. In the latter case, Cre will introduce an additional 

node in order to obtain the anti-parallel arrangement of loxP sites necessary to form a 

functional Cre synapse (Figures 3.2B and 4.1E). Thus, the products of Cre recombination 

from one substrate will give the real number (X) of nodes trapped between two 

interacting domains being tested, while the other substrate will give (X+1) nodes. In each 
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case therefore, one has to compare the product topology from a pair of inversion and 

deletion substrates, and the simpler of the two topologies reflects the real number of 

DNA crossings.  

 

Path of DNA within the Mu transpososomes 

             Difference topology was used to analyze Mu transpososmes, which involve three 

DNA elements - two Mu ends and the enhancer. Since difference topology can only 

provide information on the DNA crossings between two DNA domains separated by loxP 

sites as described above, the analysis of Mu complex was divided into three assays: DNA 

crossings between E and L-R; crossings between L and E-R; crossing between R and E-L 

(Pathania et al., 2002). When results from all these assays were combined and mutually 

consistent, a composite picture of the 3-site synapse with five negative DNA crossings 

was deduced (Figure 1.8). In the 5-noded synapse, L and R cross twice; E and L cross 

once; E and R cross twice (Pathania et al., 2002). The enhancer association within Mu 

transpososomes revealed by difference topology is contrary to a previously accepted view 

that the enhancer makes its exit from the Mu transpososome after the type 0 complex is 

assembled. These previous conclusions were based on examination of type 0 and type I 

complexes by immunoelectron microscopy (Lavoie and Chaconas, 1990) and other 

biochemical studies.  

 

             Furthermore, difference topology analysis revealed that a two-site synapse ER, 

where E and R are interwrapped twice, preceded LER complex (Pathania et al., 2003).  In 

the absence of HU, L is freely mobile. HU promotes the stable entry of L into ER to form 

LER. Analysis of each of Mu transpososomes from LER through type II showed the 
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same 5-noded topology, with the enhancer associated within each of these complexes 

(Pathania et al., 2003).  

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.8  DNA topology within Mu transpososome.      Five negative supercoiled 

nodes are trapped in the type 0 complex. L, R and E are represented by light green, dark 

green and gold, respectively. This figure is adapted from (Pathania et al., 2002).  
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3D STRUCTURE OF MU ATRANSPOSOSOME 

 

               High-resolution structures of full-length MuA or the Mu transpososome are not 

been available yet. However, a recent 3D reconstruction of images obtained by scanning 

transmission electron microscopy (STEM) presents the structure of MuA at 16 Å  and the 

type I complex (MuA tetramer assembled on pre-cleaved oligonucleotide R1-R2 ends) at 

34 Å resolution (Figure 1.9) (Yuan et al., 2005). The structure was assembled in the 

presence of 15% dimethyl sulfoxide (DMSO), a modified reaction condition which 

alleviates the need for DNA supercoiling, enhancer, presence of all six MuA binding sites, 

MuB and HU proteins (Chaconas and Harshey, 2002). Electron spectroscopic imaging 

(ESI) of the DNA-phosphorus was performed to derive the path of the DNA through the 

transpososome and to define the DNA-binding surface on the MuA protein. The DNA 

path was used as a starting point for modeling MuA proteins into the transpososome 

structure. The 3D reconstruction represents the total mass of protein and DNA 

components, which displays a two-fold rotational symmetry with overall dimensions of 

16.7, 11.6 and 10.8 nm (Yuan et al., 2005). The transpososome structure comprises four 

MuA monomers and two 50-bp DNA oligomers, consistent with the tetrameric MuA 

complex (Figure 1.9). This complex resembles a large V, and appears to be held together 

entirely by protein-DNA contacts. The two subunits at the top of the V do not interact 

with each other, but show limited interaction with the bottom subunits which are 

positioned appropriately for trans catalysis (Aldaz et al., 1996; Savilahti and Mizuuchi, 

1996; Namgoong and Harshey, 1998). Target DNA is proposed to enter through a large 

central cleft within the V to access the catalytic residues located at the bottom of the cleft. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9  Structural modeling of Mu transpososome (type I). Four MuA proteins 

were docked into the transpososome complex. The DNA within the complex is shown in 

gray. MuA proteins bound at R1 and R2 are shown in light blue and dark blue, 

respectively. Light pink for L1-bound MuA and dark pink for L2-bound MuA. This 

figure is adapted from (Yuan et al., 2005). 
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THE GOALS OF MY THESIS PROJECT 
 

 

             The topology of the Mu transpososome as revealed by the experiments of 

Pathania et al. reported on the total number of DNA crossings within the 3-site Mu 

synapse (Pathania et al., 2002; Pathania et al., 2003). These experiments did not 

determine the details of how these DNA crossings are generated, or what role DNA 

supercoiling plays. We therefore decided to investigate both of these questions. We have 

at our disposal a variety of DNA, protein, and reagent tools which allow us to examine 

the topology of the synapse using nicked DNA substrates, under enhancer-independent 

reaction conditions, and by directing MuA subunits defective in enhancer-binding to 

various positions within the transpososome. We have discovered that Mu can transpose 

through two topologically distinct synapses, and have gained a fairly detailed 

understanding of individual end-enhancer interactions that set up each of the five DNA 

crossings. We are proposing a new model for the interwrapped Mu transpososome, which 

is distinctly different from the STEM structure seen by Yuan et al. Our model better 

explains a variety of known biochemical properties of the Mu complex.  
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Chapter 2:  Materials and Methods 

 

Transposition Substrates 

            Construction of pSP(R)Dir, pSP(R)In, pSP(L)Dir, pSP(L)In, pSP∆L(R)Dir and 

pSP∆L(R)In is described in (Pathania et al., 2002; Pathania et al., 2003). pZY∆E(R)Dir, 

pZY∆E(R)In, pZY∆R(L)Dir and pZY∆R(L)In are variants of the pSP(R)Dir, pSP(R)In, 

pSP(L)Dir and pSP(L)In, respectively, and were constructed by replacement of an E- or 

R-containing fragment with the same length of a nonspecific DNA fragment. All of these 

plasmids were originally derived from mini-Mu pMK21 (Kim et al., 1995) and carry two 

loxP sites at suitable positions. In pZY(E)Dir there are 125 bp between O1 and loxP, and 

108 bp between O3 and loxP. These distances are 125 bp and 116 bp in pZY(E)In.  

Plasmids pZY∆EDir, pZY∆EIn, pZY∆E(L)Dir and pZY∆E(L)In are derived from 

pSPDir, pSPIn, pSP(L)Dir and pSP(L)In, respectively, and were constructed by 

replacement of an 887 bp E-containing fragment with the same length of nonspecific 

DNA. pZY∆E-49, pZY∆E-53 and pZY∆E-59 were constructed by replacement of an E-

containing fragment with a series of different lengths of nonspecific DNA fragments in 

pSPDir, resulting in Mu-domain lengths of 2390 bp, 2811 bp and 3414 bp, respectively. 

pZY∆E-RinvDir, pZY∆E-RinvIn, pZY∆E-Rinv(L)Dir, pZY∆E-Rinv(L)In and pZY∆E-Rinv-

53 were created by inverting a 214 bp SalI-AatII fragment encompassing attR in 

pZY∆EDir, pZY∆EIn, pZY∆E(L)Dir, pZY∆E(L)In and pZY∆E-53, respectively. In 

substrates used for site-specific nicking, a unique recognition sequence 5’CC∇TCAGC3’ 

for N.BbvC 1B was engineered into either the Mu or the non-Mu domain. In results 
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shown in this study, this site was 375 nucleotides from the R end on the top strand in the 

Mu domain.  

              Construction of pL1**, pR1** and pR2** were described in (Namgoong et al., 

1998). Plasmids p∆R3(R)Dir, p∆R3(R)In, p∆R3(E)Dir, p∆R3(E)In, p∆R3(L)Dir and 

p∆R3(L)In were derived from pSP(R)Dir, pSP(R)In, pSPDir, pSPIn, pSP(L)Dir and 

pSP(L)In, respectively, and were constructed by deleting the R3 site in these substrates. 

p∆L2(E)Dir and p∆L2(E)In were constructed by replacement of L2 fragment with a same 

length of nonspecific DNA fragments in pSPDir and pSPIn, respectively. p∆L3(E)Dir 

and p∆L3(E)In are deletion variants of pSPDir and pSPIn, respectively.  

 

Proteins 

MuA, MuA(E392A), MuA(∆1-84), MuA(R146V), MuA(∆1-62, R146V)and HU 

proteins were purified as described (Yang et al., 1995b). Cre protein was isolated as 

described (Cantor and Chong, 2001). IHF was a gift from Steve Goodman (USC), and 

HMG1 was a gift from Reid Johnson (UCLA). DNase I was from Bohringer Mannheim. 

Nicking endonucleases and restriction endonucleases were from New England Biolabs.

 

Preparation of nicked substrates 

 Supercoils were removed from DNA by limited nicking with DNase I. 100 µl 

reactions reactions containing 10 µg of DNA, 5 units of DNase I, 20 mM Tris-HCl (pH 

7.6), 10 mM MgCl2, 50 mM NaCl and 0.3 mg/ml ethidium bromide were incubated at 

30°C for 30 min. Reactions were quenched by EDTA (final concentration 10 mM), 

extracted with phenol-chloroform and chloroform, and DNA precipitated by ethanol. 
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Assembly of Mu transposition complexes and Cre recombination reactions 

 Mu transposomes were assembled with 30 µg/ml of mini-Mu plasmid DNA, 10 

µg/ml HU and 7 µg/ml MuA in 20 µl of 20 mM HEPES-KOH (pH 7.6) and 140 mM 

NaCl, with addition of 10 mM CaCl2 for type 0 complex or 10 mM MgCl2 for type I 

complex, for 30 min at 30°C (Namgoong and Harshey, 1998). Me2SO was added to the 

final concentration 15% as the modified reaction condition for mutant substrates. When 

these complexes needed to be subject to gel-filtration columns, the concentration of DNA 

and proteins were doubled. Cre recombination was initiated by addition of 0.2 µg of Cre 

followed by further incubation at 30°C for 30 min. Reactions were heat inactivation of 

the protein at 75°C for 10 min. DNA was nicked by addition of 1U of DNase I in buffer 

containing 20 mM HEPES-KOH (pH 7.6), 5 mM MgCl2, 2 mM EDTA and 0.3 mg/ml 

ethidium bromide. After incubation at 30°C for 20 minutes, reactions were stopped by 

addition of SDS (0.1 % final) and 4 µg proteinase K followed by phenol/chloroform 

extraction and ethanol precipitation. Marker catenane and knot ladders were obtained by 

carrying out Cre recombination at pH 9.0 (Kilbride et al., 1999). 

 Loosely bound MuA was removed from Mu DNA by addition of final 

concentration of 0.4 µg/µl heparin (Kuo et al., 1991) as well as 0.5 M NaCl (Lavoie et al., 

1991). Removal of free protein or exchange of reaction buffers was achieved by spin-gel 

filtration through Sepharose 6B columns (Lavoie and Chaconas, 1990) pre-equilibrated 

with the desired reaction buffers. The original reaction buffer was thus restored prior to 

Cre reaction. 
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Ligation Assays 

 To detect changes in supercoiling on nicked substrates, the type 0 complex was 

assembled as described above except with MuA(E392A) and 10 mM MgCl2. Then, 10 µl 

of the same buffer containing 3 mM ATP, 75 µg/ml BSA and 2000 units T4 DNA ligase 

was added and the reaction incubated at 20°C for 4 hr. Reactions were stopped by 

addition of SDS to final concentration 0.7%, followed by phenol-chloroform extraction. 

Samples were electrophoresed in 0.8% agarose gels containing 1.0 µg/ml chloroquine 

phosphate in TAE buffer for 20 h at 57 V. DNA band intensities were analyzed by BIO-

RAD Multianalyst software.  

 

Analysis of the HJ intermediate 

 The HJ band was excised from the gel, immersed in TAE buffer in a Spectra 

dialysis membrane (MW cutoff 6-8000), and electroeluted for 30 min at 68V. The eluate 

was extracted with phenol-chloroform, the DNA precipitated with ethanol, and 

subsequently digested with AseI. The reaction was re-extracted with phenol-chloroform, 

re-precipitated, and resuspended in 10 mM Tris·Cl (pH 8.0) buffer. The DNA was 

denatured at 95°C for 8 min, cooled slowly to 37°C over 60 min, and allowed to anneal 

overnight at 37°C prior to gel electrophoresis.  

 

Relaxation of transposition complexes with nicking endonuclease 

Type 0 complexes were assembled with MuA(E392A) as described above, 

followed by the treatment with N.BbvC 1B for 60 min at 30°C, and analyzed by agarose 

gel electrophoresis.  
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Determination of protein components in type I complex assembled with mixture of 

complementing proteins 

            Type I reactions were treated with 0.4 µg/µl heparin to remove loosely bound 

MuA protein, and electrophoresed in 1% low melting point agarose gel at 57 V for 

overnight. The gel was stained with ethidium bromide and the gel slices containing type I 

complex were excised and melted at 92°C in Bio-Rad Laemmli Sample Buffer. Proteins 

were fractionated on a 7.5% SDS polyacrylamide gel and probed by western blot with 

anti-MuA polyclonal antibody.  
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Chapter 3:  The Mu transposase interwraps distant DNA sites within a 

functional transpososome in the absence of DNA supercoiling 

 

INTRODUCTION 

            Many recombinases, including the phage Mu transposase, are strictly dependent 

on DNA supercoiling for activity. These recombinases and their accessory factors take 

advantage of both the conformational and thermodynamic properties of supercoiled DNA, 

which include DNA unwinding, formation of single-stranded regions, extrusion of 

cruciform structures, sequence-dependent induction of Z-DNA conformation, DNA 

bending, as well as an increase in the local concentration of DNA sites (Vologodskii and 

Cozzarelli, 1994). The present study was undertaken to examine the role of DNA 

supercoiling in establishing the 5-noded topology observed in Mu transposition 

complexes (Pathania et al., 2002; Pathania et al., 2003).  

 The Mu transposition pathway is shown in Figure 1.6 (Chaconas and Harshey, 

2002). Two families of DNA sites – high affinity attL and attR sites, and lower affinity 

enhancer (E) sites (Figure 1.3) – are recognized by the transposase MuA through separate 

DNA-binding domains. On the linear phage genome, attL and attR are 37 kb apart, while 

the enhancer is 1 kb from attL (Morgan et al., 2002). MuA monomers likely first bind the 

att ends, and then interact with the enhancer through bridging contacts. A criss-crossed 

network of att-enhancer interactions has been deduced (Allison and Chaconas, 1992; 
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Jiang et al., 1999), an ordered progression of which is thought to result in the series of 

complexes observed during transposition (Figure 1.6).  

 During assembly of the 5-noded Mu synapse, the enhancer first uniquely interacts 

with R and interwraps with it twice to form an ER complex (Figure 1.6) (Pathania et al., 

2002; Pathania et al., 2003). In the absence of E. coli HU protein, L is freely mobile. 

Occupancy by HU restricts this mobility and guides L to the ER complex, where it 

becomes assimilated into the final synapse by establishing one DNA crossing with E and 

two with R. Intuition would suggest that establishment of this intricate topology must 

depend critically on DNA supercoiling. Does it? We have addressed this question by 

examining the topology of the synapse assembled on nicked substrates. This is possible to 

do by addition of 15% DMSO to the reaction, when Mu transposition is no longer 

dependent on DNA supercoiling, or the enhancer, or HU protein (Mizuuchi and Mizuuchi, 

1989).  

 The Mu synapse on nicked substrates was not expected to be elaborate or to 

include the enhancer, since Mu ends present on short oligonucleotides will form a 

productive complex in DMSO (Savilahti et al., 1995). Surprisingly, however, we find that 

under the ‘permissive’ conditions, MuA can still interact with the enhancer and generate 

both E-R and L-R crossings. Thus, through multiple protein-DNA interactions, MuA 

itself can induce the necessary conformational changes that generate a unique DNA path 

during the assembly of a functional reaction synapse. We also show here that treatments 

known to strip loosely associated MuA from stable transpososomes, leaving a functional 

tetrameric complex at the synapse (Chaconas and Harshey, 2002), disrupt only one of the 

two E-R crossings. Thus, subunits in the MuA tetramer contribute not only to the L-R 

crossings as expected, but also to a crossing with the enhancer.  
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RESULTS  

 

The Mu transposase can introduce negative supercoils on nicked DNA substrates 

upon transpososome assembly 

              The efficiency of formation of the cleaved type I complex from supercoiled vs 

nicked plasmid substrates is shown in Figure 3.1. Supercoiled substrates were assayed 

under normal conditions and nicked substrates under DMSO conditions. Wild-type MuA, 

HU, and Mg++ were used in these reactions; although HU is not required under DMSO 

conditions, its inclusion was seen to improve reaction efficiency by 30-50%. The 

efficiency of type I formation was similar for both substrates (Figure 3.1A, compare lanes 

3 and 4); the complexes migrate at different positions because although cleaved, a type I 

complex on a supercoiled substrate still retains supercoils in the Mu domain (see Figure 

1.6). In the absence of DMSO, no complex was observed on the nicked substrate (Figure 

3.1A, lane 5). Although all the topological experiments on nicked substrates reported in 

this study (Figures 3.2-4) were performed with type 0 complexes assembled in the 

presence of Ca++ ions in order to avoid Mu transposition, these complexes do not survive 

gel electrophoresis and hence are not shown here (see Figure 3.4). 

 

 To determine whether MuA introduces DNA crossings in nicked substrates, the 

the catalytically inactive variant MuA(E392A) was used to assemble the type 0 complex 

in the presence of Mg++ (Kim et al., 1995). The topology of this complex on negatively 

supercoiled plasmids, is indistinguishable from that of a similar uncleaved complex 

formed by wild-type MuA in Ca++ (Pathania et al., 2002; Pathania et al., 2003). After 

assembly, T4 DNA ligase was added to seal the nicks in the substrate, in order to trap any 
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supercoils introduced by MuA. These can be observed as a change in linking number 

when the substrate is electrophoresed in agarose gels in the presence of the DNA-

intercalating agent chloroquine phosphate (Figure 3.1B). When ligation of the nicked 

substrate is performed in the absence of transposase, the distribution of topoisomers seen 

is the result of thermal fluctuations in DNA conformation (Figure 3.1B, lane 1; Depew 

and Wang, 1975). In the presence of MuA(E392A), an upward shift in this distribution 

was observed (Figure 3.1B, lane 2). Chloroquine unwinds DNA, and introduces 

compensatory positive supercoils in closed circles. A shift up therefore denotes a deficit 

in linking (or presence of negative supercoils) in the ligated DNA prior to chloroquine 

treatment; DNA band intensities in lanes 1 and 2 were quantitated, and are shown in 

Figure 3.1C. The centers of topoisomer distributions (larger arrowheads in Figure 3.1B & 

C), were consistent with roughly four extra negative supercoils being trapped in the 

sample when the ligation reaction contained MuA(E392A) (compare lanes 1 and 2 in 

Figure 3.1B & C). This can also be seen by comparing the upper boundaries (smaller 

arrowheads) of the topoisomer distributions in the two lanes. The broader distribution of 

the topoisomers in lane 2 is likely due to background from uncomplexed substrate. Since 

writhe and twist are interconvertible, the linking difference caused by MuA(E392A) can 

result from a decrease in DNA twist upon protein binding or from interwrapping of DNA 

segments or both. 

 

 In the absence of DMSO, the distributions were similar for ligations carried out 

with or without MuA(E392A) (lanes 3 and 4, Figure 3.1B). Between MuA(E392A)-free 

ligations carried out in the presence and absence of DMSO, the centers of distributions 

were offset by one (lanes 1 and 4, Figure 3.1B). This difference was likely due to some 

underwinding of DNA by DMSO. Note also that there is no change in linkage in the 
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presence of MuA(E392A) under conditions where synapsis of Mu ends does not occur 

(Figure 3.1B compare lanes 3 and 4; see also Figure 3.1A, lane 5). Thus, simple binding 

of MuA to DNA does not cause the linkage change.  

 

 In summary, MuA can apparently introduce 4 negative supercoils upon 

assembling a transpososome on nicked substrates in the presence of DMSO.  

 



 

 
 

 
 

Figure 3.1   Complex formation on nicked substrates. (A) Nicked (N) or supercoiled 

(S) mini-Mu plasmid pMK21 was incubated with MuA and HU in the presence or 

absence of DMSO, and electrophoresed on agarose gels. Type I, cleaved complex; ‘sc’, 

‘oc’, and ‘linear’, supercoiled, open circular and linear forms. (B) Change in DNA 

supercoiling upon assembly of MuA(E392A) on nicked substrates was trapped by sealing 

the nicks with DNA ligase. Larger arrowheads point to the centers of distribution of 

topoisomers, and smaller ones to the upper boundaries of these distributions. (C) 

Histograms of the topoisomer distributions shown in lanes 1 and 2 in (B). DNA band 

intensities (arbitrary units) were quantified as described under Methods. Approximately 

60% of the substrate was converted into type 0 complex in this experiment; this was 

factored into estimation of the complexed bands in the region of overlap. Other symbols 

as in (B). 
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R crosses E-L four times within a Mu synapse assembled on nicked substrates, 

similar to that on supercoiled substrates 

            In order to address the distribution of the 4 trapped supercoils among L, E and R, 

we resorted to the use of ‘difference topology’. In this assay, the intersections between 

two DNA domains are counted by sealing them off via Cre recombination carried out at 

the domain boundaries (Pathania et al., 2002). 

 

 Each difference topology assay utilizes a pair of matched substrates that are 

similar in the arrangement of Mu sites and the location of the loxP sites, but differ in the 

relative loxP orientations: direct in one case and inverted in the other (see schematics in 

Figure 3.2A & B). After assembling the Mu synapse, each plasmid is subjected to Cre 

recombination, which can trap DNA crossings between the two domains separated by the 

pair of loxP sites. If the two interacting DNA domains being tested have an odd number 

of crossings, this number will be declared by the knotted product in the inversion 

substrate; the corresponding deletion substrate will have one more DNA crossing. If, 

however, the crossings are even-noded, the number of interlinks in the catenane will 

define the number of the synaptic nodes; and the corresponding inversion knot will 

contain one extra node. The single additional knot or catenane node observed in each 

case is extraneous to the synapse, and is introduced only to align the loxP sites in the 

correct geometry for the Cre reaction. Thus, if one compares the product topology from a 

pair of inversion and deletion substrates, the simpler of the two topologies gives the 

number of crossings in the unknown synapse. To minimize the trapping of random 

supercoils, loxP sites are placed within 200 bp of any one of the interacting domains.  
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 All experiments on nicked substrates employed wild-type MuA in the presence of 

HU and Ca++ to assemble the type 0 complex. In pSP(R), the reporter for the number of 

crossings R makes with E-L, the loxP sites were positioned on either side of R (Figure 

3.2). The orientation of the loxP sites will be referred to from here on as Dir (direct) or In 

(inverted) repeats for all substrates. For pSP(R)Dir, the Cre-alone reactions yielded two 

unlinked deletion circles, the smaller D1 of which had migrated off the gel (Figure 3.2A, 

lane 2). An equivalent reaction on pSP(R)In produced the unknotted inversion product 

whose migration was indistinguishable from that of the relaxed substrate (Figure 3.2B, 

lane 2). Generation of the inversion product was verified by digestion with appropriate 

restriction enzymes (not shown). Products labeled HJ (indicated by arrowheads) are 

Holliday junction intermediates, as demonstrated by the experiments described in Figure 

3.2C. Separation of the HJ band from the ‘oc’ position depends on substrate 

configuration and gel running (buffer) conditions. This band is indicated where observed 

(Figures 3.2-4). In Cre-alone reactions approximately 40-60% of the nicked substrate was 

recombined, with the efficiencies for deletion and inversion being similar (data not 

shown). Upon MuA assembly, Cre recombination efficiency was somewhat lower (30-50 

%, depending on the substrate; see Figures 3.2-4). 

 The Cre reaction subsequent to assembly of the type 0 complex gave the 4-noded 

catenane for deletion (Figure 3.2A, lane 3), and the 5-noded knot for inversion (Figure 

3.2B, lane 3) as the predominant products. As explained earlier, and as illustrated in the 

schematics in Figure 3.2, a 4-Cat/5-Knot configuration shows that R crosses E-L four 

times within the type 0 synapse assembled on nicked substrates. This is similar to that 

seen in the type 0 complex assembled on supercoiled substrates (Figure 3.2A & B, lane 4) 

(Pathania et al., 2002; Pathania et al., 2003).  
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 A small amount of 2-Cat and 3-Knot product seen in the nicked substrates (Figure 

3.2A & B, lane 3) could result from a partially assembled synapse with two E-R 

crossings (Pathania et al., 2003). The band below the 4-Cat in lane 3 (Figure 3.2A) was 

likely a 5-noded knot, generated from a second round of Cre recombination (Grainge et 

al., 2002). Similarly, formation of the 6-Cat and 7-Knot products from the supercoiled 

substrates (Figure 3.2A & B, lane 4) was likely due to the fortuitious trapping of an extra 

supercoil.  

In summary, the data in Figure 3.2A and B show that R x E-L = 4 on both nicked 

and supercoiled substrates. 

 

The HJ band is a Holliday junction 

            The Cre recombinase exchanges DNA strands via a Holliday junction 

intermediate (Hoess et al., 1987). We suspected that products labeled HJ in Figure 3.2 

(indicated by arrowheads) were stalled at this intermediate stage (as illustrated in Figure 

3.2B). To verify their identity, the HJ band (lane 2, Dir, Figure 3.2A) was excised form 

the gel and cut with Ase I (Figure 3.2C, lane 1), which cuts once within Mu next to attR 

and once outside Mu. As a result, a figure 8 junction would be converted to a four-way 

linear junction. In some of these molecules the top strand of the parental substrates P1 

and P2 would be exchanged (HJ2); others would contain exchanged bottom strands (HJ1). 

Heat denaturation of the two junctions followed by renaturation can reassort the eight 

DNA strands to give the parent duplexes, P1 and P2, as well as the recombinants RC1 

and RC2. This was indeed the case (Figure 3.2C, lane 2), as confirmed by digesting the 

whole Cre reaction mixture shown in Figure 3.2A, Dir, lane 2 with Ase I (Figure 3.2C, 

lane 3). The smallest of these duplexes (RC1) had migrated out of the gel. Bands labeled 
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H1 and H2 are likely the result of hybridization between a parental and a recombinant 

strand to form an incomplete duplex with single stranded tails.  

 Under standard reaction conditions, Cre tends to exchange strands in an ordered 

fashion (Lee and Sadowski, 2003). In this case, HJ1 and HJ2 (see Figure 3.2C) would 

have been highly unequal in their representation in the HJ population. And contrary to the 

results in Figure 3.2C, denaturation and renaturation of the purified HJ should not have 

yielded parentals and recombinants. It is likely that the reaction conditions used in the 

present assays (including the presence of DMSO) can reduce or eliminate this bias. 

Accumulation of the HJ intermediates was not seen in earlier experiments using 

supercoiled substrates (Pathania et al., 2002; Pathania et al., 2003; see also supercoiled 

reactions in Figures 3.2 and 3.3), and appears to be a property of the nicked 

substrates/DMSO conditions. Holliday junction intermediates have been reported to 

accumulate when Cre reaction is performed on supercoiled substrates in the presence of 

ethidium bromide (Kilbride et al., 1999). Indeed, a HJ product was observed for every 

knotted recombinant formed when type 0 complexes were treated with Cre in the 

presence of ethidium bromide (Figure 3.2B, lane 5; compare with lane 4).   



 

Figure 3.2    Crossings of R with E and L on nicked and supercoiled substrates. (A, 

B) Products of Cre recombination on indicated substrates after assembly of type 0 

complexes with MuA in the presence of HU and Ca++. After the reaction, supercoiled 
 48



 49

substrates were nicked with DNase I; all reactions were deproteinized prior to agarose gel 

electrophoresis. loxP sites are present as direct or inverted repeats on Dir or In substrates, 

respectively; parentheses around R indicate R is flanked by loxP; D2 (oc), open circular 

form of the larger deletion circle from Cre recombination; HJ, Holliday junction 

intermediate (indicated by arrowheads); EB, ethidium bromide. Marker catenane and 

knots (not shown) were used to arrive at the numbers indicated on the right with Dir and 

In substrates, respectively. Schematics on the right illustrate the generation of a 4-Cat and 

5-Knot product as deduced on supercoiled substrates in earlier studies (Pathania et al., 

2002). An HJ intermediate for the 5-Knot is also indicated. See text for rationale of the 

‘difference topology’ assay. (C) Identity of the HJ band in (A), lane 2, was confirmed 

after excising the band and digesting with AseI (lane 1). Lane 2, HJ/AseI after 

denaturation followed by renaturation. Lane 3, entire reaction mixture of lane 2, in (A) 

digested with Ase I. See text for description of parental (P1/P2), recombinant (RC1/RC2) 

and hybrid H1/H2 products. All other symbols as in Figure 3.1. 
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L crosses R-E twice on nicked substrates, and not thrice as on supercoiled substrates 

             Reactions analogous to those described above were performed on substrates with 

loxP sites bordering L. Cre deletion and inversion reactions carried out after assembling 

type 0 complexes produced predominantly 2-noded catenanes and 3-noded knots, 

respectively (Figure 3.3A, Dir/In, lane 3). Thus, mainly two DNA crossings are 

contributed by L within a type 0 synapse assembled on nicked substrates (L x E-R = 2). 

This finding is different from that observed earlier for the type 0 synapse assembled on 

supercoiled substrates (Pathania et al., 2002; Pathania et al., 2003) and shown here again 

(Figure 3.3A, Dir/In, lane 4), where the 4-Cat/3-Knot combination shows that L x E-R = 

3. Thus, either the single E-L crossing or one of the two L-R crossings seen on 

supercoiled substrates is not formed on the nicked substrates.  

 

The E-L crossing is the only one missing on nicked substrates 

            In order to dissect the L-E-R crossings further, plasmid pZY(E), where loxP sites 

flank the enhancer (Figure 3.3B) was analyzed as described above. A 2-Cat/3-Knot result 

with the Dir and In substrates, respectively (lanes 3), shows that E x L-R = 2. Taken 

together, data from figures 3.1, 3.2 and 3.3, yield the following mutually consistent 

solution for the transpososome assembled on nicked substrates: E x R = 2, L x R = 2, and 

E x L = 0. This inference was further confirmed by analysis of Dir and In derivatives of 

three mutant substrates summarized in Figure 3.3C. The 2-Cat/3-Knot result from 

[pSP∆L(R)] and [pZY∆E(R)], and 0-Cat/0-Knot from [pZY∆R(L)], is consistent with the 

deduced composite topology. Thus, E and L do not cross on nicked substrates as they do 

on supercoiled ones.  
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 There could be two reasons why the E-L crossing is not observed on nicked 

substrates. This crossing may require a bend at the enhancer normally promoted by 

supercoiling (Surette and Chaconas, 1989; Kobryn et al., 2002). Alternatively or in 

addition, it may require binding of HU at L, which is promoted by DNA supercoiling 

(Kobryn et al., 1999). We tested the first proposition by adding IHF in the reaction with 

the pSP(L)Dir substrate shown in Figure 3.3A. IHF is a sequence-specific DNA binding 

protein that introduces sharp bends in DNA (Higgins et al., 1989; Surette et al., 1989). It 

is known to bind stoichiometrically at the enhancer and lower the DNA supercoiling 

density normally required for Mu transposition (Surette and Chaconas, 1989). Addition 

of IHF, however, did not restore the E-L crossing (data not shown). Thus, a bend at the 

enhancer is not sufficient to promote an E-L crossing. In order to test if the supercoiling-

dependent site-specific binding of HU between L1 and L2 subsites was responsible, we 

introduced an IHF binding site in two different orientations between L1 and L2; IHF did 

not restore the E-L crossing on these substrates either (data not shown). Inclusion of 

HMG1, a eukaryotic protein that can bind to DNA independent of supercoiling (Paull et 

al., 1993), and can functionally replace HU in Mu transpsosome assembly (Lavoie and 

Chaconas, 1994), also did not regenerate the E-L crossing (data not shown). Thus, it 

appears that the DNA bending effects of supercoiling are likely not responsible for the 

absence of the E-L crossing on nicked substrates. We conclude that some other property 

of DNA supercoiling contributes to this crossing (see Discussion). 



 

 

Figure 3.3    Crossings of L with E and R. (A-B) Reactions were as in Figure 3.2 except 

that loxP sites bordered L in pSP(L), and E in pZY(E). Dir reactions with pSP(L) and 

pZY(E) were electrophoresed in TBE buffer instead of TAE in order to obtain a better 

separation of the 2-Cat species. The linear form of the plasmid migrates substantially 

faster under these conditions. Arrowheads point to HJ bands, some of which appear to be 

unresolved but are clearly visible in lower exposures of the gel. (C) Summary of Cre 

recombination results from three mutant substrates.  
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A functional MuA tetramer holds one E-R and two L-R crossings 

             Five of the six att subsites are essential for assembly of the transpososome 

(Lavoie et al., 1991). Treatment of the assembled transpososome with high salt or heparin 

is reported to remove MuA from the ‘accessory’ sites L2, L3 and R3 (see Figure 1.3), 

leaving behind a tetramer that can be footprinted on the core sites L1, R1 and R2 

(Chaconas and Harshey, 2002). To determine the contribution of tetrameric MuA to the 

DNA crossings, the topological analysis shown in Figure 3.4 was carried out.  

 

 Cre deletion and inversion reactions carried out after treatment of the type 0 

complexes with high salt and heparin, gave a 4-Cat/3-Knot product set on pSP(R) (Figure 

3.4A, Dir/In, lane 3), indicating that R makes 3 crossings with E-L. In the absence of 

such treatment, the 4-Cat/5-Knot product set was formed (Figure 3.4A, Dir/In, lane 4; see 

also Figure 3.2); thus, one crossing is lost under the high salt/heparin conditions. To 

determine whether this lost crossing belongs to the R-E or R-L synapse, pSP(L) was 

similarly analyzed. Treatment of pSP(L) complexes with high salt and heparin, however, 

gave the same 2-Cat/3-Knot topology as seen in the absence of such treatment (data not 

shown). Thus, the two L-R crossings are still intact, and one E-R crossing must therefore 

be lost upon depletion of MuA from the accessory site R3.            

 

            In order to ascertain that the type 0 complexes are still functional after treatment 

with high salt and heparin, Ca++ was exchanged for Mg++ on gel-filtration columns. The 

mobilities of complexes assembled on nicked pMK21 in Ca++ or Mg++ with and without 

high salt plus heparin treatment are shown in Figure 3.4B. Type 0 complexes assembled 

in Ca++ with wild-type MuA did not show a distinct mobility when compared to the 

control, likely because of their instability during electrophoresis (Figure 3.4B, lanes 1 and 
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2); type 0 complexes assembled on supercoiled substrates have been reported to be 

unstable after nicking with nucleases (Mizuuchi et al., 1992; Wang et al., 1996). 

Cleavage at the ends of Mu, however, is known to stabilize the transpososome; indeed 

type I complexes have a distinct mobility on nicked substrates (Figure 3.4B, lane 4). 

However, the formation of Ca++-promoted complexes on nicked substrates is supported 

by the topological experiments shown in Figure 3.2 and 3.3. Furthermore, when Ca++ was 

exchanged with Mg++ on gel-filtration columns, promoting Mu end cleavage, the 

stabilized cleaved type I complex was readily observed (Figure 3.4B, lane 5). The type 0 

complexes treated with high salt plus heparin to remove loosely bound MuA, were also 

converted to type I complexes in the presence of Mg++. However, the complexes migrated 

with a slightly lower mobility than those in the absence of this treatment (Figure 3.4B, 

lane 3; compare with lanes 4 and 5). We suggest that the resultant synapse topology 

missing one E-R crossing is not as stable with respect to the enhancer, causing its release 

from the complex during electrophoresis, and accounting for the slower migration of the 

type I complexes (Figure 3.4B, compare lane 3 vs 4). This conclusion also implies that 

the enhancer remains associated with the ends in wild-type type I complexes during gel 

electrophoresis. Indeed, we have ascertained that this is so in other experiments 

(unpublished data). 

 

 In summary, the data in Figure 3.4 show that the MuA tetramer contributes to two 

L-R and one E-R crossing, and thus is involved in interacting with the enhancer and 

maintaining it within the transpososome. 

 



 
 
 
 

 
 

Figure 3.4   Topology and mobility of transpososomes stripped of loosely bound 

protein. (A) Products of Cre recombination on pSP(R)Dir or pSP(R)In substrates upon 

type 0 assembly and after indicated treatments. All other symbols as in Figure 3.2. (B) 

Plasmid pMK21 was treated as indicated. All symbols as in Figure 3.1.   
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DISCUSSION 

 

  In this study we examined the contribution of supercoiling to the 5-noded Mu 

DNA synapse by difference topology (Pathania et al., 2002; Pathania et al., 2003).  

Combining difference topology with reaction conditions that bypass the need for 

substrate supercoiling, we made the unexpected observation that the MuA protein itself is 

able to set up four of the five crossings normally observed within the transpososome. We 

also deduce that three of these crossings must be maintained by the functional tetrameric 

unit of the transposase. These findings are summarized in Figure 3.5.  

 

            In the normal transposition pathway, the ER synapse appears to be the first to be 

established, and is a pre-requisite for the HU-assisted capturing of the L end to form LER 

(Pathania et al., 2003). HU binds between the L1 and L2 subsites in a supercoiling-

dependent manner (Lavoie et al., 1996;  Kobryn et al., 1999), assimilating L2-L3 into the 

complex prior to the stable entry of L1 (Kobryn et al., 2002). On nicked substrates under 

DMSO conditions, the L end has joined the synapse, establishing two crossings with R 

but without crossing with E (Figure 3.3). We were unable to restore the E-L crossing by 

introducing IHF or HMG-induced bends at either the enhancer or the L end.  It is possible 

that differences between supercoiled and nicked substrates with respect to attL-attR-

enhancer interactions mediated by multiple MuA monomers may give rise to two types of 

transpososome assemblies that differ by one DNA crossing. Alternatively, the 

architecture of the transposome may be similar in both cases, and the additional crossing 

may be required to overcome the steric constraints imposed by supercoiling. 

 

 



 

 

 

 

Figure 3.5    Dissection of the Mu synapse. (A) 5-noded topology of the Mu synapse on 

supercoiled substrates (Pathania et al., 2002; Pathania et al., 2003). L, R and E segments 

are shown in light green, dark green and orange, respectively. Individual nodes have been 

named ER-1, ER-2, etc. (B) In the absence of supercoiling, MuA assembles a 4-noded 

synapse missing the E-L crossing.  (C) Conditions known to strip MuA from L2, L3 and 

R3, leaving an intact tetramer, result in the loss of one E-R crossing.  
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 The functional form of MuA is a tetramer as revealed by crosslinking experiments 

(Lavoie et al., 1991). When transpososomes are treated with 0.5 M NaCl prior to 

crosslinking, the tetramer is seen to footprint only on L1, R1 and R2. Experiments using 

heparin or competitor DNA have similarly revealed that MuA is loosely associated with 

the ‘accessory’ sites L2, L3 and R3 and can be removed by these treatments (Kuo et al., 

1991; Mizuuchi et al., 1991). We find that such treatments retain the L-R crossings and 

one of the two E-R crossings (Figure 3.4). This suggests that the MuA subunit bound to 

R3 must play a role in maintaining the crossing that was lost (likely the one designated 

ER-2 in Figure 3.5B, since it is more distal to L-R). These data also show that the MuA 

tetramer must maintain both L-R as well as the ER-1 crossings. On supercoiled substrates, 

it is likely that the tetramer also maintains the E-L crossing. While we have arbitrarily 

placed the tetramer between the L-R nodes in Figure 1.6, the actual distribution of the 

subunits between the three crossings is uncertain.  

 

 How might the MuA protein generate four DNA crossings in the absence of 

supercoiling? It is reasonable to suppose that the dual DNA binding specificity of MuA 

for the att sites and the enhancer, is responsible for cross-bridging E and R in nicked 

substrates, and E and L and E and R in supercoiled substrates. The situation is rather 

different for L-R interactions. It is known that the MuA subunit at the L1 subsite directs 

its active site towards and cleaves R1 in trans, and vice versa (Aldaz et al., 1996; 

Savilahti and Mizuuchi, 1996; Namgoong and Harshey, 1998). Thus, MuA-att 

interactions, in conjunction with MuA-MuA interactions, likely set up the L-R crossings.  

 

 This study has shown that MuA has the intrinsic capacity to interwrap E, L and R 

into a topologically defined synapse. What is the normal role of supercoiling in 
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establishing this interwrapped synapse and why is the supercoiling requirement overcome 

in DMSO? There must be finite enthalpic and entropic costs associated with 

interwrapping of the three sites. We believe that DMSO induces conformational changes 

in both protein and DNA, facilitating transpososome organization by lowering the energy 

cost of the assembly process normally promoted by DNA supercoiling. That MuA can 

still interact with the enhancer and recreate 4/5 crossings normally seen on supercoiled 

DNA, suggests that in the process, DMSO has not altered essential protein-DNA or 

protein-protein interactions.  

 

 Site-specific recombinases of the tyrosine family (phage lambda Int and E. coli 

XerC/XerD) and the serine family (Tn3 or γδ resolvase and phage Mu Gin or Salmonella 

Hin) are known to assemble topologically complex synaptic arrangements in order to 

trigger the chemical steps of recombination (Craig, 2002). The Int recombinase utilizes 

accessory proteins IHF, Fis and Xis to carry out integrative/excisive recombination 

between the phage site attP and the bacterial site attB. Furthermore, Int has bi-specificity 

in DNA binding, one for the ‘arm-type’ sequence and the other for the ‘core-type’ 

sequence (Moitoso de Vargas et al., 1988). The XerC/XerD recombinase relies on PepA 

and ArgR proteins bound to their target sites to set up a topologically unique 

recombination synapse on plasmid target sites (Alen et al., 1997). Along the same lines, 

the Hin and Gin proteins organize their synapses with assistance from the Fis protein 

associated with its binding site (Johnson, 2002). By contrast, in the resolvase system, the 

same binding specificity of the resolvase protein comes into play at the target site res I, 

where the recombination reaction occurs, and the accessory sites res II and res III 

(Grindley, 2002). MuA shares features of the Int and resolvase proteins in having dual 

DNA binding capacity on the one hand, and being self-sufficient for both catalytic and 
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accessory functions on the other. The unique spatial architecture of the Mu synapse must 

not only assist in critical events in Mu transposition such as trans catalysis, where MuA 

bound to one end catalyzes reaction chemistry at the opposite end, thus coordinating 

reaction at both ends (Aldaz et al., 1996; Savilahti and Mizuuchi, 1996; Namgoong and 

Harshey, 1998), but also contribute to the high stability of the Mu transpososome which 

must play an important role during amplification of Mu DNA during the phage life-cycle 

(Chaconas and Harshey, 2002). The observation that enhancer is sequestered within the 

synapse throughout transposition (Pathania et al., 2003), suggests that the enhancer may 

signal a commitment to transposition in vivo by blocking binding of the Mu repressor to 

this region (see Figure 1.3). Our finding that subunits in the tetramer contribute to 

holding the enhancer in place implicates a continued role for the enhancer during 

transposition. It is possible that the specific architecture of the synapse influences capture 

of target DNA, which unlike in other transposons, can occur prior to initiation of 

transposition chemistry (Naigamwalla and Chaconas, 1997; Craig, 2002).  
 

.  
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Chaper 4: Enhancer-independent Mu transposition from two 

topologically distinct synapses 

 

INTRODUCTION 

             Site-specific recombination systems have provided a microscope for 

understanding how distant DNA segments interact with each other. Some of these 

systems are highly selective with respect to orientation of the interacting sites, and 

recombine through a very specific synapse topology. Examples include phage Mu 

transposase and several resolvase and invertase systems (Wasserman and Cozzarelli, 

1985; Craigie and Mizuuchi, 1986; Kanaar et al., 1990; Heichman et al., 1991; Colloms 

et al., 1997; Murley and Grindley, 1998; Pathania et al., 2002; Pathania et al., 2003). 

How is their specific topology selected? What distinguishes these systems from more 

permissive ones such as Flp recombinase and phage λ integrase which can interact by 

random collision and recombine through a spectrum of DNA topologies (Beatty et al., 

1986; Crisona et al., 1999)? A hallmark of the former systems is the participation of 

three sites in the productive synapse, whereas the latter systems involve interaction of 

two sites. A three-site synapse on a circular, supercoiled substrate is thought to arise by 

DNA slithering or branching rather than by random collision, and can be highly 

restrictive with respect to the permissible orientation of the interacting sites. 

 There exist mutant invertases and resolvases that do not require complex 

synapse architecture or substrate circularity, and give random collision recombination 

products. These proteins have acquired independence from the enhancer or accessory 

binding sites (Klippel et al., 1988; Arnold et al., 1999). For the Mu transposase (MuA), 
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two different enhancer-independent situations have been described. One involves an 

enhancer-independent transposase that, unlike the invertase and resolvase systems, does 

not relieve the dependence on DNA supercoiling or on the correct orientation of Mu 

ends (Yang et al., 1995a; Jiang and Harshey, 2001). The other involves addition of 

DMSO to the reaction; this situation does provide independence from topological and 

directional restrictions (Mizuuchi and Mizuuchi, 1989). We address both situations in 

this study.  

 A normal Mu transposition synapse traps five supercoils by intertwining the left 

(L) and right (R) ends of Mu with the enhancer element (E). The transposase MuA can 

recreate a similar topology on nicked substrates in the presence of DMSO, suggesting 

that formation of the interwrapped architecture is an active process rather than a 

fortuitious trapping of the DNA crossings already present in supercoiled DNA (Yin et 

al., 2005). While the dual DNA-binding specificity of MuA for sites within the ends as 

well as the enhancer likely sets up the E-R/E-L crossings, the L-R crossings must be 

brought about by a different set of interactions. It is known that MuA subunits nearest 

the Mu termini direct their active sites towards the opposite end and cleave in trans 

(Aldaz et al., 1996; Namgoong and Harshey, 1998). Thus, MuA-Mu end interactions in 

conjunction with MuA-MuA interactions likely set up the L-R crossings. 

  We show in this study that the Mu transpososome displays a relaxed topological 

specificity on supercoiled substrates under enhancer-independent DMSO conditions, 

while maintaining its topological specificity under conditions employing the enhancer-

independent transposase. Presence of the enhancer influences the mode of synapsis 

under the DMSO conditions. We discuss the significance of these results in the context 

of an earlier ‘topological filter’ model (Craigie and Mizuuchi, 1986; Boocock et al., 
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1986; Gellert and Nash, 1987), as well as consider the multiple regulatory roles of the 

enhancer in Mu transposition.  

          

       RESULTS 

 

 We have used ‘difference topology’ to carry out the topological analyses 

described in this study. 

Correctly oriented Mu ends can synapse in two ways under DMSO conditions.  

DMSO conditions reduce the Mu transposition reaction to a two-site system 

composed of only the L and R ends, without participation of the enhancer. Encounter of 

the two sites by the normal slithering mode will not include any interdomainal nodes 

between the Mu and non-Mu domains, whereas encounter by random collision will 

include a random number of interdomainal nodes (Figure 4.1A). We will refer to the 

resulting nucleoprotein complexes as ‘interwrapped’ (IW) and ‘random collision’ (RC) 

synapses, respectively. These two kinds of synapse can be distinguished by 

recombination at a pair of loxP sites positioned adjacent to L and R within the Mu 

domain. Cre recombination in an IW synapse, will generate deletion and inversion 

products that are unlinked and unknotted, as in a Cre-alone control reaction (Figure 

4.1B; only deletion is shown). In an RC synapse, however, the products of Cre 

recombination will be a series of knots for inversion and catenanes for deletion (Figure 

4.1C; only deletion is shown). When loxP sites are positioned on either side of L or R, 

they should report on an IW synapse (Figure 4.1D & E), since Mu ends are not 
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plectonemically intertwined in an RC synapse. After Cre recombination, formation of a 

2-noded catenane on a deletion substrate (Figure 4.1D) and a 3-noded knot on a 

matched inversion substrate (Figure 4.1E) would indicate that L contributes two 

crossings to this synapse. The extra crossing in the inversion knot results from the need 

to align the loxP sites in the correct antiparallel geometry for the Cre reaction to occur.  
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 Reactions with the enhancer-less pZY∆E substrates depicted in Figure 4.1B-E are 

shown in Figure 4.2. In order to avoid Mu end cleavage and strand transfer, a 

catalytically inactive variant MuA(E392A) was employed. After the Cre reaction, 

samples were treated with DNase I to nick the DNA in order to resolve the knots and 

catenanes by removing supercoils. 

 

 Incubation of pZY∆E with MuA(E392A) in the presence of DMSO resulted in the 

formation of the type 0 complex, which migrates just above the supercoiled substrate 

(Figure 4.2A, lane 2). Cre recombinase was added to the reaction after type 0 formation. 

Cre-alone control reactions (Figure 4.2B, lane 2) yielded two unlinked deletion circles, 

the smaller D1 of which has migrated further in the gel and is not included in the figure; 

an equivalent reaction on the In substrate produced the unknotted inversion product 

(Figure 4.2B, lane 5), whose identity was confirmed by restriction enzyme digestion (data 

not shown; see (Pathania et al., 2002). In the presence of MuA(E392A), Cre 

recombination yielded a random series of products: 2, 4, 6 and 8-noded catenanes on the 

Dir substrate (Figure 4.2B, lane 3; D2 overlaps with 8-Cat product) and 3, 5, 7 and 9-

noded knots on the In substrate (Figure 4.2B, lane 6). This is the expected result for an 

RC synapse (see Figure 4.1C). The reason for the higher representation of 2-Cat and 3-

Knot products can be accounted for by the existence of DNA branches in substrates 

(Vologodskii and Cozzarelli, 1996). Synapsis of sites around branch points would 

generate recombination products with a lower number of nodes; the probability of lower 

number products increases in multiply branched molecules. 

 

 To test for an IW synapse under the same conditions (see Figure 4.1D & E), the 

pZY∆E [(L) or (R)] substrates were employed (Figure 4.2C & D, lanes 1-6). In the 
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presence of MuA(E392A), Cre recombination yielded a 2-Cat as the major product on the 

Dir substrates (Figure 4.2C & D, lane 3) and a 3-Knot on the In substrates (Figure 4.2C & 

D lane 6). Thus, L and R can cross each other twice in an IW synapse, just as they do in 

the normal synapse (Pathania et al., 2002; Pathania et al., 2003). We note that in the 

absence of DMSO, there was no interwrapping of the L and R sites on a similar 

enhancer-less substrate (Pathania et al., 2002; Pathania et al., 2003). 

 

 The results in Figure 4.2 show that L and R can interact within both IW and RC 

synapses under the enhancer-independent DMSO conditions. The conclusion from the 

topological analysis that the type 0 complex (Figure 4.2A) is a mixture of two types of 

synapses is supported in later experiments involving direct visualization of these 

complexes on agarose gels (see Figure 4.6). While the data in Figure 4.2 do not exclude 

the possibility that L and R also intertwine in an RC synapse, results with inverted end 

substrates in Figure 4.4 show this unambiguously. 
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Presence of enhancer promotes interwrapped synapsis.  

            To determine whether presence of the enhancer would impose topological 

selectivity under the DMSO conditions, experiments similar to those shown in Figure 4.2 

were carried out on pSP substrates with a wild-type arrangement of all three interacting 

sites. As shown in Figure 4.3A, pSPDir gave a predominant 4-Cat/3-Knot pattern under 

normal reaction conditions, i.e., without DMSO (Figure 4.3A, lanes 4 and 8, respectively); 

this pattern arises from the 3 crossings the enhancer makes with L and R together 

(Pathania et al., 2002). In the presence of DMSO (Figure 4.3A, lanes 3 and 7), the pattern 

appeared to resemble that seen without DMSO (compare with lanes 4 and 8), although an 

RC pattern was also evident to some degree (compare with Figure 4.2B, lanes 3 and 6). 

Consideration of the next set of results shown in Figure 4.3B & C and later in Figure 4.6, 

suggests that while both kinds of synapses are likely to be present, the IW synapse 

predominates in DMSO when the enhancer is present. 

 

 Formation of the IW synapse was specifically monitored using substrates where 

loxP sites flank either L or R (Figure 4.3B & C). A similar pattern was observed with or 

without added DMSO. Thus the 4-Cat/5-Knot pattern seen in Figure 4.3B (lanes 3 and 7 

with DMSO, and lanes 4 and 8 without DMSO), comes from the 4 crossings that R 

makes with L and E together (Pathania et al., 2002). In Figure 4.3C, the 4-Cat/3-Knot 

pattern (lanes 3 and 7 with DMSO, and lanes 4 and 8 without DMSO), comes from 3 

crossings that L makes with R and E together (Pathania et al., 2002). The amounts of 

recombination products generated with these substrates were largely similar with or 

without DMSO, as was the amount of complex formation (not shown). If synapsis 

occurred equally by both pathways in DMSO, one might expect the RC synapse to not 

contribute to the recombination products observed with these substrates (B, C), resulting 
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in lower amounts of products or higher amounts of unreacted substrate in DMSO when 

compared to normal conditions.  

 

 Overall, the results in A-C suggest that synapsis by the IW pathway may be 

favored when the enhancer is present under the DMSO conditions. In later nicking 

experiments, we show that the IW synapse is indeed predominant under these conditions. 

Thus, the enhancer contributes to the topological selectivity of the Mu synapse.  
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Incorrectly oriented Mu ends synapse exclusively via random collision.  

              On a supercoiled substrate, incorrectly oriented ends would experience difficulty 

in aligning sites for correct interwrapping (Craigie and Mizuuchi, 1986). This is thought 

to be the basis for the topological selectivity of the particular orientation of reactive sites. 

To test this, we carried out Cre reactions on similar substrates as described in Figure 4.2, 

except that the Mu ends were in the wrong relative orientation. The superscript ‘inv’ 

denotes that the indicated site preceding it is inverted relative to its normal orientation. 

 

 For the pSP-Rinv∆E substrate, when loxP sites were adjacent to L and Rinv within 

the Mu domain, the Cre-alone reactions on Dir and In substrates (Figure 4.4A, lanes 2 

and 5) yielded the expected deletion and inversion products as described in Figure 4.2. In 

the presence of MuA(E392A), Cre recombination yielded a random series of catenanes 

and knots (Figure 4.4A, lanes 3 and 6, respectively), as observed for the pSP∆E substrate 

with a normal orientation of ends (see Figure 4.2B). We note that correctly oriented Mu 

ends will trap an even number of interlinks between the Mu and non-Mu domains, while 

incorrectly oriented ends (when aligned correctly) will trap an odd number of interlinks. 

However, since Cre recombinase will introduce one additional node in order to align loxP 

sites in an antiparallel configuration in Dir vs In substrates, there will ultimately be no 

difference in the product distribution between correct vs incorrect end-orientation 

substrates (compare Figure 4.4A with Figure 4.2B).  

 

 When the loxP sites were adjacent to L, Cre recombination did not yield catenated 

or knotted products above the control lanes in the presence of MuA(E392A) (Figure 4.4B, 

compare lanes 2 vs 3 and 5 vs 6). Similar results were obtained when loxP sites were 

adjacent to R (data not shown). This is in contrast to the results seen with correctly 
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oriented ends (see Figure 4.2C & D). Thus, incorrectly oriented ends align only within an 

RC synapse and do not intertwine. Including the enhancer in these substrates did not alter 

the results i.e only the RC synapse was detected (data not shown).  

 

 In summary, L and R synapse exclusively by random collision without 

intertwining, when they are incorrectly oriented. 

 

 

 

 

 

 

 

 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4   Synapsis of inverted Mu ends in DMSO. (A, B) Reactions as in Figure 4.2, 

except with an R-end inverted substrate. The Cre recombinase, for inexplicable reasons, 

sometimes produces a background of higher number products such as the knots seen in 

lane 5. It is known that Cre will do this at high pHs, and indeed we use this observation to 

generate the marker ladders (not shown; Kilbride et al., 1999).  
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Enhancer-independent transposase forms only the interwrapped synapse. 

            Removal of the first 80-84 amino acids from the N-terminal enhancer-binding 

domain of MuA allows enhancer-independent assembly of the transpososome (Yang et 

al., 1995a), while maintaining the need for substrate supercoiling and inverted end 

orientation (Jiang and Harshey, 2001). To examine the topology of this synapse, we used 

MuA(∆1-84) to assemble the complex. Reaction conditions were normal, i.e. there was 

no DMSO added. Use of Ca++ ions instead of Mg++ prevented catalysis by the assembled 

complex (see Chapter 2). Approximately 40% of the substrate was converted to the type 

0 complex by MuA(∆1-84) (Figure 4.5A, lane 2). With pZY∆E, Cre recombination did 

not yield catenated or knotted products above the control lanes (Figure 4.5B, compare 

lanes 2 vs 3 and 5 vs 6). Thus unlike the 2-site synapse made in the presence of DMSO 

(see Figure 4.2B), L and R do not form the RC synapse with MuA(∆1-84). When loxP 

sites flanked either L or R, 2-Cat/3-Knot products were obtained (Figure 4.5 C & D, lanes 

3 and 6), showing that L and R interwrap twice as in the normal synapse. 

 

 We conclude that L and R ends also contribute to topological specificity of the 

Mu synapse. 

 

Visualization of the two synapses on agarose gels.  

              The topological analyses presented in Figures 4.2-4.5 show the existence of two 

kinds of synapses in assembled transpososomes. To test for these by a more direct 

method, we nicked the complexes and subjected them to agarose gel electrophoresis. 

Provided the nicked complexes are stable enough to survive electrophoresis, we hoped 

they would fractionate into distinct mobility classes based either on differences in overall 

shape (see Figure 4.1A), or differences in dissipation of the nick over the plasmid. A 
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specific nicking site for N.BbvC 1B was engineered into the Mu domain (see Materials 

and Methods; nicking in the non-Mu domain converted the entire type 0 complex band to 

the relaxed position). Complexes were assembled in DMSO on the pZY∆E substrate 

(Figure 4.6A, lane 2). When subjected to site-specific nicking with N.BbvC 1B, two 

bands were observed (Figure 4.6A, lane 3). The higher mobility complex was designated 

IW, because it migrates between the sc and oc position, where a normal cleaved type I 

complex would migrate upon losing half its supercoils (Chaconas and Harshey, 2002). 

The slower mobility band was designated RC; support for this assignment comes from 

examining complexes made on inverted-end substrates which give exclusively RC 

products (see Figure 4.4). When inverted-end complexes were nicked in the Mu domain, 

a single band at the RC position was observed (Figure 4.6B, lane 3). From the slower 

mobility and lower amounts of this band (see also Figure 4.6A, lane 3), we suspected that 

both domains of the plasmid were relaxed in the complex, compromising its stability. 

This conjecture was tested by assembling the complex on a substrate pre-nicked with 

N.BbvC 1B (Figure 4.6B, lanes 4 and 5). The mobility and recovery of the RC band in 

lane 5 was similar to that in lane 2. The results in Figure 4.6A and B not only confirm 

that two kinds of synapses are formed in DMSO, but also show that these synapses 

respond differently to the presence of a nick in the Mu domain and therefore must be 

structurally different. In the IW complex, the nick is confined to the Mu domain, while in 

the RC complex it apparently dissipates over the entire plasmid. We note that the nick 

would be on opposite (Watson vs Crick) strands in RC complexes formed on normal vs 

inverted end substrates. 
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 Support for the identity of the IW complex also came from examining type 0 

complexes formed on normal substrates in the absence of DMSO; these are expected to 

include the enhancer and to be exclusively of the IW variety (Figure 4.6C, lane 2). Upon 

nicking, a single band at the IW position was observed (Figure 4.6C, lane 3). In 

complexes assembled in the presence of DMSO, the IW band was predominant after 

nicking, with only a hint of product at the RC position (Figure 4.6C, lane 6). Nearly 

quantitative conversion of the type 0 band to the IW band in Figure 4.6C (compare lane 5 

vs 6) supports results from topological experiments, where the IW synapse appeared to be 

favored (see Figure 4.3).  

 

 Additional tests to further confirm the identity of the RC and IW bands involved 

using substrates with increasing lengths of DNA in the Mu domain; site-specific nicking 

of the Mu domain is expected to lead to a larger shift in the mobility of the IW complex 

vs the RC complex, since a nicked RC complex is already fully relaxed. This expectation 

was borne out (Figure 4.7).  

 

 In summary, RC and IW synapses identified by topological experiments were also 

visualized by agarose gel electrophoresis.  

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6   Visualization of IW and RC complexes on agarose gels. (A) Type 0 

complexes assembled on pZY∆E were nicked with N.BbvC 1B, whose approximate 

position on the plasmid is indicated with an arrowhead (see Materials and Methods). (B) 

As in A except with inverted-end substrate. Reactions in lanes 4 and 5 are with pre-

nicked substrates. (C) As in A except with enhancer included, with or without DMSO as 

indicated. 
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     DISCUSSION 

 

             We have examined the topology of the Mu transposition synapse under two kinds 

of enhancer-independent conditions. We find that, in the presence of DMSO, correctly 

oriented ends align within both an IW and an RC synapse. Introduction of the enhancer, 

however, channels synapsis through the IW pathway. When Mu ends are in the wrong 

relative orientation, synapsis occurs exclusively by random collision. Formation of this 

RC synapse demonstrates that intertwining of the ends is not essential for productive 

synapsis on supercoiled DNA. With an enhancer-independent MuA, correctly oriented 

Mu ends pair exclusively through the IW synapse. We have visualized the two 

structurally different kinds of synapses on agarose gels after nicking the Mu domain. We 

discuss these results in greater detail below. 

 

The topological filter.  

               Topological characterization of DNA-protein intermediates in the Mu 

transposition pathway suggests a defined order in the interaction of the enhancer with the 

Mu ends, concomitant with assembly of the transpososome (Pathania et al., 2003). ER 

appears to be a critical early intermediate that nucleates assembly, and is a prerequisite 

for capture of L to form the 3-site complex LER (Watson and Chaconas, 1996). 

Interactions between the six MuA subunits expected to be associated with the LER 

synapse lead to formation of a stable MuA tetramer bridging the two Mu ends, enabling 

the chemistry of transposition (Chaconas and Harshey, 2002). The 5-noded DNA 

crossing pattern established by the three sites upon synapsis is retained at least until the 

strand cleavage step, and the enhancer is still associated with the complex until 
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completion of strand transfer. The transpososome intermediates along the transposition 

pathway are progressively more stable, implying progressive conformational changes in 

the complex (Chaconas and Harshey, 2002).  

 

How is the topology of a recombination synapse determined? Why is the Mu 

synapse normally limited to the IW variety, when it is clear from these studies that an RC 

synapse can be made? Since the latter is only made under enhancer-independent DMSO 

conditions (Figures 4.2 and 4.4), it follows that the enhancer normally participates in 

imposing the observed topological specificity. This is consistent with our finding that the 

enhancer selects for the IW synapse under DMSO conditions (Figures 4.3 and 4.6). 

However, the enhancer-independent mutant of MuA(∆1-84) works only through the IW 

synapse (Figure 4.5; Jiang and Harshey, 2001). This implies that the enhancer is not the 

only determinant of topological selectivity but that the Mu ends also make a contribution. 

This finding is somewhat surprising in view of the fact that systems requiring only two 

recombination target sites enjoy greater topological freedom than those that require a 

third site. We offer an interpretation that can reconcile both these sets of findings. This 

interpretation falls within the framework of an earlier ‘topological filter’ model which 

proposes that selection of a particular synapse occurs after the initial encounter of sites by 

any mechanism, such that synapsis will lead to products only if a productive synapse of 

the required local DNA geometry can be formed (Craigie and Mizuuchi, 1986; Boocock 

et al., 1986; Gellert and Nash, 1987). According to this model, collision complexes that 

cannot be readily converted to the productive synapse are unstable, implying that the 

observed topology must support the most stable synapse. We suggest that during normal 

transpososome assembly, the ordered intertwining of the enhancer with the Mu ends 

generates a step-wise series of conformational changes in the transposase, changes that 
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cannot be induced when the sites collide randomly. In this scenario, the enhancer-

independent MuA mutant is only partially independent in that it has acquired 

independence from the enhancer but not from the Mu ends; intertwining of L and R is 

still required for ‘unfolding’ MuA into its final synaptic conformation. Full independence 

from both the enhancer and the Mu ends is only achieved under DMSO conditions. 

DMSO likely induces the final MuA conformation without going through the stepwise 

series of interactions. We therefore suggest that it is not that the IW synapse is the only 

stable synapse, but that the only way to get a stable synapse is to follow the step-wise 

establishment of the 5-noded topology. If either synapse can be made under DMSO 

conditions, why is the IW synapse favored when the enhancer is introduced (Figure 4.3 

and Figure 4.6C)? We suggest that differences in the initial stability of the nascent 

complexes are likely responsible. Structural differences between the two synapses are 

evident from their response to a nick introduced into the Mu domain; the nick is 

contained within the Mu domain in the IW synapse, but apparently dissipates to the non-

Mu domain in the RC synapse whether positioned on the Watson or the Crick strand 

(Figure 4.6). We do not know the basis for the differential effect of the nick, but 

speculate that the DNA crossings within the IW synapse lend it more stability. These 

considerations support the topological filter model, and show that the correct geometry of 

all three sites generates the most stable synapse. Thus, all three sites can be viewed as 

DNA chaperones that filter the transposase along a specific assembly pathway to yield a 

‘properly folded’ high-order reaction complex. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Effect of increasing length of the Mu domain on mobility of interwrapped 

(IW) vs. random collision (RC) complexes. (A–C) Substrates containing increasing 

DNA lengths in the Mu domain (indicated in parentheses) were treated as indicated and 

run on agarose gels. Symbols are as in Figure 4.6. 
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Other roles for the enhancer  

              If transposition can be supported by enhancer-independent pairing of Mu ends 

through an RC synapse, there must be advantages to designing an IW synapse whose 

formation is dependent on a third enhancer element. Several can be enumerated, that 

provide regulatory control both in gene expression as well as in the mechanistic aspects 

of transposition. First, the N-terminal region of MuA shares extensive homology with the 

Mu repressor, and both proteins bind the enhancer through this homologous region 

(Chaconas and Harshey, 2002). When bound by the repressor, the enhancer serves as the 

operator region to block the transcription of the early transposition functions. Thus, 

inclusion of this DNA segment as an integral part of the transposition synapse must 

prevent access to the repressor, and regulate the lysis-lysogeny decision by signaling a 

commitment to transposition and hence to lytic growth. Second, the enhancer binding 

region of MuA is at least partly responsible for keeping the MuA monomer catalytically 

silent, since enhancer-independent mutants have deletions removing this region from the 

amino-terminus of MuA (Yang et al., 1995a). We have argued above that the ordered 

pathway of transpososome assembly (Pathania et al., 2003) is designed to gradually 

unfold the catalytic potential of the transposase. Third, if presence of the enhancer lends 

more stability to the synapse, then this will be advantageous during the lytic cycle of 

phage growth where transposition is coupled to replication, and the transpososome aids in 

the transition between these two phases (Nakai et al., 2001). Fourth, as multiple copies of 

Mu start to accumulate in the host genome, assembly of an IW 3-site synapse would 

ensure that the Mu ends present on the same Mu genome are paired for transposition, 

rather than ends from neighboring genomes. A similar 3-site design in invertase and 

resolvase systems ensures specificity of site selection during recombination (Kanaar et al., 

1990; Colloms et al., 1997; Murley and Grindley, 1998; Moskowitz et al., 1991; Bednarz 
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et al., 1990). The contribution of the Mu ends themselves to the topological specificity 

underscores a similar logic. Finally, the enhancer must be involved in yet another role in 

transposition, since it stays sequestered within the transpososome even after strand 

transfer is complete (Pathania et al., 2003; Yin et al., 2005).  
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Chapter 5: The interwrapped Mu transpososome: a new model based 

on topology of individual end-enhancer interactions 

 

INTRODUCTION 

 
              Phage Mu is the most efficient transposable element known, its high efficiency 

enabled by an enhancer DNA element (see Chaconas & Harshey, 2002). Transposition is 

the end-result of a series of well-choreographed steps that juxtapose the enhancer and the 

two Mu ends within a nucleoprotein complex called the ‘transpososome’. The particular 

arrangement of DNA and protein components lends extraordinary stability to the 

transpososome, and regulates the frequency, precision, directionality and mechanism of 

transposition. The structure of the transpososome therefore holds the key to 

understanding all of these attributes, and to ultimately explaining the runaway genetic 

success of transposable elements throughout the biological world (Kazazian, 2004). 

 

  An active Mu transpososome can be assembled either on supercoiled DNA under 

normal reaction conditions that require multiple cis and trans factors, or on 

oligonucleotide substrates where the requirement for many of these factors is relaxed by 

addition of DMSO to the reaction (Chaconas & Harshey, 2002). The normal 

transpososome traps five supercoils by intertwining the left (L) and right (R) ends of Mu 

with an enhancer element (E) (Pathania et al., 2002). How is the structure of this 
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interwrapped transpososome related to the recently determined STEM (scanning 

transmission electron microscopy) structure of a transpososome assembled with DMSO 

on oligonucleotide substrates in the absence of the enhancer (Yuan et al., 2005)? 

 Under normal reaction conditions, DNA supercoiling is essential and 

transpososome assembly is dependent on the presence of the left and right ends of Mu, as 

well as an enhancer DNA element (Figure 1.3). The L and R ends each have three 22 bp 

consensus binding sites (L1, L2 and L3 at left end; R1, R2 and R3 at right end). MuA 

binds as a monomer to each site, introducing an 80-90° bend at most sites. L1 and L2 are 

separated by ~80 bp, a gap that is closed by binding of the E. coli protein HU in this 

region. The E segment has three sites O1, O2, O3, defined by DNA protection patterns 

(30-60 bp) on linear substrates, only O1-O2 of which are sufficient of activity in vitro.  

There is no shared consensus between these sites, and it is not clear if there are multiple 

binding sites for MuA within each of these segments. The O1-O2 region, which includes 

an intervening IHF binding site, is ~150 bp. IHF, shown to introduce hairpin bends at 

other sites, is absolutely required for transposition if the superhelical density of plasmid 

DNA is low, or if any one of the three ‘accessory’ sites – L2, L3, R3 – is deleted, 

suggesting that bending at the enhancer is stabilized by supercoiling and by end-enhancer 

interactions (see Chaconas & Harshey, 2002).  

                Three general functional domains are assigned to MuA protein (Figure 1.4A), 

based on limited proteolysis. To initiate DNA transposition, six MuA subunits are 

expected to first bind the higher-affinity att subsites at both ends, from where they can 

make cross-bridging interactions with the enhancer. E-R interactions nucleate assembly 
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(Figure 1.6), the critical interactions being between R1 and O1 (Jiang et al., 1999; Jiang 

and Harshey, 2001; Pathania et al., 2003). E and R interwrap twice in the ER complex, 

which progresses into LER in the presence of HU. L makes one crossing with E. It is 

surmised that L1 is the last site to join the complex, delivered by HU-promoted DNA 

bending at the L end (Kobryn et al., 2002). L and R interwrap with each other twice, five 

supercoils being eventually trapped in the LER synapse (Pathania et al., 2002). 

Interaction of MuA subunits within the LER leads to formation of a stable MuA tetramer, 

which is the functional core of the transpososome. Treatment of this complex with high 

salt or heparin still leaves a tetramer in place, with loss of footprints at the accessory att 

sites L2, L3 and R3 (see Chaconas & Harshey, 2002). The enhancer is associated with the 

transpososome throughout transposition, and the 5-noded DNA topology is maintained at 

least through cleavage (Pathania et al., 2003). 

 
              Under DMSO reaction conditions, the requirement for supercoiling, enhancer 

and HU can be bypassed, and short oligonucleotide substrates spanning the R1-R2 sites 

will faithfully reproduce the chemistry of the transposition reaction (Savilahti et al., 

1995). A tetrameric MuA is involved in pairing the two R-end sequences in this complex 

as well. Complexes assembled on these substrates, however, are not as stable as those 

reported for supercoiled substrates (Surette et al., 1987). Scanning transmission electron 

microscopy has been recently used to produce a 3D reconstruction of the Mu 

transpososome complex assembled under DMSO conditions on 50 bp R-end substrates 

(Yuan et al., 2005).  
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 We have investigated the contribution of individual end-enhancer interactions to 

the topology of the three-site synapse assembled on supercoiled DNA, by directing MuA 

variants defective in enhancer-recognition to specific subsites and examining the 

composition of the resulting complexes, as well as by analyzing DNA crossings in 

transpososomes assembled on substrates deleted for specific subsites. The results show 

that the enhancer-binding domain of the catalytic MuA subunit at R1 and the accessory 

subunit at R3 are essential for trapping the enhancer within the synapse, and contribute to 

the two DNA crossings E makes with R. MuA subunits at L appear not to be directly 

involved in enhancer contact, consistent with previous studies which deduced that the EL 

DNA crossing is passively promoted by DNA supercoiling (Yin et al., 2005). Based on 

these data we propose a structure for the interwrapped Mu synapse which accommodates 

many known properties of the transpososome. Since Mu can transpose from two 

topologically distinct synapses (Yin and Harshey, 2005), we suggest that the recently 

determined STEM structure of the transpososome assembled in the absence of regulatory 

elements (Yuan et al., 2005) is an active but alternate non-interwrapped form of the 

synapse.  
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RESULTS 

 

The enhancer-binding domain is essential for R1-bound but not for L1-bound MuA  

               Earlier complementation experiments had indicated that not all of the MuA 

monomers assembled within a Mu transpososome need be proficient in enhancer binding 

(Yang et al., 1995b). This study used a mixture of a catalytically inactive mutant 

[MuA(E392A); (Kim et al., 1995)] and an enhancer-binding mutant [MuA(∆1-62); 

defective in assembly] to generate a cleaved type I complex, showing that MuA(∆1-62) 

can be incorporated into the transpososome and occupy either one or both of the catalytic 

subunit positions within the complex (Yang et al., 1995b). Thus, the enhancer binding 

domain is not essential at either L1 or R1 sites from where MuA subunits perform 

catalysis in trans (Namgoong and Harshey, 1998). Cleavage of only the right end in the 

mixed complexes suggested that MuA(∆1-62) was excluded from the R1 site (Yang and 

Harshey, unpublished results). To test this inference directly, MuA(∆1-62) was 

specifically directed to either L1 or R1 using the altered DNA-binding specificity variant 

MuA(R146V) which can recognize altered att sites (L1**, R1**) (Namgoong et al., 

1998).  In this assay, the altered att site (**) substrate is pre-incubated with MuA(∆1-62, 

R146V) before addition of MuA(E392A), because although  MuA(R146V) can recognize 

only altered sites, MuA(E392A) can bind both wild-type and altered sites (Namgoong 

and Harshey, 1998). As expected, MuA(R146V) or MuA(∆1-62, R146V) alone could not 

form any complexes (Figure 5.1A and B, lanes 1 and 5). MuA(E392A) could assemble 

only the uncleaved type 0 complex (Figure 5.1A and B, lane 2). Cleaved complexes were 
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detected in a mixture of full-length MuA(R146V) and MuA(E392A) on both substrates 

(Figure 5.1A and B, lane 3), but only on the pL1** substrates in a mixture of the 

enhancer domain deletion mutant MuA(∆1-62, R146V) and MuA(E392A) (Figure 5.1A 

and B, lane 4). Thus, the enhancer-binding domain is not required for MuA bound at L1, 

but is essential for MuA bound at R1. These results are consistent with previous data 

showing the functional dominance of the R1-enhancer (O1) recognition , as well as 

topology experiments showing that ER is first complex on the assembly pathway .  

 



 

 

Figure 5.1  Directed placement of enhancer-binding mutant of MuA on the catalytic 

sites L1 and R1. Mini-Mu plasmids pL1** (A) or pR1** (B) were incubated with 

indicated proteins and assayed for formation of type 0 or type I complexes by 

electrophoresis through agarose gels as described in the text. In the schematic, 

catalytically inactive MuA(E392A) subunits are marked by an X and enhancer deletion 

mutant MuA(∆1-62) subunits with an open oval. MuA(R146V), an altered DNA-binding 

specificity mutant, can only bind to mutant sites marked with **. oc, l and sc refer to 

open circular, linear and supercoiled forms of the substrate.  
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The enhancer-binding domain is dispensable for R2-bound MuA  

               The complementation assay measuring formation of cleaved type I complexes 

can only be used on the L1** and R1** substrates. To test if enhancer-binding is 

essential for the R2-bound MuA subunit, we determined the protein composition of type I 

complexes in which MuA(∆1-62, R146V) was directed to R2 on a pR2** substrate pre-

incubated with the mutant protein before addition of wild-type MuA (Figure 5.2). 

Heparin was added to the reaction mixture to remove loosely associated MuA prior to 

electrophoresis. The type I complex band formed was excised (Figure 5.2A), and its 

protein composition analysed by western blots probed with anti-MuA antibody, along 

with similar complexes assembled on pL1** and pR2** substrates (not shown). Since 

heparin treatment is known to remove MuA footprints on the accessory sites L2, L3 and 

R3 (Kuo et al., 1991), this assay can only be used to test enhancer-binding at the core 

sites L1, R1 and R2. MuA(∆1-62, R146V) was seen to incorporated in the type I 

complexes formed on pR2** (Figure 5.2B, lane 4) and  pL1** (Figure 5.2B, lane 3), but 

not on pR1** (Figure 5.2B, lane 5). These results show that enhancer-binding is 

dispensable for the subunit at R2, and confirm that it is also dispensable for the subunit at 

L1 but essential for the subunit at R1 as shown in Figure 5.1.  

 



 

 
 

Figure 5.2 Analysis of protein composition of type I complexes assembled on ** 

substrates in the presence of MuA(∆1-62, R146V) and MuA.   (A) Type I complex 

assembled on pR2** as indicated. (B) Western blot analysis of the type I complex band 

excised from the gel shown in A (lane 4), and similarly from pL1** (lane 3) and pR1** 

(lane 5). Lane 1 and 2 are indicated protein control markers.  
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R3-bound MuA is responsible for one DNA crossing between E and R   

              While all six MuA binding sites are involved in Mu transpososome assembly, 

only three - L1, R1 and R2 - are stably bound by the MuA tetramer and are absolutely 

essential (Lavoie et al., 1991; Mizuuchi et al., 1991; Kuo et al., 1991). Any one of the 

three accessory sites - L2, L3 or R3 – can be deleted without abolishing assembly, 

although assembly is significantly reduced unless IHF is included in the reaction (Allison 

and Chaconas, 1992). We therefore constructed substrates separately deleted for each of 

the accessory sites. Type I formation with a substrate deleted for R3 is shown in Figure 

5.3A lane2.  

 

               To test the contribution of R3, L2 and L3 bound MuA to the enhancer 

interaction, we used “difference topology” to analyze uncleaved type 0 complexes (see 

Figure 1.6) assembled on substrates deleted for any one of three accessory sites. 

 

 To determine the contribution of R3 to the topology of the Mu transpososome, we 

assembled a complex on a series of wild-type and p∆R3 inversion and deletion substrates 

with different loxP locations as shown in Figure 5.4B-D. When loxP sites flank attR, the 

products of Cre recombination reflect the crossing R makes with both L and E together. 

The wild-type substrate gives a 4Cat/5Knot pattern (Figure 5.3B, lanes 4 and 8) 

consistent with 2 L-R and 2 E-R crossings present in the synapse. The p∆R3 substrate on 

the other hand, gives a 4Cat/3Knot pattern (Figure 5.3B, lanes 3 and 7), showing loss of 



 96

one DNA crossing in this synapse. That this loss is from the ER synapse is evident by 

examining the other two loxP site arrangements. Thus, when the loxP sites flank attL, 

p∆R3 substrate produces 4Cat/3Knot (Figure 5.3C, lanes 3 and 6), indicating 3 DNA 

crossings by attL. When loxP sites flank E, one observes a 2Cat/3Knot pattern on the 

p∆R3 substrate (Figure 5.3C, lanes 3 and 6). Together, these data show that deletion of 

R3 results in loss of one ER crossing. This indicates that R3-bound MuA is responsible 

for ER-2 DNA crossing (Figure 1.8). These data are consistent with our previous study, 

in which the removal of loosely bound MuA upon treatment of the Type 0 complex with 

high salt and heparin which is known to result in loss of the MuA footprint at R3, resulted 

in the loss of the ER-2 DNA crossing (Yin et al., 2005). 

 



 

Figure 5.3   Topological analysis of substrates deleted for R3.  (A) p∆R3 substrate will 

assemble a functional Mu transpososome with wild-type MuA. (B-D) Mu 

transpososomes were assembled on indicated wild-type and p∆R3 substrates which differ 

in the position and orientation of loxP sites. Mu end cleavage was prevented by addition 

of Ca++ ions. After type 0 assembly, Cre recombinase was added and the products and 

analyzed as described in Methods. DNase I is added to nick the DNA to resolve the knots 

and catenanes by removing supercoils. See text for detail. Labeling and details as Figure 

3.2. 
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L2 and L3-bound MuA proteins are not directly involved in enhancer association  

               To determine the contribution of L2 and L3 to the topology of the Mu 

transpososome, we assembled complexes on substrates p∆L2 and p∆L3 and analyzed 

these as described in Figure 5.4. On substrates where loxP sites flank the enhancer, 

normal enhancer crossings (4Cat/3Knot) were seen on both p∆L2 and p∆L3 substrates 

(Figure 5.4A and B, lanes 3 and 6). Similar results were obtained with wild-type and 

deletion substrates when loxP sites flanked either attL or attR (data not shown). Thus, the 

L2 and L3 sites do not directly contribute to any DNA crossing in the transpososome, and 

hence are not directly involved in enhancer association within synapse. These results are 

consistent with our earlier findings suggesting that the EL crossing is likely passively 

contributed by the DNA supercoiling in the substrate (Yin et al., 2005).  

            In summary, results obtained thus far indicate that none of the MuA subunits 

bound at L1, L2, L3 and R2 are involved in direct enhancer contact, and that subunits at 

R1 and R3 are solely responsible for the enhancer topology. To determine if enhancer 

binding at R1 and R3 is sufficient for assembling the transpososome we constructed 

R1**-R3** substrates and directed MuA(R146V) to these positions, with MuA(∆1-62) 

occupying the remaining sites. However, we were unable to assemble a complex on this 

substrate, suggesting either that enhancer interaction is collectively stabilized by multiple 

contacts at these other positions, or that the deleted portion of MuA makes protein-

protein interactions that are important in assembly. 

 



 

 
 
 

Figure 5.4 Neither L2 nor L3 sites are essential for enhancer association. Topological 

analysis of Mu synapse assembled on p∆L3 substrate in which E is flanked by loxP sites 

(A) or on p∆L2 substrate in which E is flanked by loxP sites (B) indicates that enhancer 

association within Mu synapse is as same as wt substrates. See text for details. Labeling 

as Figure 3.2. 
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DISCUSSION 

              The results presented in this study probe the detailed disposition of Mu 

transposase subunits within the 5-noded 3-site Mu DNA synapse. We show that MuA 

subunits bound to R1 and R3 sites at attR are the only two subunits involved in specific 

contact with O1 and O2 sites of the enhancer, respectively, and that they set up the ER-1 

and ER-2 DNA crossings (Figures 5.1-5.4, and Figure 5.5A). Our results show that 

interaction of the other four MuA subunits with the enhancer is not specific. Thus, the 

absence of the enhancer binding domain in the subunit positioned at L1 or R2 does not 

affect transpososome assembly (Figures 5.1A and 5.2B). So also, deletion of L2 or L3 

sites does not change enhancer association with the ends (Figure 5.4). Attempts to 

assemble a transpososome with full-length MuA subunits placed only at R1 and R3, and 

MuA subunits missing the N-terminal enhancer binding domain placed at all other sites 

were not successful, suggesting either that attL interactions additively but passively 

stabilize the enhancer association, or that the enhancer-binding domain makes protein-

protein contacts essential for promoting transpososome assembly.   

 Our results are consistent with previous studies showing that R1-O1 interactions 

are dominant (Jiang et al., 1999), and that E-R interactions a nucleate assembly of the 

transpososome (Pathania et al., 2003). The data are also consistent with studies on nicked 

substrates which concluded that superhelicity of the DNA substrate contributes passively 

to the EL crossing (Yin et al., 2005). This previous work also deduced that subunits in the 
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MuA tetramer contribute to LR-1, LR-2 and ER-1 crossings, and that the subunit at R3 

likely contributes to the ER-2 crossing (Figure 5.5A).  

 

A model for the interwrapped Mu transpososome 

The DNA path derived from the present study was used as a starting point for modeling 

the structure of the 5-noded interwrapped Mu transpososome containing six MuA 

subunits. We  based this structure on the recently derived STEM structure of a MuA 

tetramer assembled on oligonucleotide substrates under DMSO conditions (Yuan et al., 

2005). The tetrameric oligonucleotide complex resembles a large V, and appears to be 

held together entirely by protein-DNA contacts (Figure 1.9). The two subunits at the top 

of the V do not interact with each other, but show limited interaction with the bottom 

subunits which are positioned appropriately for trans catalysis. The enhancer segment is 

absent in this complex. Target DNA is proposed to enter through the large central cleft 

within the V to access the catalytic residues located at the bottom of the cleft (Yuan et al., 

2005).  

LR crossings 

 Initially, we modeled DNA using rubber tubing and MuA subunits using clay 

molded in accordance with the cryo-EM study (Yuan et al., 2005). This exercise 

convinced us that our topological data were not compatible with the STEM structure 

unless we introduced a DNA crossing between the subunits in the tetramer i.e. 

constructed an X instead of a V. Using the Maya software program, we then built an 

interwrapped complex where the relative spatial arrangement between R1- and R2-bound 
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MuA was maintained as in the V complex. This was because there is very little wiggle 

room between the R1 and R2 sites which abut each other on the attR end. The relative 

location of L1- and L2-bound MuA, however, is more flexible due to the 80 bp spacer 

between the L1 and L2 sites. We therefore modified the path of the L end, placing an HU 

dimer in the DNA loop within the spacer and introducing a DNA crossing (LR-2) 

between L1 and L2 sites. The arrangement of the catalytic subunits at L1 and R1 sites 

was maintained as in the V structure. The trans arrangement of these subunits produces 

the LR-1 crossing as the DNA exits the complex. The LR-2 crossing changes the 

arrangement of the L2 and R2 subunits with respect to that in the V structure. Unlike in 

the V structure where there is no contact between the subunits at L2 and R2, each subunit 

of the tetrameric unit of the X structure contacts two other subunits. The subunits at L3 

and R3, however, make contact with only those at L2 and R2, respectively.  

 

ER and EL crossings 

 The E segment, bent at the IHF site between O1 and O2 (Surette et al., 1989), was 

incorporated in the X model by placing it along the deduced enhancer-binding surface of 

MuA subunits (Yuan et al., 2005). It was easy to establish the R1-O1 and R3-O2 contacts 

that allowed ER-1 and ER-2 crossings, respectively. Interestingly, the R2 and L1 subunits 

were not positioned for enhancer contact in this arrangement. Enhancer contact at the L2 

subunit looked possible.  



 
 
 
 
 

 

Figure 5.5   Summary and 3D Modeling of the Interwrapped Mu transpososome.    

(A) Summary of the contribution of MuA subunits to enhancer association. (B) Front, 

Back and Bottom views of Mu complex. Yollow, enhancer; Dark green, attR; Pale green, 

attL. Bottom view, red balls at L1/R1 are catalytic residues.  

 

 103



 104

 A majority of the available biochemical data are satisfied by the arrangement of 

proteins and DNA within this interwrapped X structure (Figure 5.5B). Experiments using 

nicked DNA substrates had deduced that the ER-1 crossing was made by subunits within 

the MuA tetramer, the ER-2 crossing was made by the subunit at R3, and that the EL 

crossing was likely passive (Yin and Harshey, 2005). The model in Figure 5.5 suggests 

that subunits at L2/L3 could potentially contribute to stabilizing the EL crossing. The 

interwrapped structure better accounts for the extraordinary stability of Mu 

transpososomes, such as resistance to 4 M urea, or 6 M NaCl or 65°C temperatures . We 

suggest that the compact arrangement of the tetramer with one DNA crossing trapped 

inside allows more extensive protein-protein contacts within all the subunits in the 

tetramer than that seen in the V structure. This arrangement also explains the long-

standing puzzle of why treatment of the transpososome with high salt leaves a tetrameric 

unit of MuA in place with only three att sites - L1, R1, R2 – occupied. Since L2 is a half-

site and the weakest of the six att sites (Zou et al., 1991), the DNA interactions with 

subunit at L2 can be disrupted without affecting the protein-protein interactions this 

subunit makes with those at L1 and R2 that keep the tetramer together. In contrast, if the 

L2 subunit were peeled off its binding site in the V complex, this subunit could not 

remain in the complex since it is not involved in protein contacts with the R2 subunit.  

 The DNA-protein interactions fostered in the interwrapped complex provide an 

explanation for the inverted arrangement of the R3 sites with respect to R1 and R2 

(Figure 1.3). This arrangement allows the MuA subunit appropriate contact with O2. 
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Among the following att-enhancer interactions deduced from genetic experiments: O1 

proximal – R1; O1 distal - L3; O2 proximal - L1; O2 middle – R3 (proximal and distal 

refer to the IHF binding region; Lavoie et al, 1996), only the O2-L1 interaction does not 

appear to take place in our model. An interesting feature of the IW model is that the bend 

between O1 and O2 serves to form a ‘lasso’ of the E segment, likely pinning the catalytic 

subunits at L1-R1 in place. This may speak to why the enhancer persists in the complex 

until strand transfer, contributing perhaps to the stability of the synapse. 

 Where is target DNA accommodated in the complex? Yuan et al., 2005 had used 

the yawning gap in the mouth of the V to introduce target DNA at the base of the V 

where the catalytic residues would likely lie. In the X structure, however, the presence of 

both the enhancer segment as well as the LR-2 crossing would present a barrier for target 

access. We suggest therefore that target DNA enters on the opposite or bottom side of the 

catalytic subunits where the LR-1 crossing as well as the observed DNA kink at the Mu-

vector junction (Lavoie et al., 1991) make way for the target to dock in the active site.   

 

 Mu can transpose from two topologically distinct arrangements - interwrapped 

(IW) synapse and non-interwrapped RC synapse - under enhancer-independent DMSO 

conditions . Structural differences between the two synapses were evident from their 

differential response to a nick introduced into the Mu domain; the nick was contained 

within the Mu domain in the IW synapse, but apparently dissipated to the non-Mu 

domain in the RC synapse . The basis for the differential effect of the nick is not known, 
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but it is possible that the DNA crossings within the IW synapse lend it more stability. We 

suggest that the V structure is representative of the RC synapse, while the X structure we 

have proposed here is the IW synapse. It is unlikely that a high-resolution structure for 

the IW complex would be available anytime soon. Until then, our proposed should serve 

as a useful guide for further experiments.  
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