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The dinucleotide TG/CA found at the termini of transposable phage Mu 

also occurs at the termini of a large class of transposable elements (TEs). In order 

to understand its importance, the activity of all 16 dinucleotide permutations of 

the termini was examined using a sensitive plasmid-based in vivo transposition 

assay. The reactivity of these substrates varied over several orders of magnitude 

in vivo, with substitutions at the T/A position being more severely impaired than 

those at the G/C position. The same general heirarchy of reactivity was observed 

in vitro using mutant oligonucleotide substrates. These experiments revealed that 

TG/CA was important not for the chemistry of strand transfer but for the stage of 

assembly of a stable transpososome. Given that DNA at the Mu-host junctions is 

melted/distorted concomitantly with transpososome assembly, we hypothesized 

 vi



that the terminal TG/CA dinucleotide has been selected primarily for its 

conformational flexibility.  To test this hypothesis, we examined the activity of 

substrates carrying a hundred different pairs of mismatched termini. Consistent 

with the flexibility hypothesis, we found that mismatched substrates are extremely 

efficient at assembly. A wild-type T residue on the bottom strand is essential for 

stable assembly, but the identity of the dinucleotide on the top strand is irrelevant 

for transposition chemistry. In addition, we have found a new rule for suppression 

of terminal defects by MuB protein, as well as a role for metal ions in DNA 

opening at the termini.  To extend the flexibility hypothesis to other TEs that 

perform DNA cleavage and strand transfer at precise DNA positions, we 

performed a statistical analysis of sequences found at the termini of precise TEs in 

the human genome.  The results showed that LTR retrotransposons and DNA 

transposons encode the most flexible dinucleotide (TG/CA) and trinucleotide 

(CAG/CTG) most frequently at their termini, respectively. Combining results 

from this statistical analysis with previous findings in phage Mu transposition, we 

propose that a flexible terminal 2-3 base pair step is a core component of the 

machinery of precise TEs, and that molecular interactions at the +1 position 

influence a rate-limiting step. 
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CHAPTER 1. Introduction 

1.1 TRANSPOSABLE ELEMENTS (TES) AND TRANSPOSITION 

1.1.1 A brief historical overview of TEs 

The history of TEs and transposition is a good example of how hard it is to 

overturn preexisting ‘dogma’ in science.  Since its first discovery by a single great 

intellect, Barbara McClintock (1902-1992) in the late 1940s (McClintock, 1948), 

TEs had to wait for almost a quarter century to be acknowledged by the scientific 

community.  Because ‘Mendelian inheritance’ (the view of stable genetic loci in 

the genome) dominated genetics, it was hard for people to accept the existence of 

‘mobile genetic elements’.   

While McClintock was investigating X-ray-induced breakage and 

rearrangement of the maize chromosome, she recognized a novel type of genetic 

instability characterized by repeated breakage at a specific chromosomal locus, 

named Dissociation (Ds).  She also found that the chromosomal breakage at Ds 

depends on another genetic locus, named Activator (Ac).  However, a far more 

interesting result was that Ac could not only cause chromosomal breakage at Ds, 

but could also destabilize other stable genetic markers.  After scrutinizing these 

observations, McClintock finally concluded that the Ds locus could change its 

position in the chromosome (i.e. it could transpose).  Later, it turned out that Ac is 

an autonomous TE encoding a transposase, and Ds is a non-autonomous 

derivative of Ac (Ds has an internal deletion disabling the transposase). 
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In spite of her elegant work demonstrating the existence of TEs, 

McClintock’s first public presentation of this work at the 1951 Cold Spring 

Harbor Symposium (McClintock, 1951) was ignored, simply because of the 

strong assumption of a ‘steady genome’.  However, the recognition of TEs grew 

gradually during the 1970s and 1980s, as scientists accumulated more and more 

evidence of mobile elements using newly emerging molecular genetic techniques 

(Fedoroff, 1994).  Finally, McClintock was the lone winner of the Nobel Prize in 

medicine in 1983 for her work done 35 years before. 

Another historically important work regarding TEs was the discovery of 

abundant repetitive DNA in genomes of higher organisms (Britten and Kohne, 

1968).  Given that TEs are the major repetitive DNA in genomes, this work first 

hinted at their remarkable abundance.  Advanced genome research during the last 

decade of the 20th century provided ample evidence of the ubiquity as well as the 

abundance of TEs. Thus, there is no longer a debate about their presence.  The 

problem now is understanding what roles they play in biological systems. 

 

1.1.2 Classification and transposition mechanisms of TEs 

Nearly all genomes in the three biological kingdoms contain TEs (Kidwell 

and Lisch, 2000).  The proportion of TEs in these genomes varies from only 

several Insertion Sequences (ISs) in bacteria to more than 70% TEs in some plant 

genomes.  For instance, the genomic portion of TEs is 3% in yeast, 2% in worm, 

15% in fruit fly, 14-25% in rice, 50-80% in maize, more than 70% in barley 

(Kidwell and Lisch, 2002), and 45% in humans (Lander et al., 2001). 
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Although TEs are widely distributed in diverse organisms, they can be 

classified into two major classes based on whether their transposition intermediate 

is RNA (class 1 or retrotransposons) or DNA (class 2 or DNA transposons) 

(Finnegan, 1989).  Class 1 can be divided into two sub-classes, long terminal 

repeat (LTR) retrotransposons and non-LTR retrotransposons, which are further 

divided into LINE (long interspersed nuclear elements) and SINE (short 

interspersed nuclear elements).  These classified TEs are summarized in Figure 

1.1. 

TEs have been labeled “selfish (or parasitic) DNA” (Doolittle and 

Sapienza, 1980; Orgel and Crick, 1980). Having acquired the capacity to 

multiply, they continue to increase their copy number in host genomes as long as 

the increased genetic load is tolerated by the host.  Class 1 retrotransposons 

amplify by “replicative transposition”, where dsDNA copies of their RNA 

transcripts are inserted into the host genome. Class 2 transposons do 

“conservative transposition”, cutting themselves from their original locations and 

pasting into new ones.  While there is no gain or loss of copy number during 

movement by this mechanism, copy number can increase due to resulting gap 

repair using homologous sister chromatids or during transposition from post-

replicated to pre- replicated DNA regions (Brookfield, 1995; Plasterk, 1995).  

Although most class 2 transposons do conservative transposition, some bacterial 

transposons (e.g. Tn3 and phage Mu) have unique ways of replicative 

transposition.  Both class 2 and LTR retrotransposons (a subclass of the class 1) 

transpose via cleavage and transfer at precise nucleotide positions by transposases 
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Figure 1.1 Classification of transposable elements (TEs) 

Class 1 TEs transpose through RNA intermediate.  LTR retrotransposons have 
long terminal repeats at both termini.  Their internal sequences encode partly 
overlapping genes: group-specific antigen (gag), protease (prt), polymerase (pol), 
and envelope (env).  The pol gene contains domains of reverse transcriptase (RT), 
RnaseH, and integrase (IN).  There are two subgroups of non-LTR 
retrotransposons, long interspersed nuclear elements (LINE) and short 
interspersed nuclear elements (SINE).  LINEs are usually 6-8 kbp long, and have 
untranslated regions (UTRs) at both termini.  The 5’UTR is used as promoter for 
transcription, and 3’UTR is followed by a poly A tail.  They have two open 
reading frames (ORF1 and ORF2), and ORF2 encodes both endonuclease (EN) 
and RT for transposition.  SINEs consist of two GC rich fragments, L-Alu and R-
Alu.  These two regions are connected by A-rich linker and followed by a poly A 
tail.  SINEs do not encode any protein and they use EN and RT from LINEs.  
Class 2 TEs transpose through a DNA intermediate.  DNA transposons belong to 
this class and they are characterized by inverted repeat (IR) at both termini.  
Autonomous DNA transposons encode an enzyme called transposase for 
transposition.  
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or integrases, whereas non-LTR retrotransposons transpose through a less precise 

mechanism called target-primed reverse transcription (TPRT) (Luan et al., 1993), 

which usually results in truncated 5’ ends and random lengths of poly A tails at 3’ 

ends (Eickbush, 1999).  Unlike precise transposition, TPRT does not require 

transposases/integrases.  Rather it uses endonucleases and RT (LINEs encode 

both enzymes but SINEs borrow them from LINEs).  Many non-autonomous TEs 

do not encode their own trans-elements for transposition, but recruit these from 

their autonomous derivatives.  The strategies for increasing copy numbers of TEs 

are summarized in Figure 1.2. 

A newly emerged group of TEs (sometimes called class 3), named 

miniature inverted-repeat transposable elements (MITEs), has been recently 

described in plant, insect, and human genomes (Feschotte et al., 2002).  The 

majority of these elements are small (100-500 base pairs), and do not encode a 

protein.  They seem to have properties of both class 2 (terminal inverted repeats) 

and class 1 (high copy number, potentially indicating replicative transposition 

mechanisms).  They may be involved in gene regulation because their insertion 

sites map preferentially in the 5’ and 3’ flanking regions of genes.  

 

1.1.3 Chemical mechanism of transposition 

As mentioned above, transposition mechanisms can be divided into two 

categories.  Imprecise transposition uses endonuclease and RT (Luan et al., 1993), 

and will not be discussed here further.  Precise transposition requires a special 
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Figure 1.2 Strategies for increasing TE copy number.  

(A) LTR retrotransposons generate their copy for insertion via reverse 
transcription.  This DNA copy is inserted into a new genomic locus by integrase 
(IN).  (B) Non-LTR retrotransposons use a mechanism called target primed 
reverse transcription (TPRT).  Endonuclease (EN) makes a nick on target DNA 
and exposes 3’-OH.  Transcribed RNA anneals to released single strand target 
DNA, and then RT starts transcription using target sequence as a primer.  A 
second cleavage on the other target strand followed by gap repair results in 
insertion of a dsDNA copy.  Because of unreliable reverse transcription, non-LTR 
retrotransposons often have truncated 5’ regions.  (C) Phage Mu and bacterial 
transposon Tn3 have a unique way of replicative transposition with a DNA 
intermediate called cointegrate, resulting in duplication of the element after 
resolution by replication.  (D) Although conservative transposition does not make 
a new copy at the molecular level, this mode of transposition may result in 
increased copy number at the genomic level.  One way of doing this is to use the 
homologous sister chromatid for filling the double strand gap left by an excised 
TE.  (E) The other way of increasing copy number of conservative TEs is 
transposition from a post-replicated DNA region to a pre-replicated one. This 
figure was inspired by an article by Reference (Brookfield, 1995). 
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class of recombinase called transposase/integrase (Mizuuchi and Baker, 2002).  

Details of this mechanism are described below.  

Transposases/integrases catalyze two sequential chemical steps of 

transposition; donor DNA cleavage (hydrolysis) and strand transfer 

(transesterification).  It is believed that a single active site performs both chemical 

reactions, possibly by switching between different conformations.  This special 

recombination requires the assembly of a high-order DNA/protein structure called 

transpososome, which contains TE termini, target DNA, and 

transposase/integrase.  Seven different major types of precise transposition 

mechanisms are summarized in Figure 1.3.  Most of these mechanisms require 

donor DNA cleavage for the subsequent strand transfer into target DNA.  In the 

initial donor DNA cleavage step, site-specific endonucleolytic activity of the 

transposase/integrase releases 3’-OH groups at TE termini.  In the case of LTR 

retrotransposons and replicative bacterial transposons (e.g. Mu, Tn3), these free 

3’-OH ends are immediately used for nucleophilic attack on phosphodiester bonds 

at insertion sites on target DNA.  Attack of two TE termini on the two strands of 

the target DNA generates 5’ staggered ends separated by 2 – 9 nucleotides.  The 

number of overhanging nucleotides is invariant for each TE, and cause the target 

duplication flanking newly inserted TEs.  After completion of donor cleavage and 

strand transfer, the resulting intermediate is resolved by cellular DNA replication 

or repair machinery. 

  Replicative transposition requires only a single cleavage event on the 

transferred strand.  In the case of conservative transposition (used by most DNA 
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Figure 1.3 Seven major types of precise transposition 

Green line, TE; red line, flanking host DNA; black line, target DNA; RT, reverse 
transcription; ST, strand transfer; GR, gap repair; TSC, transferred strand cleavage; RP, 
replication; NTSC, non-transferred strand cleavage; (?), undefined step.  (A) Ty1 uses its 
copy by RT directly for ST without any additional modification.  (B) Retroviruses and 
Ty3 produce copies with flanking 2 base pairs by RT.  The extra two nucleotides at 3’ 
end are removed by integrases.  (C) Tn3 and Mu perform replicative transposition using 
cellular DNA replication machinery instead of RT.  The release 3’OH by TSC is used for 
ST, which is followed by DNA replication to complete transposition.  Here, an 
intermediate molecule called cointegrate is generated, which is resolved by 
recombination mechanisms.  (D) Tn7 uses another transposon-encoded protein, TnsA to 
cut non-transferred strands.  This NTSC occurs within flanking DNA, resulting in 5’ 
overhang of 3 nucleotides, which are removed after ST.  (E) In the case of IS4 family, 
3’OH from TSC is used for NTSC via hairpin intermediate.  (F) IS2 and IS3 (IS911) 
families use the 3’OH from TSC for NTSC via different mechanism.  From NTSC they 
form a circle, which is resolved by undefined ways to accomplish double strand 
breakage.  (G) Tc1/mariner simply performs both TSC and NTSC, using only 
transposase, simultaneously.  In this case, the NTSC occurs within the transposon (2 
nucleotides away from its end), resulting 3’ staggered end.  This figure was inspired by 
References (Haren et al., 1999; Kennedy et al., 1998). 
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transposons), however, the second cleavages on non-transferred strands are also 

required for the simple cut-and-paste mechanism.  Whereas the cleavage 

mechanism for the transferred strand is conserved among the precise TEs, their 

strategies for cleavage of the non-transferred strand vary not only in mechanism 

but also in choice of cleavage site.  In other words, the second cleavage step 

mainly accounts for the diversity of transposition mechanisms among DNA 

transposons.  There are four different strategies for the second cleavage event 

(Figure 1.3 from D through G).  1. Endonuclease activity of other TE-encoded 

proteins can be responsible for non-transferred strand cleavage.  For example, the 

second cleavage of Tn7 is carried by restriction enzyme-like protein, TnsA.  This 

mechanism results in 5’ ends staggered by 3 nucleotides, which are removed after 

strand transfer.    2. The initially released 3’-OH ends of transferred strands attack 

non-transferred strands directly across the DNA duplex, resulting in terminal 

hairpins, which are hydrolyzed to complete double strand cleavage.  Both 

cleavages are accomplished by the same protein. IS4 family transposons, such as 

Tn5 and Tn10 employ this method.  3. The attack of a free 3’-OH end on the non-

transferred strand, in this case of the same DNA strand at the opposite DNA end, 

results in a circular DNA intermediate which is resolved by as yet undefined 

mechanisms.  IS2 family and IS3 family transposons, such as IS911 use this 

strategy.  4. Cleavage on the non-transferred strand occurs at the same time as that 

on the transferred strand by the same transposase.  Tc1/mariner family uses this 

strategy, generating 5’ ends staggered by 2 nucleotides.  
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The catalytic domains of most of transposases have a highly conserved 

DDE (Asp-Asp-Glu) motif essential for DNA cleavage and strand transfer. 

However, some transposases do not have an obvious DDE motif, such as P 

element of Drosophila melanogaster, and Ac of maize (Haren et al., 1999).  It has 

been proposed that the acidic amino acid residues coordinate divalent metal ions, 

such as Mg++ and Mn++, which are essential for transposition.  One attractive 

model to explain phosphoryl transfer is a “two-metal ion” model (Steitz and 

Steitz, 1993).  According to this model (Figure 1.4), two divalent cations in the 

active site switch between their roles as general base (proton acceptor) and 

general acid (proton donor) during chemical reactions.  Initially, one metal ion 

acting as general base stabilizes a hydroxide anion generated by deprotonation of 

a water molecule, positioning it for nucleophilic attack on a specific 

phosphodiester bond in the donor TE. The leaving 3’ oxyanion is stabilized by 

another metal ion acting as general acid.  After the completion of hydrolysis, the 

same metal ion acts this time as a general base to facilitate the second 

nucleophilic attack on the target phosphoryl group by the 3’ oxyanion.  The 

second leaving 3’ oxyanion is stabilized by the other metal ion that used to be 

general base but is now a general acid.  The end result of this phosphoryl transfer 

is formation of a new phosphodiester bond between donor and target DNA.   

    

1.1.4 Genome evolution and TE 

It has been claimed that ‘although simple base substitution and 

homologous recombination alone are well suited for diversification and 
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Figure 1.4 Two metal ion model 

Circled ions with different colors represent two distinctive magnesium ions that 
participate in phosphoryl transfer.  They switch their roles between general base 
and general acid in the two chemical steps of hydrolysis and transesterification 
during transposition. 
 

 11



optimization of local protein space, the explanation for rapid generation of 

diversity in protein requires additional mutational events, such as nonhomologous 

recombination, rearrangement, and insertion’ (Bogarad and Deem, 1999).  In 

nature, TEs and viruses are important providers for the rapid protein 

diversification.  The importance of TEs in host genome evolution is 

comprehensively discussed in recent reviews by Kidwell and Lisch (Kidwell and 

Lisch, 1997; Kidwell and Lisch, 2002; Kidwell and Lisch, 2000).  

There are four major ways that TEs generate variation in host genomes.  

First, some TEs, such as Tn5 and some other bacterial transposons, carry 

antibiotic resistance or other beneficial genes that allow their host to survive in an 

adverse environment.  Second, TE insertion into flanking regions or introns of a 

gene may alter its expression pattern.  Third, TE insertion into encoding DNA 

region may alter the encoded protein property or disable it.  Fourth, TEs may 

cause ectopic recombination, which, potentially, result in drastic chromosomal 

rearrangements, such as chromosome translocation.  Amplification and 

distribution of TEs all over the genome could create little islands of scattered 

homology that are possible places for the ectopic recombination.  

As selfish DNA (or parasitic DNA), TEs are supposed to keep propagating 

in their host genome.  However, unlimited transposition would eventually cause 

serious damage to the host, consequently threatening the survival of TEs.  

Therefore, coevolution and coadaptation of TEs with their host genome are 

important in their long-term survival.  TEs have been adapted to reduce damage to 

the host genome by various ways.  First, many TEs have a strong preference for 
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insertion into noncoding regions to avoid possible disruption of essential genes.  

Second, some TEs strongly prefer insertion into preexisting elements, resulting in 

nested TEs.  Third, some TEs restrict their transposition activity to specific 

tissues.  For example, Drosophila P and I elements transpose only in the germ line 

cells.  Lastly, both TEs and their host have established many sophisticated 

mechanisms for regulating copy number.  The three main mechanisms used by 

TEs are (1) target specification; for example, Tn7 has only one insertion site in 

the entire E. coli genome (Craig, 2002); (2) TE-encoded repressor for self-

regulation; the example is P elements in D. melanogaster (Robertson and Engels, 

1989); (3) dosage effect: increased copy number causes decreased transposition; 

for example in maize Ac element (McClintock, 1951).  Copy number control 

mechanisms contributed by hosts are (1) methylation of cytosine residues of 

foreign or TE sequences, resulting in gene silencing; (2) suppression by defective 

transposases; natural mutations in the host generate defective transposases that 

would compete with functional ones in binding to intact TEs. 

For a host, TE insertions are deleterious at worst, or neutral at best.  

Fortunately, most TEs in the human genome are defective, resulting in very rare 

transposition in our genome, unlike frequent transposition events still evident in 

mouse genomes (Lander et al., 2001).  Correspondingly, unlike frequent 

observation of mouse diseases by TE insertion, only few cases have been reported 

in humans (Kazazian, 1998).  Although the majority of transposition mutations 

are silent or deleterious for the host genome in the short term, in the long term, 

they may be beneficial in providing genomic building machinery.  The ‘molecular 
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domestication’ of TEs is a representative case of the beneficial consequence of 

their parasitic activity.  For example, the telomere maintaining system of D. 

melangaster employing transposition of the non-LTR retrotransposons, HetA and 

TART (telomere associated retrotransposon) (Levis et al., 1993), and the 

mammalian V(D)J recombination system providing antigenic diversity represent 

cases of domesticated TE activity (Agrawal et al., 1998; Hiom et al., 1998).      

 

1.1.5 Applications of TEs 

The natural mobility of TEs has empowered molecular biologists in 

investigating genes, genomes, and even origins of species.  There are five main 

categories of TE usage in biological studies (Boeke, 2002; Lai, 1994). 

First, TEs have been extensively used as mutagens in gene analysis.  

Random insertions into a cloned gene or ORF make detailed functional analysis 

for the genetic locus possible.  The transposition insertion mutagenesis can be 

performed by both in vivo and in vitro reactions.   

Second, TEs are useful in acquiring large amounts of sequencing 

templates, which can be sequenced using a universal primer for the TE region.  

Typically, after in vitro transposition reactions on cloned DNA fragments, the 

ones with TE insertions are selected by selectable markers. By performing 

sequencing on multiple clones using a universal primer, the sequence of the whole 

fragment can be obtained by overlapping clones.   

Third, the randomness of TE insertion was initially used as a way to clone 

unknown genes in the early 1980s (Bingham et al., 1981), but later became the 

 14



most powerful tool in functional genomics.  Here, TE insertions are performed for 

the whole genome and the inserted TE is then used as a molecular tag for genome 

analysis (“transposon tagging”).  This approach involves three steps: (1) TE 

insertion in the whole genome;  (2) screening for phenotypes of interest; (3) 

identification of the target gene.  Subsequent cloning of the target gene for further 

study is also possible without any previous information of the gene.  This method 

is also powerful in whole genome analysis, such as profiling different subsets of 

essential genes for specific growth conditions or during other biological 

constraints.  The key issue in the above three categories of TE applications is the 

degree of randomness in insertion.  Diverse patterns of target site selectivity are 

observed among various TEs (Craig, 1997).  Preference for any specific target 

sequence drops the efficiency of these approaches significantly.  

Fourth, TEs with high insertion efficiency can be used for gene delivery 

systems, such as gene transfection and gene therapy.  For wide use among many 

different species, broad host-range is desired.  In terms of this issue, Tc1/mariner 

family elements are best candidates for the application, because of their very close 

sequence relationship in widely divergent host species, and independence from 

host factors.  The classic gene-delivery vehicles used for decades are retroviruses.  

The viral RNA fragments containing foreign genes are packaged into viral 

particles in packaging cell lines.  These viral particles infect appropriate host cells 

and release the viral genomes that can be integrated into the host genome 

efficiently.  In the gene therapy application, target specificity of the TE is desired 

 15



to avoid any potential disruption of essential genes, but all currently developed 

TE-derived gene delivery vehicles have a main shortcoming in this aspect. 

Fifth, the endogenous TE copies can be used as genetic markers for the 

study of molecular evolution.  The analysis of patterns of chromosomal 

distributions of TEs between different populations of a particular species is an 

attractive approach to study genome evolution and origin of species. 
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1.2 TRANSPOSABLE PHAGE MU 

1.2.1 Phage Mu as a model system of transposition 

Mu is a temperate phage which derives its name (mutator) from its ability 

to integrate into numerous sites in the E. coli genome and cause mutations by 

insertional inactivation (Taylor, 1963).  It has 37-kilobase (kb) linear genome 

whose complete sequence was recently published (Morgan et al., 2002).  The 

realization of the importance of Mu as a transposable element, combined with its 

highly efficient amplification as a virus, was instrumental not only in rapidly 

advancing our understanding of the many DNA rearrangements associated with 

transposition (Bukhari et al., 1977), but also in leading to the development of the 

first in vitro transposition system (Mizuuchi, 1983).   

Two pathways for Mu transposition are generally distinguished in vivo 

(Chaconas, 1987; Harshey, 1987; Pato, 1989).  Upon infection of a sensitive host, 

the linear virion DNA is converted into a noncovalently closed circular form with 

the help of an injected protein (Gloor and Chaconas, 1986; Harshey and Bukhari, 

1983), which likely protects the ends from nucleases.  Infecting DNA is not 

replicated prior to integration; this process is also referred to as conservative 

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

However, in the ensuing lytic cycle the initial conservative event is immediately 

followed by replication, where Mu DNA is amplified over 100-fold to produce 

“cointegrates” (Chaconas et al., 1981).  Of the several models for replicative 

transposition, the one proposed first by Jim Shapiro (Shapiro, 1979) was shown to 
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be true for Mu in vitro, lending the term “Shapiro intermediate” to the branched-

strand transfer product of this cointegrate pathway (See Figure 1.3C). 

 

1.2.2 Cis-elements required for Mu transposition 

The inverted-repeat ends (attL and attR)  The sophistication of Mu as a 

transposable element is reflected in the number and intricate arrangement of DNA 

sites required for transposition.  The simple inverted repeats found at the ends of 

many transposons are replaced in Mu by three Mu A (transposase) binding sites at 

each end (Craigie et al., 1984; Groenen and van de Putte, 1986; Zou et al., 1991), 

also referred to as att or end sites (Figure 1.5A).  The arrangement of the att sites 

differs at both ends, with the three left att sites all in the same orientation but with 

an ~80-bp space between L1 and L2 and a smaller space separating L2 and L3; 

L2 is a weaker site, showing less protection by Mu A, and has been termed a half-

site (Zou et al., 1991).  In contrast, the right end has three Mu A binding sites 

abutting each other; the R3 site is in the opposite orientation of R1 and R2.  The 

reason for this complex arrangement of transposase binding sites is not yet fully 

appreciated but is in part related to the presence of the pac site which resides 

between L1 and L2 and is required for the heedful packaging of Mu phage DNA 

(Groenen and van de Putte, 1985; Harel et al., 1990) and could in part be related 

to elaborate att-enhancer interactions needed for achieving a correct Mu synapse. 

The binding affinity of Mu A for each of the six att sites varies (Craigie et 

al., 1984), as does the relative importance of the sites for transposition (Allison 

and Chaconas, 1992; Groenen and van de Putte, 1987; Lavoie et al., 1991).  The 
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Figure 1.5 Organization of Mu DNA and Mu transposase 

(A) Regions of Mu DNA (37 kbp) required for strand transfer.  Filled arrows 
indicate Mu transposase binding sites and their relative orientations at both ends.  
Empty squares indicate operator sites (O1, O2, and O3), which overlap with the 
enhancer region, located 1 kbp from the left end.  Filled and empty ovals indicate 
HU and IHF binding sites, respectively.  
(B) Domain structure of Mu A.  On the basis of limited proteolysis, three domains 
(I to III) were assigned to Mu A protein, whose general functions are indicated.  
Amino acid numbers corresponding to the amino terminus of each major domain 
are shown beneath the structure.  DDE refers to residues in the catalytic triad.   
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core sites L1, R1, and R2 are essential for the in vitro reaction; however, any one 

of the accessory sites (L2, L3, and R3) can be eliminated without severe effects. 

The enhancer  Mu and the related phage D108 (DuBow, 1987) are the 

only known transposons to carry a transpositional enhancer (Leung et al., 1989; 

Mizuuchi and Mizuuchi, 1989; Surette et al., 1989).  It is located about 1 kb from 

the left end but functions in a distance-independent manner.  It consists of three 

large sites, O1 to O3, and a binding site for E. coli integration host factor (IHF) 

lies between O1 and O2 (Higgins et al., 1989) (Figure 1.5A). The enhancer was 

originally mapped as the operator region to which the Mu repressor binds to 

regulate lysogeny/lysis (Chaconas and Harshey, 2002). 

The presence of the enhancer increases the efficiency of transposition over 

two orders of magnitude in vivo (Leung et al., 1989) and accelerates the initial 

rate of transposition in vitro by a similar amount (Surette et al., 1989).  The 

enhancer plays an essential role in assembly of the transpososome at the two ends 

but is not required for the actual chemical steps of the reaction (Mizuuchi et al., 

1992; Surette and Chaconas, 1992).  Although the enhancer normally acts in cis, it 

can be active in trans when supplied at a 40-fold molar excess near the end of an 

unlinked linear DNA molecule in the presence of IHF (Surette and Chaconas, 

1992).  

Enhancers control the rate and directionality of site-specific recombination 

reactions by promoting the assembly of a topologically correct, recombination-

competent structure only when the target sites are arranged in a defined 

orientation in negatively supercoiled substrates (Colloms et al., 1997; Grindley, 
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1994; Kanaar and Cozzarelli, 1992; Kanaar et al., 1990; Stark et al., 1992).  In 

addition to their structural role, enhancers can also modulate the activity of the 

recombination (Merickel et al., 1998).  The enhancer plays similar roles in Mu 

transposition (Jiang et al., 1999; Watson and Chaconas, 1996; Yang et al., 1995a).  

Elegant experiments using Mu A protein variants with altered enhancer binding 

specificity (Jiang et al., 1999) established crisscrossed interactions between O1 

and R1 and between O2 and L1. Recent experiments using ‘difference topology’ 

have established that a three site Mu synapse which includes the enhancer and the 

left and right ends, traps five DNA supercoils (Pathania et al., 2002). The deduced 

path of the DNA in this synapse is consistent with the multiple enhancer-att 

interactions deduced by genetic experiments (Allison and Chaconas, 1992; Jiang 

et al., 1999). 

 

1.2.3 Trans-elements required for Mu transposition 

Mu A (Mu transposase)  The chemical steps of transposition are 

catalyzed by the transposase, Mu A, which binds primarily at the Mu ends.  Mu A 

protein is 663 amino acids (aa) long (75 kDa) (Harshey et al., 1985) and can be 

divided into three major globular domains to which various functions have been 

mapped (Nakayama et al., 1987) (Figure 1.5B) and for which partial structures are 

available.  The N-terminal domain Iα interacts with the operator-enhancer (Leung 

et al., 1989; Mizuuchi and Mizuuchi, 1989) through a winged-helix DNA-binding 

motif (Clubb et al., 1996; Clubb et al., 1994).  Domain Iβγ interacts with each att 

sequence (Kim et al., 1995; Leung et al., 1989; Nakayama et al., 1987; Namgoong 
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et al., 1998b; Zou et al., 1991) using separate helix-turn-helix DNA binding 

motifs in Iβ and Iγ, each of which recognizes half of the Mu A consensus 

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

 The central Mu A domain contains a DDE (Asp-Asp-Glu) motif at 

positions 269, 336, and 392, respectively (Baker and Luo, 1994; Kim et al., 1995).  

These residues are thought to coordinate divalent metal ions implicated in 

assisting the various nucleophilic attacking groups during the cleavage and strand 

transfer reactions.  The normal cation for the Mu reaction appears to be Mg2+; 

however, various other cations, including Ca2+ (Mizuuchi et al., 1992), Mn2+ 

(Baker and Luo, 1994; Kim et al., 1995), Zn2+, and Co2+ (Wang et al., 1996), can 

substitute for Mg2+ at different points along the reaction pathway.  The DDE 

motif is phylogenetically conserved in transposases from both prokaryotic and 

eukaryotic transposable elements (Haren et al., 1999; Mahillon and Chandler, 

1998). 

 A crystal structure of domain II (Rice and Mizuuchi, 1995) has revealed a 

remarkable similarity in the overall topology of this domain to DDE domains 

from the HIV (Dyda et al., 1994), avian sarcoma virus (Bujacz et al., 1995; 

Bujacz et al., 1996), and other retroviral integrases as well as to the Tn5 

transposase-related inhibitor protein (Davies et al., 1999), in spite of little or no 

similarity in their primary sequence. 

 The structure of domain II also shows a C-terminal subdomain (IIβ) with a 

large positively charged surface, which may account for the observed DNA 

binding activity of domain II (Nakayama et al., 1987).  Domain IIβ comprises a 
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distinct complementation group from domain IIα and may play a role in complex 

assembly, structural transitions, and binding of the donor DNA flanking the Mu 

cleavage site (Krementsova et al., 1998; Namgoong et al., 1998a).   

 Domain III of Mu A is functionally divisible into two regions.  A 26-aa 

peptide in IIIα has a nonspecific DNA-binding and nuclease activity associated 

with positively charged residues RRRKQ (Wu and Chaconas, 1995); similar basic 

motif occur in other transposases and integrases.  The C-terminal end of domain 

III (IIIβ) interacts with Mu B protein (Baker et al., 1991; Harshey and Cuneo, 

1986; Leung and Harshey, 1991; Wu and Chaconas, 1994), which the last 10 

residues encoding overlapping recognition for the disassembly factor ClpX as 

well (Levchenko et al., 1997). 

MuB protein  Mu B protein (along with the Mu enhancer) is responsible 

for the phenomenal efficiency of Mu as a transposable element.  Mu B stimulates 

the activity of Mu A over 2 orders of magnitude in vivo, likely due to its ability to 

stimulate catalytic activities of Mu A (Baker et al., 1991; Surette and Chaconas, 

1991; Surette et al., 1991) as well as to its ability to deliver target DNA to the 

transposition complex (Maxwell et al., 1987; Naigamwalla and Chaconas, 1997). 

 Mu B is a 312-aa (Miller et al., 1984) ATP-dependent DNA binding 

protein (Leung and Harshey, 1991; Maxwell et al., 1987), whose weak intrinsic 

ATPase activity is stimulated by DNA and Mu A (Adzuma and Mizuuchi, 1991).  

It can be divided into two domains, with the larger 25-kDa N-terminal domain 

showing both nonspecific DNA binding and ATP binding (Teplow et al., 1988), 

consistent with a putative HTH motif at residues 19 to 40 (Miller et al., 1984) and 
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homology with nucleotide binding fold at resides 86 to 115 and 156 to 185 

(Chaconas, 1987).   

 The Mu A-Mu B interaction is also critical for the process, called ‘target 

immunity’, which is the way to avoid self-integration of Mu.  The molecular basis 

underlying this process is the ability of att-bound Mu A to stimulate hydrolysis of 

ATP by Mu B, followed by dissociation of Mu B from the potential target DNA 

(Adzuma and Mizuuchi, 1988; Adzuma and Mizuuchi, 1989). 

  

1.2.4 Other requirements for Mu transposition 

DNA supercoiling  The Mu DNA transposition reaction in vitro has a 

strict requirement for negative DNA supercoiling in the donor substrate under 

standard reaction conditions (Mizuuchi, 1983).  DNA supercoiling is not required 

for the chemical steps of the reaction but is crucial for the assembly of Mu 

transposition complexes (Craigie and Mizuuchi, 1987; Mizuuchi et al., 1992; 

Surette et al., 1987; Wang and Harshey, 1994; Wang et al., 1996). 

 The torsional effects of DNA supercoiling likely favor (1) binding of IHF 

at the enhancer between O1 and O2 by inducing a sharp bend (Surette and 

Chaconas, 1989); (2) stable binding of HU by bending the region between L1 and 

L2 (Kobryn et al., 1999); (3) helix destabilization of Mu-host junction found upon 

stable synapsis (Lavoie et al., 1991; Savilahti et al., 1995; Wang et al., 1996).  

HU protein  E. coli HU is a small, basic, sequence-independent DNA-

binding and bending protein that affects an early step in Mu transposition (Craigie 

et al., 1985; Craigie and Mizuuchi, 1987; Surette et al., 1987; Watson and 
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Chaconas, 1996) and is incorporated into Mu transpososomes (Lavoie and 

Chaconas, 1990).  Binding of a single HU dimmer mapped to the spacer region 

between att sites L1 and L2, producing a cleavage pattern suggesting a dramatic 

155O DNA bend (Lavoie et al., 1996).  HU is thus thought to play a role in closing 

the gap between the L1 and L2 sites by wrapping the DNA between them; a 

process facilitated by DNA supercoiling even in the absence of Mu A (Kobryn et 

al., 1999). 

IHF protein  With fully supercoiled mini-Mu substrates (σ = -0.06), HU 

is the only host factor required for transpososome assembly.  However, at lower 

levels of donor DNA supercoiling (σ = -0.025) that approximate those found in 

vivo, E. coli IHF is required for efficient reaction to occur (Surette and Chaconas, 

1989).  IHF binds stoichiometrically at the enhancer (Surette et al., 1989) and 

likely plays an architectural role by bending the DNA sharply (Rice, 1997; Rice et 

al., 1996) between the O1 and O2 sites of the enhancer (Higgins et al., 1989).  

IHF is absolutely required for a linear enhancer to function in trans when Mu 

ends are present on supercoiled DNA (Surette and Chaconas, 1992).     

 

1.2.5 Mu transpososomes 

The structural and functional core of Mu transpososomes is a stable, 

functionally active Mu A tetramer (Baker and Mizuuchi, 1992; Lavoie et al., 

1991; Mizuuchi et al., 1992).  Events that lead to tetramerization likely occur in 

the following sequence (See Figure 1.6A). 
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Figure 1.6 Nucleoprotein complexes in Mu transposition   

(A) Higher-order nucleoprotein complexes that mediate Mu DNA transposition.  

See text for details. This figure is adapted from (Pathania et al., 2002).  (B) Events 

at the Mu ends within transpososomes. The Mu (black lines) - host (red lines) 

junction undergoes a melting/distortion event in the Type0 complex, followed by 

water-mediated single-stranded cleavages at the CA termini in TypeI complex, 

whose released 3’ OH groups attack target DNA (blue lines) in the strand 

transfered TypeII complex. 
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The LER  Catalytically inactive Mu A monomers are recruited to the Mu 

ends.  DNA branching and/or slithering leads to interactions of the end-bound 

monomers (assisted by HU and IHF proteins) with the enhancer to form the 

unstable three-site synaptic complex, the LER (containing the Mu left and right 

ends and the transpositional enhancer) (Watson and Chaconas, 1996).  The LER is 

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

reaction, and can only be detected after glutaraldehyde cross-linking.  

The type 0 complex  The LER is quickly transformed into the type 0 or 

stable synaptic complex (Mizuuchi et al., 1992), the formation of which is the 

rate-limiting step of the cleavage reaction (Wang et al., 1996).  The type 0 

complex is short-lived in the normal reaction including wild-type Mu A and Mg2+ 

due to rapid processing through the reaction sequence (Mizuuchi et al., 1992).  

However, using either Ca2+ or Mu A catalytic mutants allows accumulation of 

type 0 complex (Baker and Luo, 1994; Kim et al., 1995).  The reaction chemistry 

has not yet occurred in this complex, but the active site has engaged the region 

around the scissile phosphate. Glutaraldehyde crosslinking experiments had 

suggested that the enhancer was no longer associated with the ends in the type 0 

transpososome (Watson and Chaconas, 1996).  However, less invasive procedures 

have recently established that the enhancer is still associated with ends (Pathania 

et al., 2002) and remains so throughout transposition (Pathania, Jayaram and 

Harshey, unpublished data). 

 The type I complex  The type 0 transpososome is transformed into the 

more stable intermediate, the type I complex, or cleaved donor complex, as a 
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result of DNA cleavage at both Mu ends in the presence of Mg2+ (Kuo et al., 

1991; Lavoie et al., 1991; Mizuuchi et al., 1991).  The great strength of the 

noncovalent interactions holding the type I complex together is evident from the 

ability of the complex to withstand the torsional strain in the Mu DNA domain, 

which remains supercoiled.  The vector domain is relaxed due to free rotation of 

the DNA around the nicks (Surette et al., 1987). 

The type II-1 complex  Strand transfer of the Mu ends into a target DNA 

completes transposition to produce the type II-1 complex, or strand transfer 

complex 1 (STC1), the most stable of the tetrameric Mu A complexes.  The type 

II complex also contains the Mu B protein (Lavoie and Chaconas, 1990) and 

shows considerable resistance to either heat or urea (Surette et al., 1987). 

The type II-2 complex   Modification of the type II-1 complex, leading to 

its eventual total disassembly, begins with interaction of the transpososome with 

the ClpX protein in the presence of ATP (Jones et al., 1998; Kruklitis et al., 1996; 

Levchenko et al., 1995; Levchenko et al., 1997).  ClpX interacts with a region of 

Mu A near the C terminus (Levchenko et al., 1997), destabilizing Mu A in the 

type II-1 complex (Jones et al., 1998; Kruklitis et al., 1996) and resulting in 

conversion into the type II-2 complex or STC2.  Mu A is still present in this 

complex and is subsequently removed through the action of one or more proteins 

present in the partially purified host fraction Mu replication factor α2 (MRFα2) 

(Kruklitis et al., 1996). 

The type II-3 complex  Transpososome disassembly by MRFα2 results in 

the formation of the prereplisome or the type II-3 complex (STC3), which lacks 
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Mu A but which contains host protein component(s) which cover the leading-

strand primer.  The prereplisome recruits other host proteins, PriA, PriB, PriC, 

DnaT, DnaB, and DnaC to assemble a preprimosome, which converts to 

replisome upon addition of DNA Pol III holoenzyme, and then initiates the 

elongation phase of DNA replication.  The details of Mu DNA replication have 

been recently reviewed by Nakai et al. (Nakai et al., 2001). 

 

1.2.6 Regulatory role of transpososomes 

A higher-order Mu transposition complex can impose complex regulatory 

properties on the reaction at several levels and can provide a strict safeguard 

against transposition in the wrong place at the wrong time (Craigie, 1996). 

The enhancer plays many roles in regulation of assembly.  First, enhancer 

occupancy by the Mu repressor would block assembly, serving as a checkpoint 

for gauging the physiological state of the cell.  Second, multiple end-enhancer 

interactions in the LER ensure a highly precise transpososome architecture 

(Allison and Chaconas, 1992; Jiang et al., 1999).  Finally, the bipartite association 

of a catalytically inert Mu A monomer with an enhancer and an att site in the LER 

unlocks its catalytic potential while simultaneously promoting its association with 

additional Mu A monomers for tetramerization (Yang et al., 1995a). 

Two other important safeguards have been built into the Mu system.  The 

first is “domain sharing” or an “interwoven architecture,” in which domains from 

different Mu A monomers assemble to build a functional active site (Aldaz et al., 

1996; Yang et al., 1995b).  The second is catalysis in trans, whereby the catalytic 
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residues on a Mu A monomer bound at the right end promote reaction chemistry 

at the left end and vice versa (Namgoong and Harshey, 1998; Savilahti and 

Mizuuchi, 1996).  These features ensure that an active site is not assembled until 

multimerization of Mu A occurs and that donor cleavage cannot occur until the 

two Mu ends have synapsed in a stable complex.  Another layer of regulatory 

complexity is the concerted cleavage and strand transfer at the two Mu ends 

through cooperative transitions in the transpososome.  Thus, substitution of an 

incorrect nucleotide at only one end inhibits assembly of the transpososome 

(Surette et al., 1991; Watson and Chaconas, 1996), and cleavage of only one end 

suppresses strand transfer, thus aborting partial reactions (Namgoong and 

Harshey, 1998; Williams et al., 1999). 
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CHAPTER 2. Materials and methods 

2.1 PLASMIDS AND STRAINS 

The mini-Mu lac plasmid pIL145 used for in vivo assays, and plasmids 

expressing MuA or MuA-MuB proteins are shown in Fig. 2.1. The main features 

of pIL145 are the presence of a lacZ’YA translational fusion cassette (missing the 

first 8 amino acids of lacZ) derived from pMC1403 (Casadaban, 1980), and a 

transcription terminator tHP (outside attR) derived from the E. coli glutamine 

permease operon (Nishihara et al., 1994).  Plasmid pNIN-215 encoding tHP was a 

kind gift from Dr Nishihara. Substitutions at the terminal CA dinucleotides were 

introduced at both ends by PCR mutagenesis. pIL163 contained the Mu A gene 

and pIL164 both Mu A and B genes without a specific promoter.  pIL145 specifies 

AmpR, while pIL63 and pIL64 specify CmR.  

A dimeric form of pUC19 was used as target DNA in in vitro transposition 

assays.  

The host strain for measuring mini-Mu transposition, clpX1::Kn MC4100 

(araD139, LAM-, DE (argF-lac) 169, flhD5301, fruA25, relA1, rpsL150, rbs22, 

deoC1) , was kindly provided by Hiroshi Nakai. Although the clpX mutation was 

initially incorporated to avoid disassembly of the transpososomes (Jones et al., 

1998; Levchenko et al., 1997), isogenic ClpX+ and ClpX- strains were found to 

have similar transposition frequencies in all experiments reported here. 
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Figure 2.1 Plasmids used for in vivo transposition assays  

pIL145 is a mini-Mu plasmid carrying a lacZ’ gene that makes translational 

fusions upon transposition. A transcription terminator (tHP) is located outside 

attR to prevent any basal level expression of lacZ from fortuitous plasmid 

promoters. pIL163 and pIL164 encode MuA and MuA-MuB genes respectively. 
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2.2 PROTEINS 

Purification of MuA, MuA(E392A), MuB and HU proteins has been 

described (Yang et al., 1995b).  

 

2.3 OLIGONUCLEOTIDE SUBSTRATES 

Uncleaved R1-R2 substrate was generated by annealing the following two 

oligonucleotides: cleavable or top strand (62 nucleotides), 5’-

AAGTTTTCGCATTTATCGTGAAACGCTTTCGCGTTTTTCGTGCGCCGCT

TCAATGAGTGATC-3’; complimentary or bottom strand, 5’-

GATCACTCATTGAAGCGGCGCACGAAAAACGCGAAAGCGTTTCACGA

TAAATGCGAAAACTT-3’. The terminal dinucleotides are indicated in bold, 

while the underlined sequences are those outside Mu ends. In pre-cleaved R1-R2 

substrates, the top strand stopped at CA (52 nucleotides) and lacked the non-Mu 

sequence on the outside. Mutant substrates contained appropriate substitutions at 

the CA and the complementary TG positions on the top and bottom strands 

respectively.  For UV-crosslinking experiments, the strand containing IU (5-Iodo-

2’-deoxy uridine) was split into two segments so that the IU-substitution was on a 

20 nt strand. Thus, the sequence of the 20 mer used for peptide sequencing 

experiments was 5’-GATCACTCAT(IU)GAAGCGGCG, labeled at the 5’ end. 

All oligonucleotides were synthesized by Integrated DNA Technology, Inc., with 

the exception of those containing IU. The latter were synthesized by Biosynthesis, 

Inc.  Oligonucleotide substrates were labeled at the 5’ end of the top strand using 

γ-32-ATP and T4 polynucleotide kinase (New England Biolabs) before annealing 
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to the unlabeled bottom strand. Annealing was done in 10 mM Tris-HCl (pH 8.0), 

80 mM NaCl buffer by first heating the mixture at 100°C for 3 min in a heating 

block followed by slow cooling to room temperature over 2 h.  

 

2.4 IN VIVO TRANSPOSITION ASSAY 

The design of the in vivo transposition assay is illustrated in Fig. 2.2.  

clpX1::Kn MC4100 was co-transformed with pIL145 carrying wild-type or 

mutant termini, and either pIL163 or pIL164. 15 µl cultures of the transformants 

in the exponential phase of growth were placed on Ap (100 µg/ml)/Cm (30 

µg/ml)/Kn (50 µg/ml) MacConkey lactose agar plates and incubated at 37°C. The 

plates were photographed by scanning in a UMAX PowerLookIII scanner at a 

resolution of 600 dpi. For quantitation of the Lac+ papillae, 100 µl of 

transformants in the exponential phase of growth were spread on MacConkey 

lactose plates and incubated at 37°C for 48 hrs. 

 

2.5 IN VITRO ASSAYS FOR TRANSPOSOSOME ASSEMBLY, DNA CLEAVAGE 
AND STRAND TRANSFER 

Cleavage and strand transfer reactions under DMSO conditions were in 20 

µl reaction volumes in 25 mM Tris.HCl (pH 8.0), 120 mM NaCl, 10 mM MgCl2, 

25 µg/ml BSA, 10% glycerol, 15% DMSO, 0.05% Triton X-100, 0.6 pmol of 

radio-labeled double-stranded oligonucleotide substrates and 4 pmol (0.3µg) MuA 

(Savilahti et al., 1995).  Reaction mixtures were pre-incubated without MgCl2 on 

ice for 20 min. Strand transfer reactions were initiated by addition of MgCl2 and 
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Figure 2.2 Design of an in vivo Mu transposition assay system. 
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0.5 µg target, and incubated at 30°C for various times. Cleavage reactions 

contained 1 µg of sonicated salmon sperm DNA, which was found to improve 

reaction efficiency. When appropriate, 0.3µg of MuB protein and 2 mM ATP 

were included. Strand transfer reactions were terminated by addition of 1 µl of 

5% SDS and analyzed by elecrophoresis in 1% agarose gels (run in TAE buffer, 

at 2V/cm for 8 h), which were dried on Hybond-XL nylon membrane (from 

Amersham Pharmacia Biotec) for autoradiography. Cleavage reactions were 

treated with phenol/chloroform and precipitated with ethanol prior to 

electrophoresis in 8% denaturing polyacrylamide gels, which were run in TBE 

buffer until the dye front was two-third of the way to the bottom. 

For stable DNA-protein complex formation with oligonucleotide 

substrates (Type0OS), a minor modification of the method previously described 

(Savilahti et al., 1995) resulted in a dramatic difference in the reaction efficiency. 

Reaction conditions were as described above for cleavage and strand transfer, 

except that 25 mM HEPES-KOH (pH 7.5) was used as buffer instead and the pre-

incubation step without MgCl2 was omitted. Reactions with wild-type substrates 

were completed within 10 min. 1 µg heparin was added to each reaction prior to 

electrophoresis on 1.5% agarose-ME (USB) gel (run in TBE buffer at 5V/cm for 2 

h). The gels were dried on Hybond-XL nylon and autoradiographed.   

 

2.6 QUANTITATION 

DNA band intensities were quantified using Bio-Rad Multianalyst 

software. 
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2.7 UV CROSSLINKING 

IU-substituted substrates were used for DNA-protein crosslinking 

experiments because of their reported higher UV-crosslinking efficiencies 

(Meisenheimer and Koch, 1997). Gel slices containing labeled complexes were 

irradiated by placing on a 312 nm UV transilluminator for 30 min. Use of an 308 

nm-emitting XeCl excimer laser providing a powerful source of monochromatic 

light did not improve crosslinking efficiency. Complexes were eluted by digesting 

with β-Agarase (NEB) and electrophoresed on 7.5% SDS PAGE. The gel 

containing crosslinked complex was completely dried, soaked in buffer containing 

trypsin (Promega; 0.1 µg/ 1 mm2 gel), and then incubated for 24 hrs at 37°C. The 

digest was run on 16.5% Peptide gel (Biorad), and the labeled band was eluted by 

soaking overnight in buffer containing 0.5 M ammonium acetate, 10 mM 

magnesium acetate, and 0.1% SDS. This elute was desalted by dialysis, applied to 

a PVDF membrane in a Prosorb cartridge (Applied Biosystems), and sequenced 

by the Keck facility at Yale University 

 

2.8 DATA COLLECTION AND ANALYSIS OF TERMINAL CONSERVED 
SEQUENCES IN HUMAN TRANSPOSABLE ELEMENTS 

Graphical representations of consensus sequence conservation patterns of 

human TEs were generated by WebLogo (http://www.bio.cam.ac.uk/cgi-

bin/seqlogo/logo.cgi) using 243 human LTR elements (excluding internal 

sequences) and 113 human DNA transposon elements from Repbase Update 
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(version 8.17 released on December, 2001; see 

http://www.girinst.org/Repbase_Update.html and Jurka, 2000). The sequence of 

each element represents a consensus derived from multiple repeats. The human 

genome database, hg5 (frozen data set of October 2000) at UCSC 

(http://genome.ucsc.edu) was used as a sequence data source because of its 

highest degree of completion at the time we launched this project.  All human 

repeats detectable by RepeatMasker program 

(http://repeatmasker.genome.washington.edu) are collected in MySQL tables of 

hg5.  Our program for sequence extraction, written in C++ language, was 

designed to search for repeat sequences matching given parametric values of the 

table, read information of its chromosomal position, and then extract a designated 

number of nucleotides from the border region between the repeat and its flanking 

genomic DNA at either 5’ or 3’ ends. Terminal sequences were collected and 

analyzed separately, because large portions of identified TEs have truncations at 

either terminus.  According to our analysis, about 2.5% of extracted repeat 

sequences based on the hg5 data set and clustered into several genomic regions, 

were incorrect. These incorrectly masked genomic regions, corresponding to 

about 3% of the entire human genome, were ignored from input MySQL tables.  

This modification reduced the fraction of incorrect sequence output down to less 

than 0.1%.  The UCSC bioinformatics group also estimates that about 5% of the 

genome had coordinates of the repeats offset incorrectly, but that this problem has 

been fixed after hg10, frozen data set of December 2001 (communication with Dr. 

 38

http://www.girinst.org/Repbase_Update.html
http://genome.ucsc.edu/
http://repeatmasker.genome.washington.edu/


Jim Kent).  Various analyses of the collected sequences were performed using 

scripts written in Perl. 

The MySQL tables of hg5 contain 227 different LTRs in 5 families 

(excluding internal sequences) and 115 different DNA transposons in 7 families.  

For sequence analysis, only those with more than 20 (arbitrarily decided 

significant sample size) extracted sequences for both ends (210 LTRs and 95 

DNA transposons) have been considered.  Vectors with n-dimensions based on 

genomic sequence frequency of the terminal 2-3 base pairs were generated for all 

TEs of interest, and then subjected to the programs Cluster and TreeView 

(available from http://rana.lbl.gov/EisenSoftware.htm), for hierarchical clustering 

analysis (under average linkage clustering setting) and its graphical display.   
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CHAPTER 3. Importance of the conserved TG/CA dinucleotide 
at Mu termini 

3.1 SUMMARY 

A characteristic of transposable elements is the presence of inverted repeat 

sequences (IR) at their termini (Mahillon and Chandler, 1998).  The IRs can 

generally be divided into two functional regions. One of these is involved in 

transposase binding, while the other includes the 2-3 terminal bp involved in 

cleavage and strand transfer. Mu belongs to a large class of IS elements (e.g. IS3 

and IS21 families) and transpsosons (e.g. Tn7) that encode the sequence CA at 

their termini (Craig, 1996; Craigie et al., 1984; Mahillon and Chandler, 1998).  

This dinucleotide is also found at the termini of all retroviruses and many 

retrotransposons, where it plays an essential but unknown function (Asante-

Appiah and Skalka, 1997; Bingham and Zachar, 1989; Boeke, 1989; Brown, 

1997; Coffin, 1991).  The importance of this dinucleotide at the Mu termini is the 

subject of this study. 

Mutants with A→G substitutions at the +1 terminal nucleotide position 

arrest at the LER stage (Watson and Chaconas, 1996).  Thus, recognition of this 

nucleotide appears to be essential for progression to the Type0 stage, where MuA 

assumes its active tetrameric form (see Fig. 1.6A). Tetramer assembly is the rate-

determining step of the cleavage reaction (Wang and Harshey, 1994; Wang et al., 

1996).  An 8-10 base pair region, which includes the terminal CA (In this chapter, 

we will only refer to the dinucleotide sequence of the 3’ end of Mu) and a region 
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outside the Mu ends, appears to be destabilized in the Type0 complex as judged 

by the action of agents that cleave single-stranded DNA (Wang et al., 1996).  The 

increased reactivity of substrates carrying mismatches outside the CA termini has 

also been argued as evidence for DNA opening near the ends prior to cleavage in 

both Mu and HIV (Savilahti et al., 1995; Scottoline et al., 1997).  Thus, engaging 

a single-strand in the active site of the transposase appears to be an essential 

feature of transpososome assembly. Such an engagement is followed by water-

mediated single-strand hydrolysis of the phosphodiester bonds next to the A 

residues at both termini in the TypeI complex (Fig. 1.6B; see Mizuuchi, 1992). 

The resulting 3’OH groups undergo strand transfer to target DNA in the TypeII 

complex (Fig. 1.6B). The chemistry of cleavage and strand transfer is the same in 

Mu and in HIV (Engelman et al., 1991).  

While studies to date have shown that mutation of the terminal A→G 

abolishes transposition of Mu (Burlingame et al., 1986; Surette et al., 1991), a 

detailed examination of all possible substitutions at this sequence has not been 

done. We report the development of a sensitive in vivo transposition assay that 

has allowed us to establish a heirarchy of reactivity of all 16 variations of this 

dinucleotide at Mu ends. We show that this heirarchy is largely reproduced in 

vitro in assays employing ‘altered’ reaction conditions, where transposition can be 

effected from oligonucleotide substrates. Use of this assay in monitoring the 

behavior of the mutant substrates in each of the three major steps of the 

transposition pathway, namely transpososome assembly, DNA cleavage and 
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strand transfer, has revealed that the specificity for CA is not manifested at the 

DNA strand transfer step but rather is critically important for stable assembly. 
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3.2 RESULTS  

3.2.1 Reactivity of CA mutants in transposition in vivo 

In order to determine the importance of both the A (+1) and C (+2) 

nucleotides at Mu ends, we designed an in vivo assay in which transposition 

efficiency of all 16 combinations of the dinucleotide sequence introduced at both 

termini could be monitored. A medium copy number mini-Mu plasmid pIL145 

(pBR322 ori) was constructed carrying a lacZ’ gene that can make translational 

fusions near the attR end (Fig. 2.1). The plasmid was introduced into a Lac- strain, 

and transposition was monitored in the presence of either MuA alone or MuA 

plus MuB supplied in trans from compatible low copy number plasmids pIL163 

or pIL164 (p15A ori), respectively (Fig. 2.1). MuB enhances transposition by at 

least two orders of magnitude in vivo (see Chaconas and Harshey, 2002). We note 

that pIL163 and pIL164 carried no specific promoter for expression of the A and 

B genes in order to prevent high rates of transposition that resulted in host cell 

lethality when a promoter was provided. The lacZ translational fusions formed 

were dependent on presence of the MuA/MuB genes, suggesting that these genes 

were likely transcribed from a fortuitous plasmid promoter; no fusions were 

formed with a catalytically inactive MuA variant (data not shown). Transposition 

events were assayed by the appearance of red papillae when plated on 

MacConkey lactose media. (Plasmids from representative red colonies were 

analyzed to ascertain that the Lac+ phenotype was not due to plasmid 

rearrangements). Such an assay has been used previously to monitor Mu 
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transposition from the phage genome (Casadaban, 1975; Casadaban and Cohen, 

1979), to clone genes in vivo using mini-Mu plasmids (Groisman and Casadaban, 

1986), and to monitor Mu DNA excision (Bukhari, 1975; Kim et al., 1995).  

The results of introducing all 16 combinations of the dinucleotide 

sequence at both termini on pIL145 are shown in Fig. 3.1 and in Table 3.1. The 

data are arranged according to decreasing reactivity of the substrates (left to right 

in Fig. 3.1 and top to bottom in Table 3.1). In the presence of MuA alone, 

transposition could only be observed in substrates, which maintained the wild-

type A residue on the top or cleaved strand (Fig. 3.1, top row and Table 3.1, 

shaded rows; data for the 12 unreactive substrates under these conditions are not 

shown). TA was much more reactive than AA, while GA was the least reactive 

under these conditions. In the presence of both MuA and MuB, transposition of 

all four mutant substrates with A at the +1 position was so high as to produce 

lethality (data not shown). Detection of transposition in the remaining 12 mutant 

substrates required addition of MuB. CT was the most reactive dinucleotide under 

these conditions and TC the least reactive (Fig. 3.1 and Table 3.1). It was not 

possible to determine the difference in the level of activity between GA (the least 

active substrate in the presence of MuA alone) and CT (the most active substrate 

in the presence of MuA + MuB) in vivo because the activity of GA was too strong 

in the presence of MuB, and that of CT was undetectable in the absence of MuB. 

The data in Table 3.1 show that when compared to the wild-type CA sequence, 

dinucleotide combinations that maintain A at the +1 position vary in activity over 
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Figure 3.1 Transposition activity in vivo of mini-Mu plasmids carrying mutant 
CA termini 

Lac+ papillae formed by pIL145 derivatives in the presence of either MuA alone 

(top row), or MuA plus MuB (rows 2-4), after (A) 36 hrs, and (B) 72 hrs are 

shown. The mutants are indicated schematically in (C). 
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Table 3.1 In vivo transposition efficiencies of CA dinucleotide mutant substrates 

 
Dinucleotide
 

Papillae 
per plate 
(48h) 1 

Relative 
activity(%)2

CA 687500* 100 
TA     2750     0.4 
AA         62     0.01 
GA           4     0.0006 
CT 275000* 100 
CG   27280   10 
AT     3410     1.2 
AC     2145     0.8 
CC     2145     0.8 
GT     1045     0.4 
GC       640     0.2 
AG       280     0.1 
TT         63     0.02 
TG         60     0.02 
GG         18     0.007 
TC           7     0.003 

 
1. MC4100 clpX1::Kn was cotransformed with variant pIL145 substrates and 

either pIL163 (MuA alone; shaded row) or pIL164 (MuA + MuB; 
unshaded row). 100 µl of transformants in the exponential phase of growth 
were spread on MacConkey lactose plates and incubated at 37°C for 48 
hrs. In the case where there were too many Lac+ papillae to count (*), 
lower dilutions of the culture were plated and the numbers extrapolated to 
100 µl. The number of Lac+ papillae is an average of triplicate 
measurements done on the same day. Measurements done on different 
days gave similar results. 

 
2. Activity of mutant substrates was expressed relative to the highest activity 

(100%) in each category i.e that of wild-type CA in the presence of MuA 
alone (shaded row), or of CT in the presence of MuA plus MuB (unshaded 
row).  
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6 orders of magnitude, and those that maintain C at the +2 position vary over an 

even larger activity range.  

 

3.2.2 Reactivity of CA mutants in assembly, cleavage and strand transfer in 
vitro 

Under standard reaction conditions (Tris or Hepes buffer at pH 7.5-8, 10 

mM MgCl2, 150 mM salt), DNA supercoiling, MuA and MuB proteins and E. coli 

HU protein are absolutely essential for complete Mu transposition (see Fig. 1.6A; 

see Chaconas and Harshey, 2002). Under these conditions, the strand transfer 

activity of TA and GA plasmid substrates was approximately 5% and 1% of wild-

type, respectively, while activity was barely detectable in rest of the mutant 

substrates (data not shown). While the reactivity of TA and GA was consistent 

with their in vivo activity (see Table 3.1), the poor activity of most of the mutant 

plasmid substrates in this assay prevented further investigation into the nature of 

their defect. In order to override these problems, as well as to understand the 

specific defect associated with the mutants, we employed ‘altered’ reaction 

conditions where inclusion of 15% DMSO (dimethyl sulfoxide), 15% glycerol, or 

the combination of the two relaxes the requirement for DNA supercoiling, for the 

Mu enhancer, as well as for MuB and HU proteins (Mizuuchi and Mizuuchi, 

1989).  Under these conditions, tetrameric MuA can be assembled on R1-R2 

oligonucleotide substrates (R1 and R2 are two of the three MuA binding sites 

within attR, with R1 being the outermost site near the Mu-host junction), from 

where it faithfully executes the chemistry of the cleavage and strand transfer 

reactions (Savilahti et al., 1995).  Using these assay conditions, a subset of nine 
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different substitutions at the CA position (TA, GA, CT, CG, AT, CC, GT, AG, 

TC) were chosen for testing several steps in the transposition pathway as 

described below. The choice of the dinucleotide combinations was based on 

assaying those at both the high and low end of the activity spectrum (see Table 

3.1), as well as on representing pyr-pyr, pur-pur, pyr-pur and pur-pyr 

combinations in these assays.   

Coupled cleavage/strand transfer. Cleavage followed by strand transfer 

of R1-R2 substrates into a circular plasmid DNA target was monitored first. The 

cleaved or transferred strand was radiolabeled at its 5’ end (see Methods). Two 

types of products can be generated in this reaction (Fig. 3.2A). If a single-end is 

transfered, a σ structure with a short oligo tail would result (single-ended product 

or SEP); on the other hand, if two ends are transfered, a linear duplex with two 

short oligo tails would be produced (double-ended product or DEP). Reactions are 

shown for two different time points (5’ and 15’) in the linear range of activity for 

the wild-type substrate (Fig. 3.2B). Substrates with poor activity were incubated 

for longer times (30-60’). DEP were more prevalent than SEP with all substrates 

whose activity was comparable to wild-type. Overall, a close parallel was found 

in the activity of mutant substrates in this assay compared to that observed in 

vivo. For example, substrates that were active in vivo in the presence of MuA 

(Fig. 3.1 and Table 3.1) were the same substrates active in this assay in the 

presence of MuA (Fig. 3.2B, lanes 2-14). Among these, GA was the least reactive 

substrate both in vivo and in vitro (Fig. 3.2B, lanes 2-7). However, while the 

activity of this set of substrates varied over six orders of magnitude in vivo (Table 
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Figure 3.2 Coupled cleavage/strand transfer reactions with oligonucleotide 
substrates 

(A) Double-stranded R1-R2 oligonucleotide substrates are labeled (*) at the 5’ 

end of the top strand. Cleavage and strand transfer into circular target DNA can 

genenerate SEPs or DEPs as shown. (B) Mutant dinucleotide substrates are 

indicated. The strand transfer products were revealed by autoradiography, 

following fractionation of the reactions in 1% agarose gel. The unreacted 

substrate migrating at the bottom of the gel is not shown. 
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3.1), there was less discrimination in vitro; the activity of CA and TA were 

comparable, with TA infact showing a slightly higher activity than wild-type, and 

the activity of GA was ~45% of wild-type (see Table 3.2; strand transfer activity 

is a sum of SEP and DEP). It is possible that the nature of the donor substrates as 

well as the host factors encountered under these two different conditions influence 

reaction efficiency.  

When MuB was added to the reactions, it not only stimulated the 

reactivity of substrates that were active with MuA alone (CA, TA and GA; Fig. 

3.2B, compare lanes 2-7 with lanes 15-20), but also of those that were active in 

vivo only in the presence of MuB (Fig. 3.2B, compare lanes 8-14 with lanes 21-

34). Of these, the stimulation in the activity of CT was the most dramatic (Fig. 

3.2B, compare lane 8 with lanes 21, 22; see Table 3.2), consistent with the in vivo 

results (see Fig. 3.1 and Table 3.1). The remaining six dinucleotide combinations 

were only weakly active (note the higher reaction incubation times), with an 

altered ratio of SEP and DEP (Fig. 3.2B, lanes 23-34).  

We conclude that these in vitro assay conditions can be used as a first 

approximation to investigate in greater detail the reactivity of the mini-Mu 

substrates observed in the in vivo assay. 

Strand transfer from pre-cleaved substrates. In order to determine 

whether the block in activity of the mutants was at the cleavage or strand transfer 

step of transposition, the ten substrates tested in the coupled reaction above were 

examined for strand transfer alone from substrates that mimicked the cleaved 

products (see Methods). Strand transfer activity could be observed in a majority 
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Di-
nucleo-
tide1 

CL/ST  
(MuA) 

CL/ST 
(MuA 

+MuB) 

ST with pre-cleaved 
substrates (MuA) 

CL 
(MuA) 

CL 
(MuA + MuB) 

Type0OS 
Uncleaved2 

Type0OS 
Pre-cleaved3 

CA 100 100 100 100 100 100 100 
TA 120 107 111 94 107 26 100 
GA 46 58 107 44 75 12 100 
CT ND4 13 133 ND <5 ND 6 
CG ND 2 109 ND <5 ND 4 
AT ND <1 71 ND ND ND 10 
CC ND <1 41 ND ND ND 6 
GT ND <1 21 ND ND ND 60 
AG ND <1 105 ND ND ND 6 
TC ND <1 <5 ND ND ND 12 

Table 3.2 In vitro reaction efficiencies of CA dinucleotide mutant substrates 

 

1. Activities in all columns are expressed as a % relative to wild-type CA at 15’ 

reaction times for most assays; exceptions are CL (MuA+MuB) assay compared 

at 5’, and Type0OS assays compared at 30’. CL, cleavage. ST, strand transfer. ST 

activity was estimated as a sum of SEP and DEP (see Fig. 3.2). The data shown 

are from a single experiment. The results from several repetitions of the 

experiments were very reproducible. 

2, 3. MuA(E392A) was used for measuring Type0OS complexes. The activity of 

Type0OS formation on uncleaved CA substrate was 24% of that on the pre-cleaved 

CA substrate. 

4. ND, not detectable.  
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of the pre-cleaved substrates with MuA alone (Fig. 3.3, lanes 2-21). Except for 

GT and TC, the activity (sum of SEP and DEP) of most of the pre-cleaved 

substrates was now comparable to that of the wild-type substrate (see Table 3.2). 

TA, GA, CT, CG and AG showed consistently higher activity than wild-type. TC, 

the least reactive substrate in vivo, also showed substantial activity in this assay, 

although the products were skewed toward SEP (Fig. 3.3, lanes 20, 21). Addition 

of MuB was stimulatory (1.5 - 2 fold), but did not change the distribution of the 

products (data not shown).  

We conclude that the sequence of the terminal dinucleotide is not critical 

for the chemistry of strand transfer, and that the block in the activity of the mutant 

substrates is at a prior step. 

Cleavage assays. Here, a difference in length of 10 bp between the 

uncleaved and cleaved strand was used to monitor the cleavage reaction (Fig. 

3.4A). Reactions were monitored for three time points for the wild-type substrate, 

while longer incubation times were used for poorly reactive substrates. The 

reaction kinetics for CA and TA were very similar (Fig. 3.4B, compare the CL 

product in lanes 2-4 with lanes 5-7). The GA substrate was the least active (Fig. 

3.4B, lanes 8-10). Cleavage activity in the remaining substrates was barely 

detectable (Fig. 3.4B, lanes 11-17). These results are similar to those from the 

coupled cleavage-strand transfer assays (Fig. 3.2B; see Table 3.2). 

The influence of MuB on the cleavage reactions was monitored next (Fig. 

3.4C). MuB clearly stimulated cleavage not only with the wild-type substrate but 

also with all mutant substrates shown (Fig. 3.4C, lanes 2-11). Although poorly 
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Figure 3.3 Strand transfer of pre-cleaved oligonucleotide substrates 

Reactions were as in Fig. 3.2 except that the oligonucleotides mimicked a pre-

cleaved substrate. 
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Figure 3.4 Cleavage of oligonucleotide substrates 

(A) Double-stranded R1-R2 oligonucleotide substrates are labeled at the 5’ end of 
the top strand. A 10 nucleotide length difference between the top strand of the 
substrate S and the cleaved product CL is the basis of the cleavage assay. (B) 
Cleavage reaction products were fractionated on 8 % denaturing polyacrylamide 
gels followed by autoradiography. (C) Effect of MuB on the cleavage reaction. 
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active, MuB stimulation was nonetheless detectable with the CG substrate (Fig. 

3.4C, lanes 10,11). No stimulation was observed for AT, CC, GT, AG and TC 

substrates (data not shown). Comparison of these data with those in Fig. 3.2B 

shows that MuB stimulated the activity of the latter mutant substrates in the 

coupled cleavage/strand transfer reactions. The difference in the activity of the 

substrates in the two assays could be due to the fact that in the coupled reactions, 

the cleaved product is being chased to strand transfer.  

Since the overall reactivity profiles of the mutant substrates in the 

cleavage reactions shown in Fig. 3.4 follow those seen in the coupled 

cleavage/strand transfer reactions (Fig. 3.2), and since we have determined that 

the block in activity is not at the stage of strand transfer (Fig. 3.3), we conclude 

that the mutant substrates are affected at or before the cleavage step. 

Assembly of stable complexes. To test if the earliest assayable step 

before cleavage on oligonucleotide substrates, transpososome assembly or Type0 

formation (see Fig. 1.6B), was affected in the mutant substrates, we monitored 

their ability to form heparin-resistant transpososome complexes (heparin 

dissociates MuA-att interactions not participating in stable assembly Kuo et al., 

1991). For these experiments we used MuA(E392A), a catalytic mutant that is 

defective in cleavage but proficient in assembly (Kim et al., 1995).  We call these 

uncleaved complexes Type0OS to denote that they are formed on oligonucleotide 

substrates. Assembly of these complexes was monitored as a shift in DNA 

mobility of labeled oligonucleotide substrates in agarose gels (Fig. 3.5A). Cleaved 

complexes formed with wild-type MuA migrate at a similar position on the gel 
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Figure 3.5 Assembly of stable Type0OS complexes 

Transpososomes assembled using the catalytically inactive variant MuA(E392A) 
on uncleaved (A) or pre-cleaved (B) oligonucleotide substrates were challenged 
with heparin, fractionated on 1.5% agarose gels, and detected by autoradiography.   
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(data not shown; see Savilahti et al., 1995). All reactions were incubated for 30 

min, even though maximal Type0OS formation with the wild-type CA occured by 

10 min. The TA substrate was approximately 25% as active as wild-type in 

Type0OS formation (Fig. 3.5A, compare lanes 2 and 3, and see Table 3.2), 

whereas the GA substrate was only 10% as active (Fig. 3.5A, compare lanes 2 and 

4, and see Table 3.2). No detectable Type0OS activity was observed with the rest 

of the mutant substrates (Fig. 3.5A, lanes 5-11). Inclusion of MuB in these 

reactions did not stimulate complex formation (data not shown).  

The difference in the reaction efficiency of the CA, TA and GA substrates 

in the Type0OS assay compared to that observed in the cleavage/strand transfer 

assays (Figs. 3.2 and 3.4) could be due to the fact that cleavage stabilizes the 

transpososome (see Chaconas and Harshey, 2002). In order to test this 

proposition, we performed assembly on pre-cleaved substrates using 

MuA(E392A) (Fig. 3.5B). Assembly was far superior on pre-cleaved substrates 

compared to uncleaved ones; for wild-type CA, activity on the uncleaved 

substrate was 25% of that on the pre-cleaved substrate (Fig. 3.5B, compare lanes 

2 and 13; the exposure time of the autoradiograph was shorter than that in Fig. 

3.5A). The activities of pre-cleaved TA and GA substrates (Fig. 3.5B, lanes 3 and 

4) were now comparable to wild-type (see Table 3.2). Surprisingly, the pre-

cleaved GT substrate showed 60% activity compared to wild-type (Fig. 3.5B, lane 

9). Detectable complexes (5 - 10% of wild-type; see Table 3.2) were also seen 

with the remaining pre-cleaved substrates (Fig. 3.5B, lanes 5-8 and 10, 11). The 

smear of radioactivity between bound and unbound DNA in the latter mutants 
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compared with CA, TA and GA substrates may reflect dissociation of unstable 

complexes. Thus, except for the pre-cleaved GT substrate, an A residue at the +1 

position is critical for stable complex formation on both pre-cleaved and 

uncleaved substrates. 

We conclude that the fundamental block in the activity of uncleaved 

mutant substrates lies in formation of a stable complex or transpososome. 
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3.3 DISCUSSION 

3.3.1 The CA dinucleotide is required for transpososome assembly but not for 
Mu DNA strand transfer 

Examination of the activity of all 16 permutations of the dinucleotide at 

both ends of Mu in vivo has revealed a heirarchy of reactivity summarized in 

Table 3.1. TA, the most reactive mutant dinucleotide, was only 0.4% as active in 

vivo as the wild-type sequence, and the activity of the least reactive dinucleotde 

TC was several orders of magnitude lower than wild-type. The in vivo data reveal 

that the A position is more critical for activity than the C position. These data also 

show that MuB can suppress defects at both positions in vivo. MuB has been 

shown to interact with MuA and to serve as an allosteric effector at a variety of 

steps in the transposition pathway in vitro (Baker et al., 1991; Surette et al., 

1991), to rescue the assembly defects of mutants at the Mu-host junctions (Coros 

and Chaconas, 2001; Surette et al., 1991; Wu and Chaconas, 1992), as well as to 

suppress assembly defects in the MuA protein (Naigamwalla et al., 1998; 

Namgoong et al., 1998a). 

Standard in vitro reaction conditions were not informative for dissecting 

the molecular basis of the defect in the mutant plasmid substrates (data not 

shown). We therefore used in vitro reactions employing DMSO, which have been 

established to faithfully reproduce the chemistry of transposition from 

oligonucleotide substrates (Chaconas and Harshey, 2002; Savilahti et al., 1995).  

In an assay measuring coupled cleavage and strand transfer from R1-R2 

oligonucleotide substrates, the hierarchy of activity of the mutants observed in 
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vivo could be generally reproduced in vitro (Fig. 3.2), although the large 

differences in efficiency of the substrates seen in vivo were not observed under 

the DMSO conditions (see Tables 3.1 and 3.2). Thus, both in vivo and in vitro, 

substrates which retained the A residue at the +1 position showed activity in the 

presence of MuA alone, while all other mutant substrates required MuB for 

suppressing the severity of their defects, with the best suppression obtained with 

CT (Figs. 3.1 and 3.2, and Tables 3.1 and 3.2).  

Having established a similar overall behavior of the mutant substrates both 

in vivo and in vitro, it became possible to investigate in detail the step at which 

the mutants were blocked. An important finding from experiments with pre-

cleaved oligonucleotide substrates was that the identity of the terminal nucleotide 

was not important for its reactivity in strand transfer (Fig. 3.3). Since similar 

phosphoryl transfer chemistry is employed during both cleavage and strand 

transfer (see Mizuuchi, 1992), and the same active site in MuA is used for both 

these chemical steps (Namgoong and Harshey, 1998; Williams et al., 1999), we 

argue that the identity of the terminal nucleotide is also not important for 

cleavage. Indeed, the mutants were found to be defective in stable assembly of the 

transpososome as measured by resistance to heparin treatment and gel 

electrophoresis (Fig. 3.5A). Assembly was more efficient on pre-cleaved 

substrates when compared to uncleaved ones, particularly when the +1 position 

was occupied by A (Fig. 3.5B). With the exception of GT, the other mutant pre-

cleaved substrates were only poorly active in this assay (Fig. 3.5B and Table 3.2). 

However, these substrates must assemble ‘unstable’ or heparin-sensitive 
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complexes that are nonetheless proficient in strand transfer, since wild-type levels 

of strand transfer were observed for most of the pre-cleaved substrates (Fig. 3.3). 

In contrast, if such unstable complexes are assembled on uncleaved substrates 

(Fig. 3.5A), they clearly cannot proceed to cleavage (Fig. 3.4). While these data 

do not exclude an additional defect at the cleavage step, we think this to be 

unlikely given the similarity in the chemistry of the cleavage and strand transfer 

reactions. We suggest instead that the mutant termini are defective in generating 

the change in DNA structure necessary for engaging the CA strands in the active 

sites as well as for generating specific interactions with MuA that lead to 

assembly of a stable transpososome, as discussed below. The proficiency of pre-

cleaved substrates in assembly and strand transfer is likely due to the single-

stranded feature of the ends which allows ‘breathing’ and hence lowers the energy 

barrier for making the appropriate DNA-protein contacts at the termini necessary 

for promoting assembly. 

Experiments with HIV-1 have also shown that CA mutants are defective 

for cleavage in vitro, with A being more critical for reaction than C (Esposito and 

Craigie, 1998).  However, assembly of the mutant integrase complexes has not 

been assayed in this system, and there is no information regarding the reactivity of 

mutant termini in strand transfer as reported here for the Mu substrates. 

Our data confirm and extend previous results which examined a single 

A→G substitution at one or both ends of Mu (Surette et al., 1991), as well as 

recent results which show that mutations at positions -1 to +3 at either Mu end 

affect stable transpososome assembly under standard assay conditions (Coros and 
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Chaconas, 2001).  The latter experiments using supercoiled substrates found all of 

these mutants capable of forming the unstable LER complex, which precedes 

Type0 assembly (see Fig. 1.6A). In our assays, MuB did not help the stable 

assembly of transpososomes on oligonucleotide substrates, but acted at some 

other step/s that resulted in stimulation of both cleavage and strand transfer. Our 

comprehensive new data not only show that the identity of the terminal nucleotide 

is not important for the chemistry of strand transfer, but allow us to formulate 

below a hypothesis regarding the role of the widely conserved CA at the ends of 

transposable elements.  

 

3.3.2 DNA deformation required for stable transpososome assembly may be 
facilitated by the conformational flexibility of CA 

Evidence for DNA opening and/or distortion prior to DNA cleavage at 

both transposon ends was first reported for the Mu Type0 complex (Wang et al., 

1996).  In Mu and in HIV, greater reactivity of oligonucleotide substrates that 

carried mismatches or non-complementary strands outside the terminal 

dinucleotide has been argued as evidence for a DNA melting event around the 

transposon-host junction prior to cleavage (Savilahti et al., 1995; Scottoline et al., 

1997).  In Tn5, where the sequence at the termini is CAG, a strong local distortion 

centered around the terminal nucleotide was seen in pre-cleavage synaptic 

complexes (Bhasin et al., 2000).  Footprinting experiments with the cleaved TypeI 

complex in Mu had revealed that the phosphodiester backbone two nucleotides 

outside the ends on the noncleaved strands were distorted (Lavoie et al., 1991).  

Similarly, the crystal structure of the cleaved Tn5 synaptic complex shows that 
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the terminal dinucleotide is frayed or unpaired, the phosphodiester backbone of 

the noncleaved strand is distorted, and the T residue at the +2 position of the non-

cleaved strand is ‘flipped out’ or oriented away from the interior of the DNA 

(Davies et al., 2000).  DNA distortion has also been observed at the ends of Tn10 

which, like Tn5, encode CAG at the termini (Allingham et al., 2001).  

In light of the observations above, we looked for a structural explanation 

for the conservation of CA at transposon ends. While there is debate as to whether 

a dinucleotide, a trinucleotide, or even a tetranucleotide can be used as the 

fundamental unit for local structural description of DNA, El Hassan & Calladine 

(El Hassan and Calladine, 1997) have argued for the dinucleotide step model of 

structural description, and on this basis, have presented an extensive empirical 

study of the conformational characteristics of dinucleotide steps in DNA. Their 

classification has been derived from a large database of atomic coordinates of 

some 60 solved oligomer structures containing 400 dinucleotide steps. We will 

attempt below to interpret our data on the basis of this analysis, while 

acknowledging that flanking nucleotides could influence the overall conformation 

of a dinucleotide step.  

Examination of the conformational properties of nine types of dinucleotide 

steps for which adequate data were available from crystal structures, shows that 

the CA step is by far the most flexible (El Hassan and Calladine, 1997).  CA is the 

only dinucleotide step that is capable of bending in two opposite directions 

(diGabrielle et al., 1989).  Interestingly, the TA step is the next most flexible step 

(El Hassan and Calladine, 1997).  We note that in our in vivo assays, TA was the 
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next highly reactive dinucleotide (Table 3.1), while its activity was comparable if 

not superior to CA in vitro (Table 3.2). CA and TA steps appear frequently in 

DNA sequences bound to protein, and particularly in the occasional site of severe 

kinking and untwisting as in CAP (Schultz et al., 1991) and the TATA-box (Kim 

et al., 1993). CA steps occur at cleavage junctions of Tc and mariner transposons, 

and signal joints involved in VDJ recombination junction (see Mahillon and 

Chandler, 1998). The chemistry of VDJ recombination is similar to that of Mu 

and HIV, but like Tn5 and Tn10, occurs via “hairpin” intermediates (Bhasin et al., 

1999; Kennedy et al., 1998; van Gent et al., 1996).  Also of interest is that CA is 

the most frequent tandem dinucleotide repeat in the eukaryotic genome, where it 

is considered a form of middle repetitive DNA (Rich et al., 1984).  Such repeats 

adopt non-B DNA to Z-DNA conformations in response to superhelical stress and 

divalent cations, and their structural instability (alteration and expansion) has 

been associated with various forms of carcinoma (Dobi and v Agoston, 1998).  

These observations lead us to suggest that the flexibility of the CA step is critical 

for the DNA melting/distortion events prior to cleavage that allow this strand to 

be engaged by the MuA active site while specific protein contacts are established 

with one or both strands that stabilize the transpososome. We argue that the 

flexibility of CA is primarily responsible for its selection at transposon ends.  

The flexibility hypothesis would predict that decreasing activity of the 

dinucleotide permutations at Mu ends should reflect increasing rigidity of the 

step. From a consideration of roll (opening of base-pairs along their long axes), 

slide (translation of base pairs along their long axes), and twist (rotation of a base-
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pair about the vertical axis) angles, Hassan and Calladine (El Hassan and 

Calladine, 1997) have arranged the nine dinucleotide steps in the following 

overall decreasing order of flexibility: CA, TA, GG, CG, GC, AC, GA, AT, AA. 

The authors note that this clear descending flexibility plot is obtained only when 

the single parameter considered is slide. Although roll and twist give similar 

trends, they are not as clear. Thus, while GG appears next to TA in the overall 

flexibility rung, it disturbs the general trend by being the most rigid with respect 

to roll and twist. When DNA bends around proteins such as CAP and TBP, the 

distortion at the CA and TA steps is brought about primarily by increased roll, 

and is more severe than when DNA curves gently around proteins such as 

histones in a nucleosome particle (El Hassan, 1998).  Increased roll also plays an 

important part in DNA bending by proteins such as IHF (Rice et al., 1996).  

Interestingly, GG, which is the most rigid step with respect to roll and twist, is the 

least reactive dinucleotide (among those compared by Hassan & Calladine; El 

Hassan and Calladine, 1997) as measured by our in vivo transposition assay 

(Table 3.1). If we exclude CG, GA and AA from consideration because of their 

potential additional contribution to sequence specificity at the +2 or +1 positions, 

the transposition efficiencies of GC, AC and AT lie between the most flexible 

CA/TA steps, and the least flexible (with respect to roll and twist) GG step. 

In conclusion, our data show that the CA sequence is important for a 

critical event during stable transpososome assembly at the ends of Mu, and that 

the identity of this sequence is not important for strand transfer. We suggest that 

this critical event is likely the DNA opening/distortion seen in assembled 
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transpososomes, and that the CA and/or complementary TG sequence makes 

specific contacts with MuA that stabilize the transpososome while engaging the 

CA strand in the active site prior to the ensuing chemical reactions. We have 

argued that CA has been selected at transposon termini primarily for its 

conformational flexibility.  
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CHAPTER 4   The conserved TG/CA motif at Mu termini: T 
specifies stable transpososome assembly 

4.1 SUMMARY 

We deployed a sensitive in vivo transposition assay to establish a 

hierarchy of reactivity of all 16 variations of the CA dinucleotide at Mu ends (see 

chapter 3). The in vivo data revealed that the +1 or A position was more critical 

for activity than the +2 or C position. These data also showed that MuB could 

suppress defects at both positions in vivo. The hierarchy of reactivity of mutant 

dinucleotide substrates observed in vivo was largely reproduced in vitro in assays 

employing ‘altered’ reaction conditions, where transposition can be effected from 

oligonucleotide substrates (Savilahti et al., 1995). This assay revealed that the 

specificity for CA is not manifested at the DNA strand transfer step but rather is 

critically important for stable assembly (see chapter 3). The order of reactivity of 

the 16 dinucleotide combination of substrates were found to generally follow the 

order of flexibility for nine types of dinucleotide steps deduced from crystal 

structures (El Hassan and Calladine, 1997). We have argued that the CA 

dinucleotide has been selected at transposon termini primarily for its 

conformational flexibility, which would come into play during the DNA opening 

event accompanying transpososome assembly (Wang et al., 1996). Experiments 

with HIV-1 oligonucleotide substrates have also shown that CA mutants are 

defective for cleavage in vitro, and that the +1 position is more critical for 

reaction than the +2 position (Esposito and Craigie, 1998). However, assembly of 
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the mutant integrase complexes has not been assayed in this system, and there is 

no information regarding the reactivity of mutant termini in strand transfer. 

In the present study we show that mismatched substrates are extremely 

proficient at assembly, that the T residue on the unreactive bottom strand is 

critical for this process, and that the identity of these residues on the top strand is 

not important for transposition. These mismatched substrates can assemble 

transpososomes in the absence of divalent metal ions, implicating a specific role 

for metal ions during assembly. We show in addition that MuB protein acts 

through the +2 residue on the bottom strand to suppress the effect of mutations at 

the termini. 
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4.2 RESULTS 

4.2.1 Transposition proficiency of substrates with TG/CA mismatches   

In order to test the conformational flexibility hypothesis for the selection 

of the dinucleotide at Mu termini, as well as to determine the contribution of each 

of the four residues in the TG/CA pair to various steps in Mu transposition, we 

tested the activity of 100 different combinations (out of 256 possible ones) using 

oligonucleotide substrates. The choice of the sequence combinations was based 

on our previous study, and represented on the top strand the hierarchy of reactive 

combinations observed (see chapter 3; the CA strand will be refered to as the ‘top 

strand’ and TG strand as the ‘bottom strand’). The overall behavior of the mutant 

substrates was similar both in vivo and in vitro in these previous studies. For in 

vitro assays, the oligonucleotide substrates carry the R1-R2 sites from the right 

end of Mu and faithfully execute the chemistry of the cleavage and strand transfer 

reactions, although the altered reaction conditions (employing 15% DMSO) 

promote a bypass of the need for DNA supercoiling, the enhancer element, and 

the accessory proteins HU and MuB (Mizuuchi and Mizuuchi, 1989; Savilahti et 

al., 1995). During transposition, the phosphodiester bonds next to A are cleaved 

and strand transfered.  

 

Assembly of stable complexes. To test the proficiency of the mutant 

substrates in the earliest assayable step before cleavage, transpososome assembly 

or type 0 formation (see Fig. 1.6B), we monitored the ability of labeled substrates 
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to form heparin-resistant complexes that migrate with a distinctly slower mobility 

in agarose gels (heparin dissociates MuA-att interactions not participating in 

stable assembly; Kuo et al., 1991). We call these complexes type 0OS to denote 

that they are formed on oligonucleotide substrates. The data for all 100 substrates 

are summarized in Table 4.1. It is evident that a common feature of substrates that 

form stable complexes is the presence of wild-type T at the +1 position on the 

bottom strand. Of these, several of the poorly active substrates are base-paired at 

one of the two positions. 

Fig. 4.1A shows actual data for two sets of nine mismatched substrates. 

One set of substrates has the wild-type TG sequence on the bottom strand, while 

the other set has the wild-type CA sequence on the top strand. For these 

experiments we used MuA(E392A), a catalytic mutant that is defective in 

cleavage but proficient in assembly (Kim et al., 1995). It is striking that presence 

of the wild-type sequence on the top strand was not important for assembly (Fig. 

4.1A, lanes 14-20), unless the bottom strand had a T at the +1 position (Fig. 4.1A, 

lanes 12,13). All mismatched substrates with the wild-type TG sequence on the 

bottom strand showed efficient type 0OS formation (Fig. 4.1A, lanes 3-11). 

Among these, the fully base-paired wild-type substrate was the least active (Fig. 

4.1A, lane 2). Inclusion of MuB in the reaction mixture did not significantly 

stimulate assembly of any substrate (data not shown). 

The kinetics of stable complex formation with three kinds of mismatched 

substrates containing wild-type TG on the bottom strand and mismatches at either 

+1, +2, or both positions, are shown in Fig. 4.1B.  The best fit of the kinetic data 
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Figure 4.1 Assembly of stable type 0OS complexes 

 (A) Oligonucleotide substrates (S) labeled at the 5’ end of the top strand were 
incubated with the catalytically inactive variant MuA(E392A). Assembled type 
0OS transpososomes were challenged with heparin, fractionated on 1.5% (w/v) 
agarose gels, and detected by autoradiography. Sequence of the terminal 
dinucleotides in the top and bottom strands is indicated.  (B) Kinetics of stable 
type 0OS complex formation with different kinds of mismatch substrates.  The best 
fit of the data was to a single exponential Y = A(1 – exp–kt), where Y, percentage 
of type 0OS complex at the given time point; A, percentage of type 0OS complex at 
equilibrium; k, observed rate; t, time (min). 
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was to a single exponential curve.  The amount of stable type 0OS at equilibrium 

increased with increasing mismatches. Base unpairing at the +1 position was 

favored over that at the +2 position, with the double mismatch showing an 

additive effect.  It is apparent that the initial rates of complex formation increase 

similarly. However, the observed rate (k) obtained from the fit to a single 

exponential approach to equilibrium was similar for the three mismatched 

substrates, which was about twice that for the matched wild-type substrate. These 

results are a strong indication that base unpairing around the terminal dinucleotide 

favors type 0OS formation, with unpairing at the +1 position having a greater 

effect than at the +2 position. 

From the data presented in Table 4.1 and Fig. 4.1 we conclude that the 

terminal T residue on the bottom strand determines stable transpososome 

assembly, and that the single-stranded feature of a mismatched substrate is 

extremely favorable for this process. These results are in keeping with our earlier 

in vivo and in vitro results (which did not distinguish between the two strands) 

showing the dominance of the +1 position for transposition activity (see chapter 

3). 

 

Coupled cleavage and strand transfer. We showed earlier that when 

fully base-paired substrates are pre-cleaved, the sequence of the CA dinucleotide 

was not important for strand transfer (see chapter 3). In order to test the cleavage 

efficiency of the mutants in mismatched substrates, cleavage followed by strand 

transfer of R1-R2 substrates into a circular plasmid DNA target was monitored 
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Table 4.1 Efficiency of type 0OS formation on mismatched substrates 

 
 
 
 
 
 
 
 
 
 
 
 
 

      top   
bot 

CA TA GA CT CG AT CC GT AG TC 

 GT A W W W W W W W W W 
 AT W A A W W W W W W W 
 CT W A A W W W W A A W 
 GA           
 GC           
 TA           
 GG           
 CA A      A   A 
 TC A   A   A A  A 
 AG           

 

Reactions were at 30°C for 30 min. Shaded blocks represent matched substrates. 

W - Very efficient complex formation (15-50% of input substrate); A - less 

efficient complex formation (1-15% of input substrate).  Blank boxes – no 

detectable reactions.  

 

 

 

 

 

 

 

 

 

 73



(Fig. 4.2). The cleaved or transferred strand was radiolabeled at its 5’ end. Two 

types of products can be generated in this reaction. If a single-end is transfered, a 

σ structure with a short oligo tail would result (single-ended product or SEP); on 

the other hand, if two ends are transfered, a linear duplex with two short oligo 

tails would be produced (double-ended product or DEP).  

Of the 100 substrates tested, only 29 showed detectable activity under 

these conditions. These active substrates are arranged in two sets, and the data are 

displayed in decreasing order of their activity. The more active substrates were 

incubated for 15 min (Fig. 4.2, lanes 2-17; lane 1 is the no-protein control for the 

wild-type substrate). Activity of the wild-type substrate was approximately in the 

middle of this set of substrates (Fig. 4.2, lane 9). The second set of substrates 

showed no detectable activity at 15 min, and hence was incubated further for 60 

min (Fig. 4.2, lanes 18-30). It is clear that the identity of the terminal nucleotide 

undergoing cleavage/strand transfer is not important, since all four nucleotides 

were represented at this position on the top strand. Not surprisingly, all but three 

substrates had T at the +1 position on the bottom strand. The three that did not 

have T at this position (Fig. 4.2, lanes 10, 18 and 23) had wild-type residues at the 

other three position - CA on the top strand and G at the +2 position on the bottom 

strand. These three substrates gave rise predominantly to DEP, suggesting that 

they were efficient at coupling activity at both ends.  

We conclude that once unpaired, the sequence of the top strand is 

unimportant for both cleavage and strand transfer. The observation that 

substitutions at the T position show variable levels of activity if the remaining 
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Figure 4.2 Coupled cleavage/strand transfer activity of mismatched substrates 

Oligonucleotide substrates were labeled at the 5’ end of the top strand and 

incubated with MuA and supercoiled target DNA for the indicated times. 

Cleavage and strand transfer into circular target DNA generates single (SEP) or 

double ended (DEP) products, which were revealed by autoradiography, 

following fractionation of the reactions in 1% agarose gels. The unreacted 

substrate migrating at the bottom of the gel is not shown. Other descriptions as in 

Fig. 4.1. 
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three residues in the CA/TG pair are wild-type, suggests that, although 

subservient to T, these three residues also play some role. The latter substrates 

must assemble ‘unstable’ or heparin-sensitive complexes that once cleaved can 

proceed to strand transfer. These data are also summarized in Table 4.2. 

 

Cleavage assays. The substrates shown in Fig. 4.2 were also tested for 

cleavage alone (Fig. 4.3). For cleavage assays, a difference in the length of 10 bp 

between the top and bottom strands was used to monitor the cleavage reaction. 

The results parallel those seen with the coupled reaction shown in Fig. 4.2. We 

note that a substrate with TC on the top strand (Fig. 4.3, lane 4) showed abnormal 

cleavage at the -1 position, one residue outside the normal cleavage site. This -1 

position is an A residue (see Methods), and could be seen by MuA as the wild-

type CA. However, this mistaken identity is only confined to these particular 

substrates and not observed with other substrates that also have a C at the +1 

position (Fig. 4.3, lanes 5, 14 and 21).  

Since substrates carrying residues other than A at the +1 position of the 

top strand were not only active in cleavage but the activity of several of these was 

superior to that of the wild-type substrate, we conclude again that, once unpaired, 

the sequence of this terminal nucleotide is not important for the chemistry of 

cleavage. 
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Table 4.2 Transposition efficiencies of mismatched substrates 

 
     top 
bot 

CA TA GA CT CG AT CC GT AG TC 

 GT ] ] f ] ] f ]  f ]S 

 AT f ]  f f f  f f k 
 CT f k k f k f  k ] k 
 GA k t  t t  t   tS 
 GC ] t  t   t   tS 
 TA           
 GG t   t t      
 CA           
 TC           
 AG           

 

Reactions with MuA alone were incubated for 30 min, and with MuA and MuB 

for 10 min at 30°C. ] - Highly reactive with MuA or MuA + MuB (10-20% of 

total substrate); f – Poorly reactive with MuA or MuA + MuB (0.5-10% of total 

substrate); k – Low reactivity with MuA (0.5-10%) but high (20-40%) with 

MuA + MuB; t – Unreactive with MuA but higher reactivity (10-20%) with 

MuA + MuB; * - abnormal reaction with cleavage at -1 position. Other symbols 

as in Table 4.1. 
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Figure 4.3 Cleavage of mismatched oligonucleotide substrates  

Oligonucleotide substrates were labeled at the 5’ end of the top strand. A 10 

nucleotide length difference between the top strand of the substrate S and the 

cleaved product CL is the basis of the cleavage assay. Cleavage reaction products 

were fractionated on 8 % denaturing polyacrylamide gels followed by 

autoradiography. Other descriptions as in Fig. 4.1. 
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4.2.2 MuB restores activity to mutant substrates having a wild-type G at the +2 
position on the bottom strand 

MuB allosterically regulates the activity of MuA, including suppression of 

defects at the termini (see chapter 3; see Chaconas and Harshey, 2002). The 

reactivity of substrates that are not responsive to MuA alone, but active if MuB is 

included, is shown in Fig. 4.4A (coupled cleavage-strand transfer) and Fig. 4.4B 

(cleavage alone), and summarized in Table 4.2. The striking feature of these 

substrates is that they have a wild-type G residue at the +2 position on the bottom 

strand. The superior activity of some substrates in strand transfer compared to 

cleavage (Fig. 4.4 A and B, compare lanes 4, 6, 8, 12, 14, 20, 24 and 26) is likely 

due to the fact that in the coupled reactions the cleaved product is being chased to 

strand transfer. As seen in reactions with MuA alone (Fig. 4.3), two substrates 

with TC on the top strand showed abnormal cleavage at the -1 position (Fig. 4.4B, 

lanes 12 and 20). Such cleavage was not observed in other substrates that also 

have a C at the +1 position (Fig. 4.4B, lanes 10 and 18). 

The data allow us to conclude that MuB is most effective when the 

sequence on the bottom strand is 5’N-G and on the top strand 5’Y-N, where Y is a 

pyrimidine. These data are consistent with studies with matched substrates that 

showed the most dramatic stimulation with MuB when the sequence on the 

bottom strand was GA or GC (see chapter 3). 

 

4.2.3 Assembly on substrates with base analogs at the +1 position  

To further dissect the role of the T residues, substrates in which T was 

replaced with U, BrU (bromouracil) or IU (iodouracil), were tested in type 0OS  
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Figure 4.4 Cleavage and strand transfer reaction of mismatched oligonucleotide 
substrates in the presence of MuB 

(A) Coupled cleavage/strand transfer and (B) cleavage reactions in the presence 

of MuB. Reactions were as in Figs. 4.2 and 4.3, respectively, except that MuB 

was added to substrates unresponsive to MuA alone. 
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assembly. Note that all these substrates are fully base-paired (see Table 4.3). 

Compared to wild-type (Fig. 4.5, lane 2), the T → U substitution was severely 

affected in assembly (Fig. 4.5, lane 3), while substrates with BrU or IU 

substitutions were slightly superior to wild-type (Fig. 4.5, lanes 4 and 5, 

respectively). Thus, an R group at position 5 in T plays a role in assembly. When 

these substrates were pre-cleaved, all four of them were equally proficient in 

assembly, which was far superior to the assembly observed on the corresponding 

uncleaved substrates. This property of pre-cleaved substrates has been 

demonstrated earlier, and is thought to result from unpairing at the termini due to 

‘breathing’ at the nick (see chapter 3). Pre-cleaved substrates that carry C, A or G 

at the T position are poorly active in this assay (Fig. 4.5, lanes 11-13). 

The assembly and strand transfer properties of the +1 base pair when a 

pyrimidine is at the T position are summarized in Table 4.3. These results 

reinforce the critical role played by the T residue in assembly, and show that 

when fully base paired, the R group at position 5 on T is important for assembly. 

The presence of this group is not important for assembly in pre-cleaved 

substrates, suggesting that it plays a role prior to DNA melting at the termini.  

  

Crosslinking IU-substituted substrates to MuA. The specificity for T 

suggests that this residue must make specific amino acid contacts with MuA in 

the assembled complex. Given the efficient type 0OS assembly of BrU and IU 

substituted DNA, we attempted to identify the amino acid in the vicinity of this as 

well as flanking residues by UV crosslinking of IU-substituted substrates to MuA 
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Table 4.3 Efficiency of type 0OS formation with various substitutions at the T 
position 
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Figure 4.5 Assembly of type 0OS complexes on substrates with base analogs at the 
T position 
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in the type 0OS  (Meisenheimer and Koch, 1997; see Methods). Six separate 

substrates with IU at -1, +1 and +2 positions on both the top and bottom strands 

were used. Of these, only substrates with IU at the +1 and +2 positions on the 

uncleaved strand showed crosslinking (data not shown). However, the frequency 

of crosslinking was low (< 1 % of the input complex). Two attempts to sequence 

the peptide crosslinked to the substrate with IU at the T position yielded a mixture 

of peptides. A common peptide from these two experiments was located in 

domain IIβ of MuA (residues 544-554). However, this peptide did not begin with 

a trypsin cleavage site. These data must therefore be considered preliminary. They 

are only interesting when viewed in conjunction with data from the crystal 

structures of MuA (Rice and Mizuuchi, 1995) and of the Tn5 transposase-DNA 

complex (Davies et al., 2000) (see Discussion).  

 

4.2.4 Mismatched substrates can assemble type 0 complexes in the absence of 
divalent metal ions 

Metal ions are required for both assembly of Mu transpososomes and the 

ensuing cleavage and strand transfer reactions (see Chaconas and Harshey, 2002; 

Mizuuchi and Baker, 2002). We observed that assembly on mismatched substrates 

can substantially bypass this requirement, MuA(E392A) being more proficient at 

assembly than wild-type MuA under these conditions (Fig. 4.6). In a fully 

matched substrate, wild-type MuA cannot assemble type 0OS complexes in the 

absence of metal ions (Fig. 4.6, lane 3), but can generate both type 0OS and strand 

transfer type II OS complexes efficiently in the presence of Mg++ (Fig. 4.6, lane 6). 

On substrates with a single mismatch at the +1 or +2 position, wild-type 
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Figure 4.6 Assembly of type 0OS complexes in the absence of metal ions 

Assembly reactions were as in Fig. 4.1. W, wild-type MuA; E, MuA(E392A); 

Type IIOS, strand transfer complex. 
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MuA made detectable levels of type 0OS in the absence of metal ions (Fig. 4.6, 

lanes 9 and 15). When both positions were mismatched, substantially higher 

amounts type 0OS were formed with wild-type MuA in the absence of metal ions 

(Fig. 4.6, lane 21). The mismatches influenced type 0OS assembly with wild-type 

MuA even under Mg++ plus conditions, with the doubly mismatched substrate 

faring better than either of the single mismatches (Fig. 4.6, compare lanes 12, 18 

and 24). Unlike in the matched substrate (Fig. 4.6, lane 6), no type IIOS products 

were detected with the mismatched substrates in the presence of wild-type MuA 

and Mg++ (Fig. 4.6, lanes 12, 18, 24). Since target DNA was not added to these 

reactions, the type IIOS must result from strand transfer into unreacted donor 

substrate (Savilahti et al., 1995). We speculate that the absence of strand transfer 

complexes with the mismatched substrates is likely due to extremely efficient 

assembly that leaves little or no free substrate to serve as target DNA. Recall that 

these complexes are subjected to heparin challenge after assembly, and only the 

very stable complexes survive electrophoresis.  

The catalytically inactive variant MuA(E392A) was less efficient than 

wild-type MuA at stable type 0OS assembly on the fully matched substrate in the 

presence of Mg++ (Fig. 4.6, compare lanes 5 and 6). Surprisingly, a single 

mismatch at either the +1 or the +2 positions resulted in maximal assembly even 

in the absence of Mg++ (Fig. 4.6, compare lanes 8, 14 and 20 with lanes 11, 17 

and 23). Thus, MuA(E392A) is more ‘metal independent’ than wild-type MuA on 

mismatched substrates, and even shows small amounts of type 0OS product on the 

matched substrate under no-metal conditions (Fig. 4.6, lane 2). 
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4.3 DISCUSSION 

4.3.1 Unpairing of the terminal dinucleotide supports efficient transpososome 
assembly: T is essential for stable assembly  

In a large class of transposable elements including Mu and HIV, the 

cleavage and strand transfer steps of transposition occur at the phosphodiester 

bonds next to the A residues outside their TG/CA termini (Mizuuchi and Baker, 

2002). Mutation of these residues result in transposition defects (Burlingame et 

al., 1986; Bushman et al., 1993; Craigie et al., 1990; Esposito and Craigie, 1998; 

LaFemina et al., 1991; Leavitt et al., 1992; Sherman et al., 1992; Surette et al., 

1991; Vink et al., 1991). In Mu, these mutations result in stalling of the 

transposition pathway at the LER stage, blocking progress to the type 0 stage (see 

Fig. 1.6; Coros and Chaconas, 2001; Watson and Chaconas, 1996), which is the 

rate determining step of the cleavage reaction, and is associated with ‘open 

termini’ formation (Wang and Harshey, 1994; Wang et al., 1996). Given that the 

TG/CA step is the most flexible of dinucleotide steps in DNA, and that the order 

the reactivity of mutant dinucleotide termini roughly follow the flexibility rung of 

dinucleotide steps (El Hassan and Calladine, 1997), we had proposed earlier that 

the flexibility of TG/CA is primarily responsible for its selection at transposon 

ends (see chapter 3). This DNA flexibility was proposed to be exploited by the 

transposase to melt/distort DNA in the type 0 complex (Kobryn et al., 2002; 

Wang et al., 1996). 

We have shown in this study that unpairing of the terminal TG/CA 

sequence on oligonucleotide substrates indeed results in efficient assembly of type 
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0OS complexes (Fig. 4.1 and Table 4.1).  These results suggest that ‘open termini’ 

formation is the rate-limiting step of assembly. Base-pairing at even one of the 

two positions decreases the efficiency of assembly. In addition, presence of a T 

residue on the bottom strand is critical for stable assembly. We define ‘stable’ 

complexes as those capable of withstanding heparin-challenge and gel 

electrophoresis. Stability of the type 0 complexes is not a pre-requisite for 

transposition, since a few heparin-sensitive complexes that do not encode T at the 

wild-type position can undergo cleavage and strand transfer, albeit at a lower 

efficiency, provided the other three residues are wild-type (Fig. 4.2 and Table 

4.2). These results are consistent with data showing that the T/A base pair is more 

critical for Mu transposition activity than the G/C pair both in vivo and in vitro 

(see chapter 3). 

The specificity for T in assembly of the transpososome suggests that this 

base makes specific contacts with amino acid residues in MuA. Base analog 

substitution experiments revealed that the R group at position 5 on T plays a 

critical role, since both BrU and IU substrates are equally proficient in assembly 

while a U substrate is not (Fig. 4.5 and Table 4.3). When pre-cleaved, the U 

substrate supports efficient assembly. This property of pre-cleaved substrates has 

been demonstrated earlier, and is thought to result from unpairing at the termini 

due to ‘breathing’ at the nick (see chapter 3). It would appear therefore that once 

unpaired, position 5 is no longer critical for assembly.  

Attempts to UV-crosslink DNA substituted with IU at the -1, +1 and +2 

positions on both strands within type 0, gave a low level of crosslinking only 
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when the substitution was at the +1 or +2 positions on the bottom strand, 

suggesting that this strand contacts the transposase. The +1 IU substrate was 

chosen for a scaled-up reaction for UV-crosslinking. Results of sequence analysis 

of the crosslinked peptide were not clear-cut. Although a common tryptic peptide 

located in domain IIβ of MuA (residues 544-554) was identified from a mixture 

of peptides in two separate experiments, this peptide did not begin with a trypsin 

cleavage site. However, these preliminary results are potentially interesting 

because of parallels with the Tn5 transposase synaptic complex (Davies et al., 

2000). Tn5 belongs to a class of elements with a conserved CTG/CAG at their 

termini. The crystal structure of the pre-cleaved Tn5 synaptic complex shows that 

residues on both +1 and +2 position of non-cleaved strand are unpaired, and that 

the T residue on the +2 position of the non-cleaved strand is flipped out of its 

normal position and makes contact with a beta sheet-rich ‘arm’ domain (residues 

206 – 303). Domain IIβ of MuA is also beta sheet-rich and has a topology similar 

to the Tn5 arm domain (Rice and Mizuuchi, 1995). Genetic studies have 

suggested that this domain comprises a distinct catalytic complementation group, 

and have implicated this domain in various functions including transpososome 

assembly and binding of the donor DNA outside the cleavage site (Krementsova 

et al., 1998; Namgoong et al., 1998a). We are currently targeting the putative T-

contacting peptide region (residues 544-554) for site-specific mutagenesis in 

order to dissect its role in assembly. 
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4.3.2 Role of terminal base pairs in Mu and related DNA transposition systems 

We had shown earlier that pre-cleaved oligonucleotide substrates could 

undergo strand transfer irrespective of the sequence of the nucleotide at the +1 

position of the cleaved strand (see chapter 3). Since similar phosphoryl transfer 

chemistry is employed during both cleavage and strand transfer (Mizuuchi and 

Baker, 2002), and the same active site is used for both these chemical steps 

(Namgoong and Harshey, 1998; Williams et al., 1999), we had argued that the 

identity of the terminal nucleotide would also not be important for cleavage (see 

chapter 3). We have shown in this study that that is indeed the case. Thus, once 

unpaired, any nucleotide at the +1 position can undergo cleavage (Figs. 4.2, 4.3 

and Table 4.2). Thus, conservation of the TG/CA dinucleotide is not related to 

transposition chemistry. An unpaired +1 base pair in HIV-1 also undergoes 

cleavage when A is substituted with G (Scottoline et al., 1997).  

The data presented here provide strong support for the hypothesis that the 

TG/CA dinucleotide has been selected at transposon termini primarily for its 

conformational flexibility, which promotes base unpairing (see chapter 3). 

Unpaired termini are indifferent to the sequence on the cleaved strand, and 

proficient in assembly and transposition. We suggest that the observed specificity 

for the T residue for stable assembly evolved later, for use in stabilizing contacts 

with the transposase. We propose that these stabilizing contacts with T lead to 

‘engagement’ of the opposite strand in the active site for the ensuing chemical 

reactions.  
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In contrast to Mu, terminal base pair mutations in Tn10 that, like Tn5, 

encodes CTG/CAG at its termini and undergoes a cut-and-paste transposition 

mechanism, do not significantly affect transpososome assembly or introduction of 

the first nick at the transposon ends (Allingham et al., 2001). Similar results have 

been seen with the V(D)J recombination system (Cuomo et al., 1996; Ramsden et 

al., 1996). Like Mu (Kobryn et al., 2002; Wang et al., 1996) and Tn5 (Bhasin et 

al., 2000), a significant DNA distortion at Tn10 termini is observed upon 

transpososome assembly (Allingham et al., 2001). The terminal base pair 

mutations do not prevent the DNA distortion from taking place. While these data 

suggest that, like MuA, the active site of Tn10 transposase can accommodate any 

of the four nucleotides at early stages of the reaction, they also imply that the 

mechanism by which DNA distortion is brought about is likely to be different in 

Tn10 and Mu. It is noteworthy that the free energy of DNA supercoiling in the 

region outside the Mu ends is critical for formation of the type 0 complex (Wang 

and Harshey, 1994; Wang et al., 1996). It has been proposed that after the Mu 

ends synapse, the free energy of supercoiling from the non-Mu domain is used to 

melt the DNA around the Mu ends in the type 0 complex, concomitant with MuA 

tetramerization. Such a requirement for DNA supercoiling has not been 

demonstrated for Tn10 or Tn5, and points to different mechanisms for generating 

DNA distortion at the ends seen with all three systems. Supercoiling is also not 

required for transposition of the HIV or retroviral genomes (Craigie, 2002). 

However, these linear genomes have only two nucleotides outside the cleavage 
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site, which may promote sufficient breathing at the ends to lower the energy 

requirement for helix opening. 

 

4.3.3 MuB acts through the G residue of TG/CA to suppress terminal mutations 

MuB plays several important roles in Mu transposition (see Chaconas and 

Harshey, 2002). It interacts directly with MuA to not only deliver target DNA to 

the transpososome, but also stimulates the catalytic activity of MuA. In vivo 

transposition activity of all 16 combinations of the dinucleotide sequence showed 

that when the +1 position was not wild-type, MuB was required for activity (see 

chapter 3). Among the MuB-dependent combinations, those with a wild-type +2 

base pair were rescued more efficiently. We have shown here using mismatched 

substrates, that those showing no transposition activity with MuA alone were 

stimulated most efficiently by MuB when the +2 base-pair was either wild-type, 

or G was opposite to a pyrimidine (Fig. 4.4). Thus, the allosteric effect of MuB in 

stimulating catalysis is manifested at the +2 base pair. Likely, this effect is felt at 

the strand separation step and helps to accommodate better contacts with MuA. 

These results are consistent with crosslinking data showing that the +1 and +2 

positions on the bottom strand likely contact MuA. 

Thus far we have shown that the dinucleotide residues on the bottom 

strand play a role in assembly and in MuB rescue. Is there no role at all for the 

CA sequence on the cleaved strand? When the residue at the +1 position is not T, 

wild-type residues at the other three positions allow transposition (Fig. 4.2). 

Interestingly, the products of strand transfer are predominantly double-ended, 
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suggesting that there is efficient coupling of reaction at the two ends under these 

conditions. Thus, a wild-type CA sequence does influence the end product of the 

reaction. 

 

4.3.4 Metal ion requirement for transpososome assembly is related to the helix 
opening event at Mu ends 

Divalent metal ions are required for both assembly and catalysis during 

Mu transposition (Mizuuchi et al., 1995). The role of metal ions in catalysis is 

quite clear. Divalent cations are well suited for coordinating negative charges on 

amino acid residues (DDE motif) in the catalytic pocket of MuA. They help 

position the nucleophile (OH from water or cleaved 3’OH from DNA) to attack 

the activated phosphodiester bonds at the Mu ends and on target DNA. Mg+2 is 

generally thought to be the biologically relevant cation and is the most effective, 

although it can be substituted by Mn+2, Zn+2 and Co+2 in the in vitro system to 

varying efficiencies (Mizuuchi and Baker, 2002; Wang et al., 1996). Once 

cleavage has occurred, strand transfer can also take place in the presence of Ca+2 

(Savilahti et al., 1995). Ca+2 can support assembly of a stable synaptic complex, 

but not DNA cleavage (Mizuuchi et al., 1995).   

Metal ions are required both for LER formation and for type 0 assembly, 

but their role in these processes is not defined. They may modulate MuA 

conformation during its transition from a monomeric to a tetrameric form, as well 

as assist DNA melting, and/or stabilize this DNA conformation in the assembled 

complex. We have shown here that on mismatched oligonucleotide substrates, the 

metal ion requirement for assembly of type 0OS is substantially reduced for wild-
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type MuA (Fig. 4.6). These results imply that on fully base-paired substrates, 

metal ions assist in generation of the DNA melting/distortion observed around the 

Mu ends (Kobryn et al., 2002; Wang et al., 1996). Domain IIβ has been shown to 

respond to metal ion binding elsewhere within the MuA protein to modulate 

tetramer assembly (Namgoong et al., 1998a), and it is possible that these two 

observations are related. The catalytically inactive mutant MuA(E392A) is more 

‘metal independent’ than wild-type MuA on mismatched substrates, and even 

shows small amounts of type 0OS product on the matched substrate under no-

metal conditions (Fig. 4.6). Differences between wild-type MuA and 

MuA(E392A) in their intersubunit cooperativity have been observed before (Jiang 

et al., 1999). While it is possible that residues other than those in the DDE motif 

are normally involved in the metal-dependent helix-opening event, it is clear the 

E392A mutation affects properties of the transposase other than catalysis.  
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CHAPTER 5. Patterns of sequence conservation at termini of 
LTR retrotransposons and DNA transposons in the human 

genome: Lessons from phage Mu 

5.1 SUMMARY 

Examination of the activity of all 16 combinations of the dinucleotide 

sequence showed a clear hierarchy of reactivity in Mu transposition both in vivo 

and in vitro (see chapter 3). The +1 position (5’T…A3’) was seen to be far more 

important than the +2 position (5’G…C3’). The order of reactivity of 

dinucleotides that retained the wild-type residue at the +1 position was 5’TG >TA 

>TT >TC.  This decreasing order of reactivity can be superimposed on the 

decreasing flexibility of their dinucleotide steps (El Hassan and Calladine, 1997). 

The terminal nucleotides play an early role in transposition, since all deviations 

from the wild-type sequence affect assembly of the active transposase complex or 

transpososome (Coros and Chaconas, 2001; Watson and Chaconas, 1996) (see 

chapters 3 & 4).  Given that transpososome assembly is associated with melting of 

DNA around the Mu ends (Kobryn et al., 2002; Wang et al., 1996), we have 

proposed that the terminal 5’TG…CA3’ sequence has been selected at Mu termini 

primarily for its conformational flexibility, which assists in DNA opening at the 

termini prior to initiation of transposition chemistry. Indeed, unpaired termini are 

indifferent to the sequence on the cleaved strand, and extremely proficient in 

assembly and transposition (see chapter 4). ‘Open termini’ formation is likely the 

rate-limiting event during assembly, and the T residue on the bottom strand is the 

primary determinant of transpososome stability. 
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In order to gain a clearer understanding of the sequence conservation of 

terminal nucleotides in the precise TEs, we have availed ourselves of the large 

human genome sequence database deposited in the public domain (Lander et al., 

2001), and analysed the data using some statistical approaches. LTR 

retrotransposons and DNA transposons occupy a significant size of fraction of the 

human genome (estimated at 8% and 3%, respectively; see Fig. 5.1) (Lander et 

al., 2001). Their abundant sequence is well suited to our needs. Our analysis 

reveals that a common characteristic of precise TEs is the high conservation of 

their terminal 2-3 nucleotides. These conserved nucleotides are ends of inverted 

repeats (IRs) and LTRs in DNA transposons and LTR retrotransposons, 

respectively. Similar to the observed hierarchy of reactivity of dinucleotide 

sequences at Mu termini (see chapter 3), the most abundant species at the ends of 

LTR retrotransposons is 5’TG…CA3’ followed by 5’TA…AT3’. For DNA 

transposons, the most abundant species is 5’CAG…CTG3’. The hallmark of these 

base pair steps is their greater conformational flexibility. The +1 position shows 

the highest degree of sequence conservation, with the +2 and +3 positions 

showing a decreased gradient of conservation. These data allow us to propose that 

the function of the +1 position is a critical feature of the transposition machinery 

of precise TEs, which performs cleavage-and-transfer at precise DNA positions. 
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Figure 5.1 Classes of interspersed repeats (TE-derived), their copy number and 
fraction in the human genome  

(Lander et al., 2001)  
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5.2 RESULTS 

5.2.1 Analysis of terminal dinucleotides of human LTR-retrotransposons         

WebLogo alignment of 243 human LTR element consensus sequences 

from Repbase Update (see Methods) covering all copies of these elements shows 

that the terminal two bases are highly conserved among the entire class of human 

LTRs (Fig. 5.2A, only the 5’ end is shown).  From an evolutionary point of view, 

the degree of sequence conservation positively correlates with its functional 

importance, implying that these two terminal base pairs play a critical common 

role in transposition. 

Profiling TEs by genomic frequencies of all possible terminal dinucleotide 

sequences for both termini is a persuasive approach for developing new biological 

notions in the study of TEs.  Towards this end we performed an aggregative 

hierarchical clustering analysis (Sneath and Sokal, 1973) designed for large sets 

of objects (i.e. TEs).  This statistical analysis procedure consists of several steps.  

First, measuring similarities in a particular quantified property (e.g. frequencies of 

all possible terminal dinucleotide sequences) between individual objects.  Second, 

grouping of the most similar objects into clusters.  Third, merging these clusters 

according to their similarities until all are fused into one single cluster.  With a 

suitable graphical representation method, cluster analysis provides a powerful tool 

for data mining.  Similar approaches have been successfully employed in analysis 

of microarray gene expression data (Eisen et al., 1998). 
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Figure 5.2 Analysis of terminal dinucleotide steps of human LTRs 

(A) Pattern display in aligned consensus sequences of 5’ ends of human LTRs.  The illustration was generated by 
WebLogo using 243 human LTR consensus sequences from Repbase Update.  (B) Display of hierarchical clustering of 
human LTRs.  The dendrogram and color image were generated as described in the text.  Each human LTR is represented 
by a single row, and each different terminal dinucleotide sequence is represented by a single column; of the 32 columns, 
the left 16 are for the 5’ end and right 16 for the 3’ end.  Brightness of the red color indicates frequency of the given 
dinucleotide sequence in the multiple copies of each element.  Two major red columns are evident for each terminus.  (C) 
Magnified image of the top part of (B) showing 6 different groups of human LTRs based on patterns of terminal 
dinucleotide conservation. The two most frequent patterns are indicated at the top. The average sequence frequencies of the 
conservation pattern in each group is indicated at the bottom, where 5’ and 3’ ends of the highest frequency pattern are 
included in a shaded box. (D) Graph representing degree of consensus sequence conservation for terminal base positions in 
each group of human LTRs. 
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  For calculation of genomic frequencies of all 16 different terminal 

dinucleotide sequences within a specific human LTR retrotransposon, all 

detectable copies of each element of this retrotransposon need to be collected and 

aligned.  All human repeats reported to the Repbase Update have been identified 

and mapped by the RepeatMasker program and maintained in MySQL tables (see 

Methods).  Therefore, the necessary data sets were collected by simply using 

these informative tables and the corresponding genome sequences. A program for 

data collection was designed to identify the human repeats satisfying given 

parametric values of the tables, e.g. name of the element and the number of 

flanking nucleotides at each end. 80 nucleotides were extracted at both the 5’ and 

3’ ends from the border region between the element and its flanking genomic 

DNA (i.e. 40 nucleotides within the element and 40 nucleotides of the flanking 

DNA).  During data collection, the internal sequences of these retrotransposon 

elements were ignored (Repbase Update files both internal sequences and LTRs, 

separately).  Using the collected raw sequence data sets, we characterized 

individual human LTRs by a 32-dimensional vector, in which each dimension 

corresponds to the genomic frequency of one of sixteen different kinds of terminal 

dinucleotides at both 5’ and 3’ termini.  These quantitative data were organized 

and graphically represented using Cluster and TreeView programs (Eisen et al., 

1998).  In illustrations generated by these programs, TEs representing most 

similar patterns in terminal dinucleotide frequencies are located next to each 

other.  
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Figure 5.2B shows the TreeView illustration of hierarchical clustering of 

210 different human LTRs by their genomic terminal dinucleotide frequency 

patterns.  Six groups (Groups 0-5) emerged from this analysis (Fig 5.2C).  The 

main feature of this illustration is that most human LTRs (205 out of 210 total 

analyzed; Groups 2-5) have 5’TG…CA3’ as the most frequent terminal 

dinucleotide; of these, 202 show 5’TA…TA3’ as the second most frequent 

terminal dinucleotide (Groups 4 and 5).  We note that the above information i.e. 

relative order of dinucleotide frequencies is not obtainable by the WebLogo 

alignment (Fig 5.2A), which provides information on relative frequency for each 

base position only.  All groups, with the exception of Group 0 and 1, show a 

canonical inversion of the terminal dinucleotide sequence consensus (Fig 5.2C, 

red colored part).  Members of Group 5, which includes the majority of human 

LTRs, show 5’TG…CA3’ (with a range of 80-100%) and 5’TA…TA3’ (with a 

range of 0-20%) as the consensus and the most tolerated non-consensus terminal 

dinucleotide, respectively.   

It is generally known that retrotransposons have a low target sequence 

specificity.  To study the target sequence specificity of human LTRs, analysis of 

flanking genomic sequences was also performed.  The results confirmed that these 

LTR retrotransposons insert into the host genome at apparently randomly selected 

sequences (data not shown).  

Finally, we looked at the degree of base conservation at each of the two 

dinucleotide positions.  As shown in Fig 5.2D, all human LTRs show the highest 

degree of conservation of +1 position, irrespective of their terminal dinucleotide 
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sequence, with the exception being Group 3, which shows equal conservation of 

+1 and +2. 

 

5.2.2 Analysis of terminal trinucleotides of human DNA transposons 

The WebLogo alignment of all the human DNA transposon element repeat 

sequences shows that three nucleotides at their termini are highly conserved (Fig 

5.3A; only the 5’ end is shown).  This suggests that, unlike human LTRs that have 

conserved only two terminal base residues among the entire class, three terminal 

base residues are functionally important in human DNA transposons.  Therefore, 

the same approaches of data collection and statistical analysis as described for 

dinucleotides, were used for analysis of terminal trinucleotides of human DNA 

transposons.   

For the analysis, we generated a 128-dimensional vector (64-dimesions for 

each terminus) characterizing the genomic sequence frequency pattern of terminal 

trinucleotides in human DNA transposons.  Hierarchical clustering analysis 

resulted in a far more complex illustration reflecting more divergent sequence 

patterns for DNA transposon termini (Fig 5.3B).  This is not just due to the larger 

number of dimensions in the vector, because an analysis considering only the 

terminal dinucleotide in these transposons also generated a much more 

complicated tree view (data not shown).   

Hierarchical clustering based on genomic terminal trinucleotide sequence 

frequency of human DNA transposons produced 16 groups (Table 5.1).  The 
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Figure 5.3 Analysis of terminal trinucleotide steps of human DNA transposons 

(A) WebLogo generated pattern of aligned consensus sequences at 5’ ends of 113 human DNA transposons.  (B) Display 
of hierarchical clustering of human DNA transposons.  There are a total 128 columns, the left 64 columns for the 5’ end 
and right 64 for the 3’ end. The two most frequent trinucleotide sequences for both termini of the majority group (Group 
15) are marked on the bottom.  (C) Graph representing the degree of consensus sequence conservation for terminal base 
positions in each group of human DNA transposons.  
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Table. 5.1 Conservation patterns of terminal trinucleotides of human DNA 
transposons 

 
 
Ninety-five human DNA transposons are divided into 16 different groups (Group 0 – 15) based on the conservation pattern 
of the terminal trinucleotide.  Copy No indicates total number of detectable copies each DNA transposon in whole human 
genome.  Families are classified on the basis of homologies within the full-length element. * refers to a target site 
duplication which is not identical at the 5’ and 3’ ends, in contrast to rest of the DNA transposons.  The average 
frequencies of the conserved patterns of trinucleotides is presented in their decreasing order, and their consensus 3’ 
flanking sequences are in the parenthesis.   
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majority group (Group 15; 71 out of 95 total elements belong to this group) has a 

consensus sequence of 5’CAG…CTG3’ (with a range of 75-90%; Table 5.1 and 

Fig 5.3B).  The second most frequent trinucleotide for the same group is 

5’CAA…TTG3’ (with a range of 5-20%).  We note that our classification of 

human DNA transposon groups based on terminal trinucleotide sequence patterns 

parallels their independent classification into families by sequence homologies 

based on the full-length element (see Table 5.1).  Given that consensus sequences 

of DNA transposons represent their ancient forms, and that class 2 elements 

(DNA transposons) are much more diverse than class 1 elements 

(retrotransposons) in their transposition mechanism (Mizuuchi and Baker, 2002), 

the observed parallelism between classification of human DNA transposons based 

on their conserved terminal trinucleotide property and full-length sequence 

homology may imply that the terminal trinucleotides reflect a specific feature of 

the transposition machinery of each group.   

An interesting finding similar to that observed with LTR retrotransposons 

is that, within each group, the highest degree of base conservation is for the +1 

position, irrespective of both sequence and orientation of the terminal 

trinucleotide (Fig 5.3C).  A significant sequence conservation is observed for all 

three positions, although the degree of conservation generally decreases at inner 

positions, with +1 > +2 > +3 for both termini (exceptions include Groups 3, 4 and 

6 which show a reverse gradient of conservation between +2 and +3 at both 
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termini, and Group 8 which shows a slightly higher conservation of +2 compared 

to + 1 at the 5’ terminus).   

Although the +1 position is the most highly conserved within each group 

of human DNA transposons, the data presented in Fig. 5.3 show that these 

transposons can have any of the four different bases at the +1 position, and that 

their terminal trinucleotide sequences are not necessarily inverted. There are three 

different patterns of terminal trinucleotide sequence orientation (Table 5.1) - 

complete inversion (Group 0, 1, 2, 3, 4, 5, 6, 13, 14, 15), partial inversion (Group 

8, 10, 11, 12), and non-inversion (Group 7, 9).  This observation indicates that the 

different degrees of base conservation between terminal nucleotide positions are 

not associated with base specificity, but rather may be due to their differential 

positional importance i.e. molecular interactions at the +1 position are more 

important than those at the internal positions.   
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5.3 DISCUSSION 

5.3.1 Conservation of terminal dinucleotides in human LTR retrotransposons: 
Lessons from Mu 

We have shown in this study that the terminal two base pairs are highly 

conserved in human LTRs (Fig. 5.2). The remarkable aspect of the conservation 

pattern is that out of 16 possible dinucleotide combinations, approximately 90% 

of the LTRs have 5’TG…CA3’ as the most frequent dinucleotide, and 

approximately 9% encode 5’TA…TA3’.  We will first discuss these results in 

light of similar findings from studies on the transposable phage Mu, and then 

extract general principles that can be extended to the termini of DNA transposons. 

Experiments with phage Mu showed that only four dinucleotide 

combinations were active in the presence of the transposase MuA (see chapter 3). 

The most active of these was the wild-type 5’TG…CA3’, followed by 

5’TA…TA3’, and then 5’TT…AA3’, with 5’TC…GA3’ being the least active. 

The in vivo activity of 5’TA…TA3’ was 0.4% of that of the wild-type 

5’TG…CA3’. The dinucleotide steps of these two most active sequences are 

extremely flexible as revealed by computational modeling studies or examination 

of crystal structures in public databases (Dickerson, 1998; El Hassan and 

Calladine, 1997; Olson et al., 1998; Packer et al., 2000a). All of these studies have 

classified all pyrimidine/purine steps, CA/TG, TA/TA, CG/CG, as well as 

GG/CC, as flexible dinucleotide steps with minor variations in the order of 

flexibility.  However, the conformational properties of a dinucleotide step are 

sensitive to its immediate sequence context, and this context effect has been 
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examined in computer modeling approaches using tetranucleotide steps i.e. there 

is an additional base pair at both ends of the dinucleotide step (Packer et al., 

2000b).  According to this examination, the flexibility of GG/CC and CG/CG 

steps has a strong context dependency i.e. their conformational properties vary 

depending on neighboring base pair steps. On the other hand, CA/TG and TA/TA 

are either weakly dependent or quite independent of neighboring base steps, 

respectively.  This context independence is probably crucial in maintaining the 

deformability of the dinucleotide step during the nomadic life of TEs in the host 

genome, because nucleotide sequences immediately flanking the outside region of 

TE termini keep changing every time they transpose into new genomic locations.  

Excluding GG/CC and CG/CG, the context dependent dinucleotide steps, CA/TG 

is more flexible than TA/TA, and this order of flexibility follows their order of 

activity in the experimental analysis of Mu (see chapter 3).  The strong preference 

in human LTR retrotransposons for the same two flexible base pair steps that are 

the most active at the ends of Mu suggests that, like Mu, the human LTRs have 

evolved their terminal dinucleotide sequence preferences through an intrinsic 

structural property of the DNA itself.   

In the study of Mu, while four dinucleotide combinations were active 

when provided the MuA transposase alone, transposition of the remaining 12 

dinucleotide variants was detected only upon inclusion of MuB protein, which 

stimulates the activity of MuA (see chapter 3).  In contrast, the analysis of the 

genome fossil record shows only two or three significantly detectable 

dinucleotides at the termini of human LTRs (Fig 5.2C). This might be due to 
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insufficient transposition activity of less favorable dinucleotides in the case of 

LTRs, or disappearance of low copy LTRs (because of the low reactivity of their 

terminal dinucleotides) through sequence erosion during evolutionary time. 

Unlike in the case of human DNA transposons (Fig. 5.3 and Table 5.1), 

there is no parallel between LTR retrotransposon families classified on the basis 

of sequence homology and clusters classified on the basis of terminal dinucleotide 

conservation patterns.  Given that retrotransposons amplify their genomes by 

converting RNA transcripts into DNA using an error-prone polymerase, reverse 

transcriptase (RT), they may be expected to generate favorable mutations at a 

rapid rate to improve their fertility.  In light of this, the observed bias for only 2 

particular dinucleotide sequences at their termini is striking. The demand for 

flexibility may have acted as a major selective pressure in the evolution of LTR 

retrotransposons. For example, it is a plausible scenario that LTR retrotransposons 

used to be TEs with fairly divergent terminal dinucleotide sequences, which, 

during amplification using their super evolution system converted the initial pair 

of terminal dinucleotides and a group of contacting peptides into the most 

efficient machinery critically dependent on a flexible terminal dinucleotide step.  

In the context of similarities in their dinucleotide termini, it is also 

interesting that Mu and LTR retrotransposons have a similar transposition 

mechanism (Grindley and Leschziner, 1995; Mizuuchi and Baker, 2002).  In 

addition, X-ray crystallization studies have shown that there is great structural 

similarity among the catalytic domains of Mu transposase, HIV integrase, and 
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ASV integrase (Bujacz et al., 1995; Bujacz et al., 1996; Dyda et al., 1994; Rice 

and Mizuuchi, 1995).    

 

5.3.2 Conservation of terminal trinucleotides in human DNA transposons 

DNA transposons in the human genome have a conserved trinucleotide at 

their termini (Fig. 5.3), the most frequent of which is 5’CAG…CTG3’ found in 

the majority group (Group 15; Table 5.1 and Fig. 5.3). Because the currently 

available crystal structure data set in the public domain used for study of 

dinucleotide step properties is not large enough for deriving a trinucleotide step 

model, a much larger experimentally generate data set has been employed to 

measure flexibility of the trinucleotide step.  One approach used DNase I, 

considered to be a good molecular probe of bendable (flexible) sequence regions 

(Brukner et al., 1995), because flexible sequences should be more accessible to 

DNase I cleavage.  Thus, DNase I cleavage frequency on naked DNA can be 

interpreted as a quantitative measure of flexibility.  The other approach used 

differential preferences in positioning of DNA sequences in nucleosomes.  

Because flexible sequences may occupy any position in nucleosomes, they 

probably show little positional preference (Satchwell et al., 1986).  Interestingly, 

both approaches determined CAG/CTG to be the most highly flexible 

trinucleotide step. Thus, flexibility, the same criterion as determined for 

dinucleotide steps at the ends of LTRs, appears to be applicable to the 

trinucleotide step at the ends of DNA transposons as well. This can be a strong 
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indication that DNA transposons have also evolved terminal sequence preferences 

through a structural property of the DNA itself.  

DNA transposons move via a mechanism that uses DNA as an 

intermediate.  They insert into new genomic locations by a cut-and-paste 

mechanism. Although their transposition is not replicative at the molecular level, 

they are still capable of propagation in the genome by collaboration with the host 

replication and recombination machinery (Brookfield, 1995).  The lower degree 

of terminal sequence convergence in human DNA transposons compared to that 

seen in human LTRs might be associated with their lack of an efficient 

evolutionary system to quickly optimize them for maximal fertility.  Nonetheless, 

the prevalence of the most flexible trinucleotide step 5’CAG…CTG3’ in a large 

majority of human DNA transposons termini is another indication of the 

beneficial effect of such steps for transposition.  

The favored flexibility of the terminal base pair step can be rationalized by 

the observed DNA distortion at junction regions of both assembled and cleaved 

Mu transpososomes (Kobryn et al., 2002; Lavoie et al., 1991; Wang et al., 1996), 

and around the terminal nucleotides in the Tn5 and Tn10 transpososomes 

(Allingham et al., 2001; Bhasin et al., 2000).   The crystal structure of the cleaved 

Tn5 synaptic complex shows that the terminal two base pairs are open, the 

phosphodiester backbone of the non-cleaved strand is distorted, and the thymine 

residue at the +2 position of the non-cleaved strand is “flipped out” (Davies et al., 

2000). The advantage of DNA deformation around TE-host junction regions for 

transposition has also been experimentally derived in other transposition model 
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systems, such as HIV (Scottoline et al., 1997) and V(D)J recombination (Cuomo 

et al., 1996; Ramsden et al., 1996).  Assuming this DNA distortion is crucial for 

transposition, we may hypothesize that the flexible terminal base pair step 

contributes to transposition by facilitating DNA distortion at the junction region. 

While LTR retrotransposons and DNA transposons accomplish movement 

into new genomic locations by cleavage and transfer at precise nucleotide 

positions, non-LTR retrotransposons transpose via “target-primed reverse 

transcription” (Luan et al., 1993). The latter elements have a random length of 

poly A sequences at their 3’ end and usually harbor truncations at their 5’ end due 

to failure of reverse transcription (Eickbush, 1999).  Precise transposable elements 

employ transposases or integrases encoding a signature DDE motif (Haren et al., 

1999).  The DDE motif comprises the catalytic pocket of both transposases and 

integrases, and thus far, was the only widely shared feature among these elements 

whose similar transposition chemistry is in accordance with this shared DDE 

motif.  However, results from the present statistical study of human TEs show that 

a flexible base pair step is another hallmark of precise TEs.   

          

5.3.3 Gradient of base conservation in the terminal base pair step of precise TEs 

Another interesting observation from this work is the consistently 

maximum degree of base conservation at the +1 position in nearly all TEs 

analyzed (except Group 8 of DNA transposons) (see Fig. 5.2D and 5.3C).  This 

coincides with the previous observation that mutation of +1 position is far more 

defective than that of +2 position in Mu transpostion (see chapter 3) and in HIV 
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integration (Esposito and Craigie, 1998).  Putting together the observations from 

biological and statistical analyses, we infer that a base at the +1 position has 

evolved as a common determinant of transposition in both LTR retrotransposons 

and their cousin, transposable phage Mu, possibly by sharing similar types of 

DNA/protein interactions. 

In the case of conserved terminal trinucleotides, we also observed 

differential base conservation between +2 and +3 positions with a generally more 

conserved +2 position (only Group 3, 4, and 6 of DNA transposons show reversed 

gradient between +2 and +3 positions).  The gradient of base importance in 

terminal trinucleotide steps has been also experimentally demonstrated in Tn10 

(Allingham et al., 2001) and the TE-derived V(D)J recombination system 

(Ramsden et al., 1996).  In both systems, the first strand-nicking step is not 

inhibited by a mutation at any of three base pairs in the outside end (OE) of Tn10 

and recombination signal sequence (RSS) end of the V(D)J system.  In contrast, 

the subsequent hairpin formation step is severely defective with either +1 or +2 

base mutation, but much less with +3 base mutation.  Interestingly, the steeper 

gradient of functional importance between the +2 and +3 positions observed for 

both Tn10 and V(D)J systems, coincides with the base conservation gradient 

pattern of the majority group of human DNA transposons, Group 15 (Fig. 5.3).  

Taken together, the above observations indicate a common feature among precise 

TEs – a gradient of base conservation (likely reflecting their functional 

importance) in the terminal base pair step that has a peak at +1 position and slopes 

inside. 
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Molecular interactions between the terminal nucleotides of a TE and 

amino acid residues of a transposase is seen in the crystal structure of a cleaved 

Tn5 synaptic complex, where bases at +1 and +2 positions are unpaired and 

thymine residue at +2 on the non-cleaved strand is ‘flipped-out’ and held by 

multiple amino acid residues of the transposase (Davies et al., 2000).  Considering 

the immediate proximity of these conserved base pairs, one may imagine that they 

collaborate through establishing an extended area to allow multiple interactions 

with the transposase, achieving a DNA distortion large enough to precisely 

deposit the cleavage site in the catalytic pocket.  In other words, for precise TEs, 

all the electrochemical forces (emanating from amino acid residues of 

transposases or integrases) on multiple bases located at the termini have a single 

ultimate goal - precise and efficient positioning of the cut site under the blade.  

One may ask why the +1 position is more important than the next conserved 

position.  DNA distortion at the flexible base pair step is ‘permissive’, that is, 

distortion of the flexible DNA region requires some kind of force, or the local 

DNA structure remains unchanged (Dickerson, 1998). A reasonable model is that 

the DNA deformation takes place gradually and not simultaneously, with the rate-

limiting step being application of the initial force.  Therefore the checkpoint (base 

specificity) for the first contact is most strict and this strictness decreases as the 

energy barrier lowers, allowing some sequence tolerance.  Indeed, it has been 

experimentally demonstrated with Mu that mismatches at the +1 position are 

more proficient at transpososome assembly than those at +2, and that mismatches 

at both positions are far more superior than those at either one (see chapter 4). 
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Assuming that the first contact occurs at +1 position and subsequent contact 

points gradually move inside, we can explain the observed gradient pattern of 

base conservation (+1 > +2 > +3) at the termini of both Mu and precise TEs.  

In summary, we propose that the base pairs at +1 positions of precise TEs 

have the highest degree of conservation, because molecular interactions occurring 

here are the rate-limiting step in their transposition. 
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