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A. SUMMARY

Transposons, mobile genetic elements that 
are ubiquitous in all living organisms, have 
been used as tools in molecular biology for 
decades. They have the ability to move into 
discrete DNA locations with no apparent 
homology to the target site. The utility of 
transposons as molecular tools is based on 
their ability to integrate into various DNA 
sequences effi ciently, producing extensive 
mutant clone libraries that can be used in 
various molecular biology applications. 
Bacteriophage Mu is one of the most useful 
transposons due to its high integration 
effi ciency and its highly fl exible target site 
selection. The Mu in vitro transposition 
reaction is among the best characterized of 
all transposons, and the system has been 
refi ned and minimized so that the only 
macromolecular reaction components 
needed are the MuA transposase enzyme, 
transposon DNA with short specifi c 
Mu ends fl anking any accessory DNA 
sequences, and any target DNA.

This study establishes the properties 
of the minimal Mu in vitro transposition 
system as a versatile multipurpose tool 
in molecular biology. In addition, this 
study describes Mu-based applications for 
engineering proteins by random insertional 
transposon mutagenesis in order to 
study structure-function relationships in 
proteins. 

We initially characterized the 
properties of the minimal Mu in vitro 
transposition system. We showed that the 
Mu transposition system works effi ciently 
and accurately and produces insertions into 
a wide spectrum of target sites in different 
DNA molecules. 

 Then, we developed a pentapeptide 
insertion mutagenesis strategy for 
inserting random fi ve amino acid cassettes 
into proteins. These protein variants can 

be used especially for screening important 
sites for protein-protein interactions. As a 
proof of principle, we mutagenized the α-
complementing domain of β-galactosidase 
and showed how the system can be utilized 
for pinpointing regions essential for protein 
oligomerization. Also, the technique 
can be used for producing temperature-
sensitive variants of the protein of interest. 
Furthermore, we developed an effi cient 
screening system for high-resolution 
mapping of protein-protein interfaces with 
the pentapeptide insertion mutagenesis. 
This was accomplished by combining the 
mutagenesis with subsequent yeast two-
hybrid screening and PCR-based genetic 
footprinting. This combination allows 
the analysis of the whole mutant library 
en masse, without the need for producing 
or isolating separate mutant clones, and 
the protein-protein interfaces can be 
determined at amino acid accuracy. The 
system was validated by analysing the 
interacting region of JFC1 with Rab8A, and 
we show that the interaction is mediated 
via the JFC1 Slp homology domain.

In addition, we developed a procedure 
for the production of nested sets of N- and 
C-terminal deletion variants of proteins 
by the Mu transposition system. These 
variants are useful in many functional 
studies of proteins, especially in mapping 
regions involved in protein-protein 
interactions. This methodology was 
validated by analysing the region in yeast 
Mso1 involved in an interaction with 
Sec1.

The results of this study show that the 
Mu in vitro transposition system is versatile 
for various applicational purposes and can 
effi ciently be adapted to random protein 
engineering applications for functional 
studies of proteins.

Summary
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B. INTRODUCTION

1. Transposons

Transposons are DNA segments that are 
able to move from one genomic site to 
another within a host organism’s genome or 
even to another genome. Transposons, also 
called transposable elements (TEs), use a 
transpositional recombination mechanism 
independent of target DNA homology. 
Some viruses also use the same mechanism 
for integration (retroviruses such as HIV) 
or amplifi cation of proviral copy number 
(bacteriophage Mu) (reviewed by Polard 
and Chandler 1995). Transposons were 
discovered by Barbara McClintock, who 
studied the colouring patterns of maize 
kernels and described mobile genetic 
elements as early as in the 1940s. Today 
it is known that transposable elements 
inhabit virtually all genomes in varying 
copy numbers. In many eukaryotes, 
transposable elements make up a signifi cant 
portion of genomes (Kidwell 2002). For 
example in some plants, the proportion of 
TEs can be well over 50% of the genomic 
DNA (reviewed by Bennetzen 2000). Of 
human genomic DNA, approximately 
45% consists of TEs, mostly ancient and 
inactive by truncations or rearrangements 
(Prak and Kazazian 2000). Small genomes 
usually harbour smaller amounts of TEs 
than larger genomes; insertions into 
intergenic regions and introns generally 
have less dramatic consequences than 
those within coding regions. Consequently, 
in prokaryotic genomes that are tightly 
packed with genes, the amount of TEs is 
usually less than 10%. 

Several common characteristics are 
shared by most TEs, although they in 
many ways are also very diverse. First 
of all, they all have the ability to insert 
into various sites in genomes.  Secondly, 

transposons must have precise ends: they 
must carefully distinguish between their 
own and host DNA in order to avoid 
catching pieces of host DNA or not to 
loose their own end sequences critical to 
the transposition event. Furthermore, for 
protecting themselves from destruction, 
transposons must avoid excessive 
mutagenesis of their host genome when 
moving into new DNA locations. Therefore 
their movement must be tightly regulated. 
Consequently, regarding the abundance 
of mobile elements in genomes, generally 
the transposition events are extremely rare 
(Kazazian 1999). 

1.1 Role of transposons 
in genomes

The universal presence of transposons 
in all organisms and the vast amount of 
transposable elements in some has raised 
questions of their role in the shaping of 
genomes. A debate whether they should 
be classifi ed as “junk” or “selfi sh DNA” 
has turned into a general acceptance of 
TEs as signifi cant contributors in host 
genome evolution (Kidwell and Lisch 
2000, Hurst and Werren 2001, Kazazian 
2004, Frost et al. 2005). Transposon 
movement can have variable consequences 
in genomes. Transposon-mediated 
chromosomal rearrangements include 
deletions, duplications, insertions, and 
translocations (reviewed by Gray 2000, 
Kazazian 2004). These events can occur 
either by transposition or by homologous 
recombination between elements 
residing at distinct locations. In addition, 
transposons may infl uence transcription 
of their neighbouring host genes either by 
inserting into genomic regulatory regions 
or via their own regulatory elements 

Introduction



3

(Labrador and Corces 1997). Whereas 
transposons mainly cause deleterious, 
harmful, or neutral mutations, some of the 
rearrangements may be even benefi cial 
and bring advantage to the host by 
infl icting genomic fl exibility in changing 
environments and thus promoting fi tness 
and survival (Kidwell and Lisch 2002). 

Transposition-related mechanisms 
have been recruited to perform 
certain essential processes in cells. In 
prokaryotes, transposons may carry 
and spread some important functional 
properties such as virulence factors or 
resistance to antimicrobial substances 
(reviewed by Bushman 2002). In 
eukaryotes, a phenomenon with 
similarities to transposition mechanisms 
is the maintenance of Drosophila 
telomere sequences, the dynamic ends 
of chromosomes; while the telomerase 
enzyme generally takes care of the process 
in other organisms, in Drosophila this 
role has been adopted by retrotransposons 
(reviewed by Pardue and DeBaryshe 2003). 
Furthermore, the mechanism of V(D)J 
recombination, a process responsible for 
immune system diversity in vertebrates 
by assembly of antigen receptor gene 
segments, has been shown to share many 
properties with transposition mechanisms 
(van Gent et al. 1996, reviewed by Jones 
and Gellert 2004). It has been suggested 
that V(D)J recombination evolved from 
horizontal transfer of an ancient transposon 
into the vertebrate lineage (Agrawal et al. 
1998, Hiom et al. 1998). 

1.2 Transposon classes

Although transposons can be classifi ed by 
many criteria, most commonly transposons 
are divided into two major groups, RNA 
(Class I) and DNA transposons (Class II), 
according to the intermediates they use in 

transposition (Finnegan 1989, Capy 2005). 
General structures of some transposon 
classes are illustrated in Figure 1 (see 
below for details).

1.2.1 RNA transposons (Class I)

Some transposons use an RNA intermediate 
in transposition (reviewed by Boeke and 
Stoye 1997). These class I transposons are 
also called retroelements or retrovirus-like 
elements. Based on the present knowledge, 
RNA transposons can be found only in 
eukaryotic organisms. RNA transposons 
use a “copy” mechanism: their RNA 
intermediate is reverse transcribed to 
DNA before insertion of a new copy to 
another DNA location. Whether they 
carry long terminal repeats (LTRs) at their 
genome ends or not, retroelements can 
further be divided into retrotransposons 
(LTR retrotransposons) and retroposons 
(non-LTR retrotransposons). Each group 
includes both autonomous elements 
capable of carrying out transposition 
events independently and non-autonomous 
derivatives utilizing components of the 
machineries of their autonomous relatives 
(reviewed by Hua-Van et al. 2005). 
Retrotransposons differ from retroviruses 
in that they do not have an extracellular 
phase.

LTR retrotransposons structurally 
resemble the integrated proviral form of 
infectious retroviruses. They commonly 
carry one or two ORFs encoding retrovirus-
like proteins fl anked by direct terminal 
repeats (Boeke and Corces 1989). Non-
LTR retrotransposons have no terminal 
repeats. Instead, their characteristic feature 
is an A-rich region at the 3´-end. The best-
known non-LTR retrotransposon groups 
are LINEs and SINEs (long and short 
interspersed repeated elements; Weiner 
2002). LINE elements usually are 5-8 kb 
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long and contain two open reading frames 
encoding the proteins necessary for their 
retrotransposition. SINE elements lack 
ORFs and are substantially shorter than 
LINEs, and they are dependent on LINE 
machinery for mobility.

1.2.2 DNA transposons (Class II)

Class II transposable elements can be 
found in both prokaryotes and eukaryotes. 
They use DNA directly as a transposition 
intermediate and do not involve RNA 
in their transposition cycle. Most often 
they utilize an excision (“cut and paste”) 
mechanism (see below) for movement, 
although some DNA elements use 
replicative transposition. Most DNA 
transposons are short, less than 3 kb, and 
their structure is characterized by terminal 
inverted repeats. These specifi c transposon 
end sequences act as binding sites for 

the transposase enzyme that catalyses 
the transposition reaction. Autonomous 
elements encode at least a transposase, 
but sometimes also other proteins; in 
microbes, for example, transposons often 
carry antibiotic resistance genes.

The simplest of autonomous DNA 
transposons, insertion sequences (ISs), are 
a very diverse and widely spread group 
of small (<2.5 kb) DNA transposons 
in bacteria, generally encoding only a 
transposase (reviewed by Mahillon and 
Chandler 1998, Chandler and Mahillon 
2002). Best-studied more complex 
DNA element groups include composite 
transposons that contain two IS elements at 
the ends of some internal DNA sequences, 
for example Tn5 and Tn10, and non-
composite transposons, for example Tn3, 
Tn7, Drosophila P elements, and Tc1/
mariner elements. The largest and most 
complex elements belonging to class II 

Figure 1. General structures of some transposon types. The main classes of transposable elements 
are RNA transposons (retrotransposons) and DNA transposons. LTR retrotransposons have direct 
long terminal repeat sequences (LTRs), and generally one or two ORFs. LINE and SINE elements 
are non-LTR retrotransposons; they lack the terminal repeats and have an A-rich region in the 
3´-end. LINE elements encode proteins required for their mobilization; SINEs have no coding 
potential. DNA transposons carry terminal inverted repeats (TIR). Most DNA elements encode 
at least the transposase protein, often also other proteins, although also ORF-less DNA elements 
exist (MITEs; see text for details).

Introduction
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are the transposing bacteriophages, such 
as phage Mu (DuBow 1987, Morgan et 
al. 2002).  A family of short (100-500 bp) 
non-autonomous elements called MITEs 
(miniature inverted-repeat transposable 
elements) can also be classifi ed as DNA 
transposons. These elements, present in 
many plant and animal genomes in high 
copy numbers, carry terminal inverted 
repeats but have no coding capacity 
(Wessler et al. 1995, Feschotte et al. 2002). 
The origin of MITEs is still controversial, 
but they have been suggested to derive 
from deletion variants of autonomous 
DNA elements.

1.3 Common themes of DNA 
transposition mechanisms

Despite the tremendous diversity among 
TEs, some common features that are 
remarkably similar can be found among 
the DNA-mediated transposition reactions 
and also in the retrovirus integration 
mechanism (Craig 1995). These all 
involve DNA cleavage and joining events 
that require no external energy source 

(Figure 2; Haren et al. 1999, reviewed by 
Mizuuchi and Baker 2002). In general, 
the transposition reaction includes three 
common steps. First, transposase enzyme 
binds to the specifi c transposon (also 
called donor DNA) ends and liberates the 
3´-hydroxyl groups (3´-OH) at both ends 
of the element in a reaction called donor 
cleavage. In this hydrolytic reaction, water 
acts as an attacking nucleophile. Second, 
another nucleophilic attack catalysed by the 
transposase is performed by the exposed 
transposon end groups at the target DNA 
backbone. Transposon ends are joined to 
the target in this reaction called strand 
transfer. The two ends are connected to 
different strands of the target DNA at 
locations separated by a few nucleotides, 
forming a target site duplication typical 
to transposition. Finally, the gaps at the 
newly formed joints between transposon 
and target DNA are repaired by the action 
of host replication machinery.

Transposition mechanisms can 
be separated into non-replicative and 
replicative systems on the basis of whether 
the element is copied during the process 

Figure 2. Common steps of DNA 
transposition: donor cleavage and strand 
transfer. First, the transposon ends are 
cleaved hydrolytically by the transposase 
enzyme to expose the 3´-OH ends of the 
element.  Next, these ends attack the 
target DNA in another hydrolytic reaction 
catalysed by the transposase. The target 
is cleaved in a staggered manner and 
the transposon ends are joined to target 
DNA. (Adapted from Mizuuchi and Baker 
2002)

Introduction
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or not (Figure 3; reviewed by Haren et al. 
1999). Non-replicative transposition is 
also called “cut and paste” transposition 
because the TE excises totally from the 
donor site to integrate itself into a new 
location to form a simple insertion. This 
mechanism is the most widely used among 
transposons, by both prokaryotic and 
eukaryotic elements such as Tn7 (Craig 
2002), some IS elements (Chandler and 
Mahillon 2002), Drosophila P elements 
(Rio 2002), and the Tc1/mariner family 
(Plasterk and van Luenen 2002). 

In replicative transposition (also called 
“copy and paste” mechanism; Figure 3), 
a copy of the element is inserted into a 
new location; in other words, the original 
element is not excised from the authentic 
site. Only the 3´-ends of the transposon 
are cleaved by the transposase, while both 

Figure 3. Non-replicative and replicative transposition modes with plasmid substrates. In 
non-replicative transposition the element is excised entirely from the donor molecule and the 
reaction results in a simple insertion into the target. Replicative transposition proceeds through 
an intermediate called cointegrate, which contains both donor and target joined by two copies 
of element. The cointegrate can be resolved by either general or site-specifi c recombination, 
depending on the element. As the fi nal outcome, donor and target molecules both carry a copy of 
the transposable element. (Adapted from Trun and Trempy 2004)

strands are cleaved in non-replicative 
transposition. In the case of intermolecular 
transposition, the reaction proceeds 
through replication of the element via 
an intermediate called cointegrate. This 
structure involves the donor and target 
DNAs joined together by the transposon. 
Intramolecular replicative events yield 
chromosomal rearrangements such as 
inversions and deletions. For example 
Mu (Chaconas and Harshey 2002), Tn3 
(Grindley 2002), and some IS elements 
(Chandler and Mahillon 2002) employ the 
replicative strategy.

2. Bacteriophage Mu

Bacteriophage Mu belongs to a family of 
transposing bacteriophages (DuBow 1987, 
Pato 1989). In addition to Mu, this group 
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of elements includes only few isolated 
phages, such as D108 from E. coli and 
D3112 from Pseudomonas aeruginosa. 
Recently, several prophages structurally 
similar to Mu have been identifi ed in 
some sequenced bacterial genomes, for 
example in Haemophilus, Neisseria, and 
Deinococcus (Morgan et al. 2002). 

Mu got its name, a short version from 
“mutator”, from its ability to integrate into 
various sites in the E. coli genome, thereby 
inactivating genes (Taylor 1963).  Mu 
is a temperate phage with a 37-kb linear 
genome harbouring 55 genes (Morgan 
et al. 2002). Mu uses transposition to 
integrate its genome into the host DNA 
and to amplify it during the lytic growth 
of host. The effi ciency of Mu transposition 
and the development of the defi ned Mu 
in vitro transposition reaction (Mizuuchi 
1983, Craigie et al. 1985) have made it 
an excellent system for studying detailed 
mechanistic aspects common to reactions 
of other transposons as well. Today, the Mu 
replicative DNA transposition mechanism 
is one of the best-known among TEs despite 
the immense complexity of the element.  
Mu transpositional recombination has been 
shown to have similarities with mechanisms 
of many other transposons (reviewed by 
Craig 1995), retroviral integration (Craig 
1995), and, as previously mentioned, even 
the initial steps of V(D)J recombination 
(reviewed by Jones and Gellert 2004).  

The Mu life cycle can follow two 
different pathways after the infection 
of a host cell. It can either form a stable 
lysogen by repressing the lytic functions 
of the integrated prophage or produce new 
phage particles leading to lysis of the host 
(reviewed by Pato 1989). In either case, 
it initially integrates its own genome into 
the genome of its host bacterium. This fi rst 
integration occurs by a non-replicative 
mechanism (Liebart et al. 1982, Akroyd 

and Symonds 1983, Chaconas et al. 1983, 
Harshey 1984). In contrast, the subsequent 
transposition events, by which the Mu 
genome multiplies itself during lytic growth 
approximately 100-fold, are replicative 
(Chaconas et al. 1981). This ability to 
transpose with two different modes makes 
Mu special in the TE world. The regulation 
between the two transposition modes is 
still poorly understood.

2.1 Components required 
for Mu transposition  

The chemical steps of Mu transposition 
occur in DNA-protein complexes called 
transpososomes, which are higher-order 
nucleoprotein assemblies (Surette et al. 
1987), i.e. multiple proteins take part by 
binding to multiple DNA sites, and the 
assembly requires complex cooperativity. 
The transposition complexes are also called 
synaptic complexes because they bring the 
two transposon ends together. Both phage- 
and host-encoded proteins participate in 
the formation of the complexes by binding 
and bending the supercoiled DNA substrate 
to form a stable and active structure. The 
transpososome acts as the machinery in a 
multistep pathway that leads to the cleavage 
of Mu ends and joining of the liberated 3´-
OH termini to the target DNA.  

2.1.1 DNA requirements 
in Mu transposition

The most important DNA sequences of the 
Mu transposon are located at the specifi c 
transposon ends. Like all transposable 
elements, Mu carries binding sites for the 
transposase enzyme at its termini (Figure 
4). Three binding sites with a shared 
22-bp consensus sequence (Craigie et 
al. 1984, Mizuuchi 1992) are located at 
each terminus: L1 to L3 and R1 to R3 
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at the left and right ends, respectively 
(Craigie et al. 1984, Groenen et al. 1985). 
Although all six sites appear to participate 
in transpososome assembly (Groenen 
and van de Putte 1986, Kuo et al. 1991, 
Allison and Chaconas 1992), MuA is 
tightly bound only to R1, R2, and L1 in 
the fully assembled complex (Lavoie et al. 
1991, Mizuuchi et al. 1991). 

The end-most nucleotides of Mu 
(5´TG---CA3´) especially the terminal 
adenosine, are essential for transposition 
complex assembly, but also important 
for the chemical reactions (Burlingame 
et al. 1986, Watson and Chaconas 1996, 
Coros and Chaconas 2001, Lee and 
Harshey 2001, Goldhaber-Gordon et al. 
2002, 2003, Yanagihara and Mizuuchi 
2003). These particular nucleotides have 
been suggested to provide maximal 
conformational fl exibility for opening the 
termini before the transposition reaction 
(Lee and Harshey 2003). 

Another important DNA site is the 
transpositional enhancer (IAS, internal 

activating sequence, approximately 100 
bp), located approximately 1 kb from the 
left Mu terminus (Figure 4). It stimulates 
the assembly of transposition complexes 
and increases the transposition effi ciency 
(Leung et al. 1989, Mizuuchi and Mizuuchi 
1989, Surette and Chaconas 1992). The 
enhancer contains a binding site for E. coli 
integration host factor (IHF, Krause and 
Higgins 1986, Higgins et al. 1989, Surette 
and Chaconas 1989, Surette et al. 1989). 
In addition to the sequence requirements, 
Mu transposition also depends on negative 
supercoiling of Mu DNA (Craigie et al. 
1985). 

                   
2.1.2 Proteins involved 
in Mu transposition

Phage Mu encodes two proteins needed in 
its transposition, transposase protein MuA 
and the activator protein MuB (Craigie 
and Mizuuchi 1985). MuA transposase 
catalyses the chemical steps of the 
transposition reaction. It belongs, together 

Figure 4. Organization of transposon ends and enhancer region (IAS) in Mu genome. Flanking 
host DNA is shown as dashed line. White arrows denote the MuA binding sites L1 to L3 and R1 to 
R3, and the orientation of the consensus sequence within the sites. The numbers at the borders of 
the transposon ends indicate distances from the 5´ends. The enhancer/operator region lies close 
to the L end of the element and contains binding sites for integration host factor protein (IHF) 
and phage-encoded repressor (O1-O3) (Goosen and van de Putte 1987, Mizuuchi and Baker 
2002). The fi gure is not drawn to scale. (Adapted from fi gures in Craigie et al. 1984, and Baker 
1995)
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with for example HIV integrase and 
transposition proteins of Tn5, Tn7, and 
Tn10, to a superfamily of polynucleotidyl 
transferases (reviewed by Haren et al. 
1999, Rice and Baker 2001). The family 
members share structural similarities in 
their catalytic domains, although there 
is little or no similarity in the primary 
sequences. A common feature is a so-
called DDE motif, which is essential 
to the catalytic activity (Baker and Luo 
1994, Kim et al. 1995, Krementsova et 
al. 1998). It consists of three conserved 
catalytic residues Asp-Asp-Glu and is 
assumed to coordinate divalent cations, 
normally Mg2+, essential for activity 
(Craigie and Mizuuchi 1985, Baker and 
Luo 1994, Savilahti et al. 1995, Wang et 
al. 1996).  In the absence of DNA, MuA 
is monomeric, but in association with 
Mu DNA, the inactive monomers form 
a functional homotetramer (Lavoie et al. 
1991, Baker and Mizuuchi 1992). MuA is 
a 75 kDa protein, which consists of three 
major functional domains (Nakayama et 
al. 1987) that can further be divided into 
subdomains (Figure 5). The catalytic 
centre resides in the central domain.

Mu transposition involves a phage-
encoded accessory protein MuB, which is 
an ATPase that binds DNA in sequence-
independent manner (Maxwell et al. 
1987) and has several functions. The 
MuA-MuB interaction stimulates both 
transpososome assembly and effi ciency 
of the overall reaction (Baker et al. 1991, 
Surette and Chaconas 1991, Surette et al. 
1991, Naigamwalla and Chaconas 1997). 
In addition, MuB delivers the target DNA 
to the transposition complex (Maxwell et 
al. 1987, Mizuuchi and Mizuuchi 1993, 
Yamauchi and Baker 1998). Finally, 
MuB mediates target immunity, which is 
a mechanism for avoiding transposition 
within or near a copy of Mu DNA 
(Adzuma and Mizuuchi 1988, Adzuma and 
Mizuuchi 1989). Two small host-encoded 
accessory proteins also participate in Mu 
transposition; HU and IHF both act by 
bending the Mu DNA at specifi c locations 
to allow the assembly of the transposition 
complex (Surette and Chaconas 1989, 
Surette et al. 1989, Baker and Mizuuchi 
1992, Lavoie and Chaconas 1996, Watson 
and Chaconas 1996, Kobryn et al. 1999). 

Figure 5. MuA domain structure. The MuA protein contains three major domains (I to III) further 
divided into subdomains (α, β, γ) with distinct functions. Subdomain structure is based on a 
number of structural and functional studies (reviewed by Chaconas and Harshey 2002). The three 
catalytically important amino acid residues form a DDE motif common to different transposases 
in the central domain. Amino acid numbers corresponding to the amino terminus of each major 
domain/subdomain are shown beneath the structure. (Adapted from Mariconda et al. 2000)
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2.2 Mu transposition reaction 
mechanism and intermediates

2.2.1 Replicative transposition

Mu transpososome assembly begins by 
the attachment of catalytically inactive 
MuA monomers to the Mu end sequences 
(Craigie et al. 1984, Kuo et al. 1991). 
These interact with each other and with 
the transpositional enhancer to form an 
initial unstable synaptic complex LER 
(Watson and Chaconas 1996). The process 
is assisted by HU and IHF (Wang and 
Higgins 1994). Following LER assembly, 
Mu transposition proceeds through an 
ordered series of increasingly stable 
transpososomes (Figure 6; Surette et al. 
1987). The fi rst stable complex, type 0 
complex (SSC, stable synaptic complex), 
forms quickly from LER when the intricate 
interactions between proteins and DNA 
lead to conformational changes in the 
participating MuA monomers, allowing 
formation of a stable and catalytically 
active MuA tetramer, the structural and 
functional core of all Mu transpososomes 
(Lavoie et al. 1991, Baker and Mizuuchi 

1992). The type I complex (CDC, cleaved 
donor complex) forms upon the fi rst 
chemical step of transposition when both 
Mu ends are hydrolytically cleaved in 
the presence of Mg2+ to expose the 3´-
OH groups (Craigie and Mizuuchi 1985, 
Craigie and Mizuuchi 1987, Surette et al. 
1987). The cleavage is performed by the 
two end-most bound MuA monomers in 
trans: a transposon end is cleaved by the 
MuA monomer bound to the opposite 
Mu end (Savilahti and Mizuuchi 1996, 
Namgoong et al. 1998). The strand transfer 
reaction leads to the formation of type II 
complex (STC, strand transfer complex). 
The transposon termini become covalently 
linked to the target DNA in a direct one-
step transesterifi cation reaction (Mizuuchi 
and Adzuma 1991), forming a branched 
Shapiro-type intermediate (Shapiro 1979, 
Craigie and Mizuuchi 1985, Miller and 
Chaconas 1986). This reaction is catalysed 
by the same two MuA monomers as the 
donor cleavage, also in trans (Aldaz et 
al. 1996, Savilahti and Mizuuchi 1996, 
Namgoong et al. 1998).

Following successful strand transfer 
reaction, the highly stable type II complex 

Figure 6. Structures of Mu transposition complexes. Monomeric MuA protein binds to the two 
Mu ends L and R (black arrows), and also the enhancer E (grey box) on a negatively supercoiled 
plasmid, to promote rapid formation of the LER complex in the presence of Mg2+ ions and E. 
coli HU and IHF proteins. Type 0 complex forms upon tetramerization of MuA (MuA tetramer 
is denoted as a circle); enhancer is no longer associated with the Mu ends. Mu ends are cleaved 
to form the type I complex. MuB modulates the activity of MuA at each stage of the reaction and 
captures the target DNA in the presence of ATP to generate the type II strand transfer complex, in 
which Mu DNA is joined to the target DNA. (Adapted from Kobryn et al. 2002)
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has to be destabilized to allow disassembly 
of the transpososome and replication of 
the transposition intermediate. These 
steps require several host-encoded protein 
remodelling and DNA replication factors, 
and fi nally lead to the formation of the fi nal 
transposition product (reviewed by Nakai 
et al. 2001, Burton and Baker 2005). The 
single-stranded gaps fl anking Mu DNA are 
repaired, also by host factors, generating a 
typical 5-bp duplication of the target site at 
Mu-host junctions (Allet 1979, Kahmann 
and Kamp 1979).

2.2.2 Non-replicative transposition 
during Mu integration

The mechanism of initial integration 
of Mu into the host genome following 
infection is not very well understood. As 
previously mentioned, the fi rst integration 
produces a simple insertion (Liebart et 
al. 1982, Akroyd and Symonds 1983, 
Chaconas et al. 1983, Harshey 1984), 
contrary to the replicative mode of Mu 
amplifi cation in the genome during lytic 
growth (Chaconas et al. 1981). A number 
of protein and DNA factors important in 
replicative transposition are less essential 
for initial integration, indicating some 
differences in transpososome assembly 
(Roldan and Baker 2001, Sokolsky and 
Baker 2003). However, no mechanistical 
differences have been found in the 
chemical steps of transposition between 
the two transposition modes. A recent 
study suggests that the different outcomes 
may arise from differences in processing 
of the same transposition intermediate (Au 
et al. 2006). 

2.3 Choice of target sites

Mu integrates into various sites in DNA 
sequences, its target sequence range being 
one of the broadest in the transposon 

world. However, Mu statistically prefers 
some insertion sites to others. A broad 
consensus sequence NY(G/C)RN has 
been observed both in vivo and in vitro 
(N, any nucleotide; Y, pyrimidine; R, 
purine; Mizuuchi and Mizuuchi 1993). A 
subsequent, more comprehensive study 
has suggested additional preferences 
on the edges of the target pentamer 
(CY(G/C)RG; Haapa-Paananen et al. 
2002), being otherwise in accordance 
with the previous data. In addition, the 
target site selection was suggested to be 
based on the local sequence-related DNA 
structure rather than the actual sequence 
only. More specifi cally, fl exibility/rigidity 
of adjacent base pair steps within the 
target pentamer seems to be an infl uential 
determinant of Mu targeting. Furthermore, 
a single-nucleotide mismatch is targeted 
by Mu in high probability (Yanagihara and 
Mizuuchi 2002), refl ecting a yet unknown 
mechanism that favours certain DNA 
deformations as a target site.

2.4 Mu transposition in vitro

The fi rst in vitro DNA transposition 
system was developed for Mu (Mizuuchi 
1983). This cell-free reaction allowed 
more accurate dissection of the separate 
chemical steps and their requirements, 
and it has contributed substantially to our 
knowledge on Mu replicative transposition 
as well as on mechanisms of other 
transposons. Initially, the in vitro reaction 
was performed with cell extracts containing 
overexpressed MuA and MuB proteins; 
E. coli cell lysate providing host factors; 
and a plasmid-borne Mu transposon with 
proper Mu ends in correct orientation. The 
transposon contained a gene conferring 
antibiotic resistance and the enhancer IAS. 
Target DNA was either a plasmid or viral 
DNA. The reaction required Mg2+ and 
ATP, and polyvinyl alcohol was added to 
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increase the effi ciency of the reaction. 
Later, a defi ned system including 

purifi ed proteins was presented (Craigie 
and Mizuuchi 1985, Craigie et al. 1985). 
In addition to MuA and MuB proteins, the 
only protein component needed was the 
E. coli HU. The other DNA bending host 
factor IHF was not necessary when donor 
DNA was highly supercoiled (Surette and 
Chaconas 1989, Surette et al. 1989). Any 
target DNA, either supercoiled, relaxed 
circular or linear, could be used, and 
presence of ATP and Mg2+ was essential. 
In this setting, the reaction proceeded 
through the strand transfer reaction to the 
transposition intermediate without DNA 
replication. 

Addition of dimethylsulfoxide 
(DMSO) either alone or in combination 
with glycerol substantially relaxes 
requirements of the transposition reaction 
in vitro (Craigie and Mizuuchi 1986, 
Mizuuchi and Mizuuchi 1989, Baker and 
Mizuuchi 1992). In these conditions, MuA 
tetramer formation is allowed on many 
DNA substrates that in normal conditions 
do not support the reaction. Supercoiling of 
the donor DNA molecules in the reaction 
is not necessary in the presence of DMSO. 
The normal left-right end pairing is not 
essential, nor is the proper orientation of 
the MuA binding sites. In addition, several 
factors can be omitted from the reaction, 
including enhancer, HU, MuB, and ATP 
(Craigie and Mizuuchi 1987, Mizuuchi 
and Mizuuchi 1989, Baker and Mizuuchi 
1992). DMSO possibly facilitates 
structural transitions of MuA or MuA-DNA 
complexes in transpososome assembly, or 
stabilises the conformation that promotes 
MuA tetramerization normally done by 
the various cofactors (Baker and Mizuuchi 
1992).

The use of precleaved donors, either 
linear or nicked circular, also eliminates 

some of these requirements (Craigie and 
Mizuuchi 1986, Mizuuchi and Mizuuchi 
1989). When the donor is cleaved precisely 
at the transposon end, the reaction can 
proceed directly from transpososome 
assembly to strand transfer. In these 
conditions, the most effi cient linear donor 
contains a pair of similar Mu right (R) ends 
(Craigie and Mizuuchi 1987, Mizuuchi and 
Mizuuchi 1989, Namgoong et al. 1994). 
The simplest DNA substrates profi cient in 
effi cient transposition are short (50 bp) pre-
cut Mu R-ends containing only R1 and R2 
sites (see Figure 1B in I), with an addition 
of at least one nucleotide of fl anking DNA 
on the uncut strand (Savilahti et al. 1995). 
With oligonucleotide substrates, also the 
requirement of certain terminal nucleotides 
is relaxed (Lee and Harshey 2001).

Thus at present, the minimal Mu in 
vitro reaction can be performed with only 
MuA transposase, target DNA, and a pre-
cut donor DNA in a simple reaction buffer 
containing Mg2+ ions. Donor DNA can be 
either short R-end segments with R1 and 
R2 sites or a linear transposon with any 
DNA between the R-ends (Namgoong et 
al. 1994, Savilahti et al. 1995, study I). 

3. Transposon tools

The utilization of transposons as tools 
began soon after their potential as random 
insertional agents was realised in the 
1970s. Their exceptional features enable 
their use as molecular tools for studying 
diverse biological questions in both 
prokaryotic and eukaryotic organisms. 
The basic property that makes transposons 
potential tools is their ability to produce 
insertions effi ciently into various genomic 
sites thereby disrupting genes. Transposon 
mutagenesis potentially permits the rapid 
and parallel generation of a large library 
of random insertion mutations. An ideal 
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transposon tool should be highly effi cient 
in producing insertions into different DNA 
targets and into as many different target 
sequences as possible with simple reaction 
components. These properties vary 
substantially among different elements. 

The ease of constructing novel 
transposons by inserting genes inside 
them has boosted the use of TEs in 
genetic engineering. Requirements for a 
transposon are quite simple; in many cases 
short transposon ends with transposase 
binding sites are suffi cient to convert any 
piece of DNA between them mobile by 
the action of a specifi c transposase protein 
(or proteins). Generally, the transposon 
carries at least a selectable marker 
gene, such as an antibiotic resistance 
determinant. In addition, transposons may 
harbour reporter genes, sequencing primer 
binding sites, sequences for site-specifi c 
recombination systems, or controlling 
elements such as promoters, transcription 
termination signals, or replication origins 
(reviewed by Berg et al. 1989, Berg and 
Berg 1995). Generating a wide variety 
of transposons for diverse genetic 
engineering tasks is nowadays relatively 
straightforward. Several different mobile 
elements are currently available, some 

in vitro systems also as commercial kits 
for special applications, and because the 
latest transposon applications generally 
require no special equipment or technical 
skills other than those needed in basic 
molecular biology, they are accessible to 
most researchers and laboratories. 

3.1 In vivo vs. in vitro 
transposon tools

3.1.1 In vivo transposition applications

Traditionally transposon applications 
depend on transposition reactions in 
vivo, that is, the reaction occurs within 
a host cell. The fi rst applications were 
developed for Mu (Casadaban and Cohen 
1979, reviewed by Groisman 1991) and 
for the Drosophila P element (Rubin and 
Spradling 1982, Spradling and Rubin 
1982, reviewed by Rio 2002). Especially 
the P element mutagenesis has been 
widely used, and it provides the classical 
example of insertional mutagenesis with 
transposons. 

In vivo transposon tools have been 
utilized in various organisms (Berg et al. 
1989, Hamer et al. 2001; examples in 
Table 1). Mobilization of a certain element 
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Table 1. Examples of transposable elements useful in transposon applications in different 
organisms in vivo

Organisms Elements References 

Bacteria Mu, Tn3 family, Tn5, Tn7, Tn10, Tn916 Berg et al. 1989, Berg and Berg 1995,  
Craig et al. 2002 

Yeast Ty elements Garfinkel et al. 1989, Sandmeyer et al. 2002, 
Voytas and Boeke 2002 

Nematodes Tc1 Plasterk and van Luenen 2002 
Insects P element, piggyBac, Tc1/mariner family 

(Mos1, Himar1)
Kaiser et al. 1995, Plasterk and van Luenen 
2002, Rio 2002 

Plants hAT, CACTA Kumar and Hirochika 2001, Kunze and Weil 
2002 

Vertebrates Tc1/mariner family (Sleeping Beauty,
minos, Himar1, Mos1), L1, Tol2, piggyBac,
retroviruses 

Plasterk and van Luenen 2002, Uren et al.
2005, Feschotte 2006, Wu et al. 2006 
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is in most cases host-specifi c and requires 
special vectors, although some transposons 
function also in certain heterologous 
host cells. Typically the transposon is 
delivered into the cell where it integrates 
into host DNA, or alternatively the 
element is mobilized within the host cell 
to relocate from one replicon to another. 
Transposons are commonly delivered 
into cells by transformation, conjugation, 
or transduction. Often a transposon is 
delivered in a suicide vector, that is, a vector 
that cannot replicate in a particular host or 
under certain conditions. Alternatively, 
transposon mutagenesis can be carried out 
in a convenient surrogate host, generally in 
E. coli, the mutated DNA is subsequently 
isolated and introduced into the desired 
host where it integrates via homologous 
recombination into host DNA and replaces 
a wild type allele. The use of this so-called 
shuttle mutagenesis bypasses the need for 
special host-specifi c reaction components. 

3.1.2 In vitro transposition 
applications

In vitro transposition reactions are 
performed in a test tube in host-
independent, cell-free conditions, 
generally with purifi ed transposase 
proteins. Plasmids, gene fragments, or 
isolated genomic DNAs can be used as 
target molecules. Following the reactions, 
plasmids containing transposon insertions 
can be transferred into host cells. The 
in vitro transposition technology offers 
many advantages over the in vivo systems 
(Devine and Boeke 1994, Biery et al. 
2000). Special host range limitations or 
possible interference with host factors can 
be avoided. In vitro transposition reactions 
are generally more effi cient and more 
fl exible in their selection of target DNA 
sites (Goryshin and Reznikoff 1998). 
The reactions can be carried out by fewer 

reaction components, offering simple, 
reliable, and easily controllable reaction 
settings that can further be manipulated 
and optimized. Also, a wider range of 
different types of artifi cial transposons can 
easily be mobilized. In vitro transposition 
systems are typically more feasible for 
producing very large mutant libraries 
than in vivo systems. In addition, the 
transposition reaction products are 
amenable to further manipulation as a pool. 
Several bacterial transposons and some 
eukaryotic elements have been shown to 
transpose in vitro (Boeke 2002), but few 
have been shown to be suitable for general 
applicational purposes. Some of the most 
feasible in vitro transposition systems, 
such as Mu (Mizuuchi 1983, Craigie et al. 
1985, Savilahti et al. 1995, study I), Tn5 
(Goryshin and Reznikoff 1998), and Tn7 
(Bainton et al. 1993, Biery et al. 2000), 
have been applied to a wide variety of 
molecular tasks.

3.1.3 Delivery of preassembled 
transposition complexes into cells

A combination of both in vitro and in vivo 
reaction conditions is used in a variation 
of transposition technology: transposition 
complexes with pre-cut transposon DNA 
and transposase can be preassembled in 
vitro and subsequently transferred by 
electroporation into host cells where the 
transposon integrates into target DNA 
in vivo, generally into host genome. The 
mutagenesis procedure allows effi cient 
and controlled transpososome delivery 
into genomes of various bacterial species 
without the need for special host-specifi c 
vectors. One advantage of the system is 
that single irreversible insertions can be 
produced with a frequency of one insertion 
per cell by adjusting the ratio between 
complexes and amount of competent 
cells in transformation. Preassembled 
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transposition complexes of Tn5 (Goryshin 
et al. 2000) and Mu (Lamberg et al. 2002, 
Pajunen et al. 2005) have been applied to 
this purpose. 

3.2 Transposon tools in 
molecular applications

Today a wide range of different transposon-
based applications have been described 
and used for the mutagenesis of either 
whole genomes or shorter gene segments, 
single genes, and proteins (reviewed by 
Berg and Berg 1995, Kaiser et al. 1995, 
Boeke 2002, Hayes 2003). Perhaps most 
typically, transposons have been used in 
genome-wide insertional mutagenesis 
projects. The basic transposon application 
is to simply disrupt genes of an organism 
by transposon insertions for the analysis of 
essential genes needed for various cellular 
functions. Genome-wide mutagenesis 

systems have become especially valuable 
as the amount of sequence data of various 
organisms has increased and the function 
of the identifi ed genes needs to be assigned 
(reviewed by Hamer et al. 2001, Vidan and 
Snyder 2001). Several present transposon-
based molecular applications include not 
only functional mapping, but also studies on 
gene regulation and expression; or analysis 
of protein structure, topology, and cellular 
localization. Table 2 summarizes the most 
useful transposon-based applications 
available. The several protein engineering 
variations of transposon technology are 
discussed in more detail below.

4. Protein engineering 

Protein engineering is used for modifying 
natural proteins to either gain knowledge 
of their structure-function relationships or 
alter the properties of important industrial 

Table 2. Summary of transposon applications*

* Mu-based applications are listed in Table 5

Application Use References 

Insertional inactivation of genes Genome-wide screening of essential 
genes for certain functions, and possibly 
subsequent analysis of localization, 
expression, or regulation of a specific 
gene

Reviewed by Judson and Mekalanos 
2000, Lehoux et al. 2001, Mills 
2001, Miskey et al. 2005 

Gene traps (delivery of reporter 
genes into genomes) 

Genome-wide analysis of gene 
regulation, expression, and function 

Reviewed by Stanford et al. 2001, 
Clark et al. 2004, Raymond and 
Soriano 2006 

Genetic footprinting Functional mapping of genes, genomes, 
or proteins; genome-wide screening of 
conditionally important genes in micro-
organisms 

Smith et al. 1995, Singh et al. 1997 

Signature-tagged mutagenesis 
(STM) 

Genome-wide screening of virulence 
genes of pathogenic bacteria 

Hensel et al. 1995, reviewed by 
Chiang et al. 1999, Lehoux and 
Levesque 2000, Saenz and Dehio 
2005 

Delivery of primer binding sites DNA sequencing Reviewed by Boeke 2002, Hayes 
2003 

Gene delivery into genomes  Generation of transgenic organisms and 
cell lines 

Largaespada 2003, Reviewed by 
Izsvák and Ivics 2004, Miskey et al.
2005, Ivics and Izsvák 2006 

Various protein engineering 
applications 

Generation of in-frame insertions, fusion 
proteins, or nested deletions 

Discussed below in detail 
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enzymes and therapeutic proteins. Often 
the goal is to obtain new commercially 
valuable protein variants with for example 
altered catalytic specifi city, enhanced 
activity, or increased thermosensitivity 
(Brannigan and Wilkinson 2002). 

The approaches for protein 
engineering can be divided roughly into 
two categories, rational and random 
mutagenesis systems. At present, rational 
mutagenesis is relatively easy to perform 
by PCR with specifi c oligonucleotides 
to change certain amino acids (Ho et al. 
1989), but it is dependent on existing 
structural and functional data of the protein 
of interest. An insertion must not disturb 
the natural folding or function of the target 
protein, and fi nding a permissive site for 
an insertion by conventional molecular 
biology techniques may be diffi cult and 
time- and labour-consuming. For many 
proteins, structural data is insuffi cient 
or does not exist, limiting greatly the 
usefulness of rational mutagenesis. 
Even if the data is available, a specifi c 
mutation may have unpredictable effects 
on protein structure and function. More 
effi cient protein engineering applications 
have been developed that are based on 
random mutagenesis techniques, creating 
large mutant libraries with mutations 
scattered throughout the gene of interest. 
Mutagenesis can be combined with 
subsequent high throughput screening 
or preferably selection of the desired 
property (Zhao and Arnold 1997). If the 
goal is to engineer protein variants with 
altered properties, this combination of 
mutagenesis and screening can be also 
referred to as directed evolution (for recent 
reviews see for example Turner 2003, Yuan 
et al. 2005, Kaur and Sharma 2006). Often 
this procedure requires several rounds 
of mutation and selection for achieving 
the optimal result. Random mutagenesis 

approaches have the advantage that they 
are not dependent on prior structural 
knowledge of the protein and do not 
require predictions on the effects of 
specifi c mutations. On the other hand, 
fi nding a specifi c and sensitive screening or 
selection system for the required property 
may be challenging.

Several techniques are available for 
the generation of random mutant libraries 
of cloned genes. The systems involve 
usually either random mutagenesis or 
recombination (“shuffl ing”) between 
genes (summarized by Matsumura 
and Ellington 2002). Traditional 
mutagenesis methods generally produce 
point mutations and include chemical 
mutagenesis (Miller 1992), UV irradiation 
(Fowler et al. 1981), and the use of 
mutator bacterial strains (Fowler et al. 
1986, Greener et al. 1996, Greener et al. 
1997). A widely used technique for the 
introduction of random point mutations 
is error-prone PCR that is based on copy 
errors introduced deliberately by imposing 
“sloppy” reaction conditions (Cadwell 
and Joyce 1992). Different recombination 
systems are commonly being applied 
for random mutagenesis, especially in 
directed evolution; for example DNA 
shuffl ing (Stemmer 1994, Crameri et al. 
1998), a system by which different mutant 
variants of the same gene or a family of 
homologous genes are recombined by the 
use of PCR. Transposons can be used as 
random insertional mutagens particularly 
suitable for studying structure-function 
relationships in proteins.

4.1 Protein engineering with 
transposition technology

The ability of transposons to insert 
into random locations within any DNA 
target can be utilized in engineering 
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single cloned protein-encoding genes, 
most effi ciently by in vitro transposition 
reactions. Several applications for protein 
engineering with transposons have been 
described and some are available also 
as commercial kits. Most typically, 
transposon-based protein engineering 
applications involve transposon insertions 
for the generation of large mutant 
libraries that encode in-frame insertions 
in proteins. The aim of transposon-based 
protein engineering has been primarily 
to disturb the native protein at random 
locations in order to gain knowledge of 
structure-function relationships of the 
molecule and its interactions (Reznikoff 
2006). Transposons can be used to insert 
many kinds of sequences varying from 
short peptides to protein domains or whole 
proteins for the production of protein 
fusions (reviewed by Boeke 2002). The 
transposon insertion mutant libraries can 
be screened for functional protein variants 
in order to fi nd a suitable site for one 
specifi c insertional motif in a protein, for 
instance an antibody epitope, a protease 
cleavage site, or a fused reporter protein. 
Many multipurpose transposons have 
been constructed that allow more than one 
of the described applications from a single 
insertion (for example Ross-Macdonald 
et al. 1997, Alexeyev and Winkler 2002). 
Currently available transposon-based 
protein engineering applications are 
described below.

4.1.1 Linker insertion mutagenesis

Linker scanning mutagenesis is a powerful 
strategy based on random construction 
and analysis of short peptide insertions 
in proteins (reviewed by Goff and Prasad 
1991, Hayes 2003). The technique is 
useful in studies of protein structure-
function relationships; it can be utilized for 

identifying protein regions essential for a 
function or sites tolerating short insertions 
without loss of function (“permissive” 
sites), and for analysing protein-protein 
interactions. Also, it is possible to obtain 
mutant protein variants with altered 
properties such as substrate specifi city, 
enzymatic activity, or temperature-
sensitivity (Goff and Prasad 1991, Hayes 
and Hallet 2000, study II). 

Transposon-based linker scanning 
insertion mutagenesis is generally a 
two-step procedure (Figure 7). First, 
transposons are inserted randomly into a 
cloned target gene. Then, the transposon 
sequence is imprecisely removed leaving 
short sequences derived from the element 
ends and the target site duplication. Two 
strategies can be employed to remove 
the transposon core, restriction enzyme 
cleavage or site-specifi c recombination, 
the latter leaving generally longer 
stretches of the transposon at the target 
site (40-100 aa; Hayes and Hallet 2000, 
Hayes 2003). Restriction cutting involves 
also a recirculation step by self-ligation. 
The restriction enzymes should preferably 
employ rare recognition sites that 
usually do not exist in cloning vectors. 
By utilizing engineered restriction sites 
within the transposon ends, almost the 
whole transposon can be eliminated 
leaving only a short in-frame insertion, 
which is translated into a few amino acids 
when situated within protein-encoding 
sequences. The restriction sites within the 
insertions allow further manipulation of the 
protein variants because desired sequences 
can be added to functionally tolerant sites. 
A variety of transposons have been adapted 
to linker insertion mutagenesis either in 
vivo or in vitro (Hayes 2003).

Pentapeptide scanning mutagenesis 
is a special variation of linker insertion 
mutagenesis; the inserted amino acid 
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cassettes include exactly fi ve amino acids 
(reviewed by Hayes and Hallet 2000). In 
relation to point mutations commonly used 
for structure-function studies, these short 
insertions have more potential for altering 
the functional activities of the protein, 
but they are short enough to disturb the 
overall structure only locally. The system 
has been adapted for in vivo transposition 
of Tn4430 (Hallet et al. 1997), and for in 
vitro reactions of Tn7 (Biery et al. 2000) 
and Mu (study II). 

Longer in-frame insertion tags (30-
100 codons) are less tolerated in protein 
structures, because they are potentially 
more disruptive on protein folding than 
short oligopeptide cassettes. These tags 
are suitable for screening permissive sites 
for inserting antibody epitopes or protease 
cleavage sites, which may already be 
included in the insertion tags, depending 
on the transposon system used. Also, 
protein variants containing these longer 
insertions may be very informative in 
studies of protein topology and domain 
structures.  For instance, Tn3 has been 
engineered for inserting 45 amino acid 
stretches by in vivo transposition (Hoekstra 

et al. 1991). In vitro transposition of a Tn5 
derivative has been applied to insertion of 
25 or 42 aa tags, depending on whether 
the internal core of transposon is removed 
by restriction-ligation or site-specifi c 
recombination (Alexeyev and Winkler 
2002).             

4.1.1.1 Delivery of protease 
cleavage sites

Randomly inserted protease cleavage 
sites can be used in topological studies 
of membrane-bound or soluble proteins 
(reviewed by Manoil and Traxler 2000). 
For instance, in membrane proteins, 
susceptibility to proteases within a given 
protein location suggests that the region is 
extracellularly exposed. In addition, it is 
possible to use inserted protease cleavage 
sites to inactivate essential proteins in vivo 
by coexpressed proteases. A Tn5 in vivo 
transposition-based system (Ehrmann et 
al. 1997) generates insertions of 24 amino 
acids containing a 7-aa TEV (tobacco etch 
virus) protease cleavage site.  Another 
Tn5-based transposon can be used for 
inserting 31-codon peptides carrying 

Figure 7. Linker insertion 
mutagenesis with transposons. First, 
a transposon is inserted in the target 
plasmid containing the gene of 
interest. Then, the transposon core is 
deleted either by restriction enzyme 
digestion followed by recircularization 
of the plasmid, or by site-specifi c 
recombination. An in-frame fi ngerprint 
remains at the insertion site. This 
fi ngerprint is translated into a short 
insertion within the protein. The length 
and composition of the linker depends 
on the element used for mutagenesis.
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trypsin cleavage sites (Manoil and Bailey 
1997, Lee et al. 1999). A Tn3 derivative 
carries a factor Xa protease cleavage 
site and leaves even longer insertions 
(89 or 93 amino acids) following in vivo 
transposition and excision of transposon 
core by site-specifi c recombination (Ross-
Macdonald et al. 1997). 

4.1.1.2 Epitope tagging

Epitope tagging involves insertion of short 
sequences encoding epitopes (typically 6 
to 30 amino acids) for existing antibodies 
into target proteins. The technique may 
facilitate many studies on proteins for 
which antibodies are not available. Tagged 
proteins can be used for protein localization 
at cellular and subcellular levels, protein 
purifi cation by immunoprecipitation, and 
analysis of protein expression, interactions, 
movement within cells, or topology (Jarvik 
and Telmer 1998). Commonly epitopes can 
be added to protein termini by expressing 
them from suitable cloning vectors, but 
additional terminal sequences may affect 
structural or functional properties of some 
proteins. Then, a random approach may 
be useful for fi nding a suitable site for an 
epitope inside the polypeptide chain. Some 
of the previously mentioned transposons, 
which have been designed for inserting 
linkers or protease cleavage sites, also 
carry sequences for epitopes (Manoil and 
Bailey 1997, Ross-Macdonald et al. 1997, 
Lee et al. 1999). In addition, a transposon-
based approach was developed for 
delivery of 63-codon in-frame insertions 
encoding an infl uenza hemagglutinin 
(HA) epitope (Bailey and Manoil 2002). 
This insertion also carries a hexahistidine 
sequence for metal affi nity purifi cation of 
tagged proteins. Furthermore, a mariner 
element has been described for delivery 
of a transposon either in vivo or in vitro, 

resulting in 67-aa in-frame FLAG epitope 
fusions (Chiang and Rubin 2002).

4.1.1.3 Genetic footprinting

Genetic footprinting is a transposon-
based multistep strategy for functional 
mapping of genes, genomes, and proteins 
(Smith et al. 1995, Singh et al. 1997). On 
a single-protein scale, genetic footprinting 
is applicable for the analysis of functional 
protein regions (Rothenberg et al. 2001, 
Quinonez et al. 2003, study IV). Genetic 
footprinting involves the generation of 
a large library of transposon insertion 
mutations and subsequent negative 
selection for a certain function en masse; 
mutants with insertions in essential 
regions for this particular function are 
excluded from the selected pool (Figure 
8). The mutant pools collected before 
and after selection are analysed by PCR. 
Several transposons have been used in 
various footprinting studies, such as Mu 
(for example Laurent et al. 2000, study 
IV) and Ty1 (Smith et al. 1995), but also 
a retroviral integrase has been utilized for 
genetic footprinting (for example Singh et 
al. 1997).

4.1.2 Generating fusion proteins

As mentioned previously, all proteins 
do not tolerate additional sequences 
in their termini. In these cases, fusion 
protein production may be diffi cult due to 
limitations in fi nding a suitable location 
for the fusion within the protein of interest. 
Transposons can be used for producing 
random reporter protein fusions followed 
by screening for functional fusion proteins 
(Reznikoff 2006). Reporter genes carried 
within transposons generally encode 
proteins allowing easy detection by colour 
(alkaline phosphatase or β-galactosidase), 
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Figure 8. Genetic footprinting: an overview. A random mutant library is generated by 
inserting short sequences by transposon mutagenesis of a plasmid carrying the cloned 
gene of interest. The library is subjected to selection for gene function. DNA pools 
collected before and after selection are analysed by PCR with primers P1 (insertion-
specifi c) and P2 (labelled, vector-specifi c). The products form a ladder of bands in PAGE, 
and bands representing mutants that fail the selection are missing from the selected pool, 
and this forms a “footprint”. (Adapted from Singh et al. 1997)
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fl uorescence (GFP; Sheridan et al. 2002, 
Giraldez et al. 2005), or bioluminescence 
(luciferase; Francis et al. 2001). Reporter 
fusions can be used for determining the 
amount or cellular localization of a host 
protein (Merkulov and Boeke 1998), for 
the study of membrane protein topology 
(Traxler et al. 1993, Das and Xie 1998, 
Alexeyev and Winkler 2002), or for 
monitoring secretion (Manoil 2000, Bailey 
and Manoil 2002). Some reporter genes 
display activity only in the cytoplasm, 
others in periplasmic space or outside 
cells, and thus combinations of these can 
be effi ciently used for detecting intra- 
and extracellular domains of membrane 
proteins.

4.1.3 Generating nested 
deletion variants of proteins

Transposition technology has been applied 
also to generating a random set of nested 
deletion variants of proteins. Initially, the 
deletion strategies involved the production 
of deletions for sequencing of large DNA 
regions (Ahmed 1984, Morita et al. 1996), 
but applications for mapping protein 
functional regions were soon described 
(Tomcsanyi et al. 1990, Sedgwick et 
al. 1991, York et al. 1998, study III). 
An intramolecular in vitro transposition 
system of Tn5 (York et al. 1998) is useful 
for deletion mutagenesis, but the Mu in 
vitro system (study III) is probably the most 
convenient strategy for effi cient production 
of deletion mutants (see also Results and 
discussion, section 3.3). Deletion variants 
are useful in many structure-function 
studies of proteins, especially for mapping 
antibody epitopes or regions involved in 
protein-protein interactions, but also for 
defi ning other functional regions.

5. Target proteins used 
in this study 

Target proteins for testing and validating 
new molecular tools must meet specifi c 
criteria, characteristic to each case. For 
example, if a new application is being 
developed for structure-function analyses 
of proteins, the testing of the methodology 
is straightforward if a well-known protein, 
with detailed structural information 
and easy assaying methods, is used as a 
model. Thus, the study will act as a “proof 
of principle” and does not necessarily 
provide novel information of the protein 
in question. However, the evaluation of 
the outcome of the analysis is convenient 
on the basis of previously available 
data. Alternatively, the new tools can be 
validated by analysing less characterized 
proteins, and these studies are valuable 
not only as descriptions of new molecular 
applications, but also for providing 
new insight into the protein of study. 
For example, proteins with interesting 
binding partners and established binding 
assays are potential models for testing 
applications aimed for mapping protein-
protein interfaces.

5.1 Βeta-galactosidase

Βeta-galactosidase of Escherichia coli 
has a long history in molecular biology. 
It is a product of the widely studied lacZ 
operon. Βeta-galactosidase hydrolyses 
disaccharide lactose into galactose and 
glucose, converts lactose into allolactose, 
and cleaves this to galactose and glucose 
(Huber et al. 1994). Substrate binding 
is very specifi c only with regard to 
galactose, and many substrate variants 
with detectable reaction products have 
been developed such as X-Gal (Horwitz 
et al. 1964, Davies and Jacob 1968) and 
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ONPG (Lederberg 1950). These substrates 
have been widely exploited in molecular 
biology, and β-galactosidase is a frequently 
used indicator in many different assays.

Βeta-galactosidase is a homotetra-
meric enzyme (Figure 1 in II). The 
tetramer includes four catalytic sites with 
no cooperativity or allosteric effectors. 
The structure of β-galactosidase has been 
resolved to high resolution (Jacobson et 
al. 1994, Juers et al. 2000). The 1023-aa 
monomer (Fowler and Zabin 1978, Kalnins 
et al. 1983) folds into fi ve domains. The 
about 50 residues from the amino terminus 
are in extended and fl exible conformation.  
The enzyme forms from a dimer of dimers, 
and each monomer forms two monomer-
monomer contacts, one at the “activating” 
interface and one at the “long” interface 
(which in Figure 1 in II is located vertically 
between monomers). Residues 29-33 pass 
through a tunnel in the domain-domain 
interface. 

Certain mutants of β-galactosidase 
with short deletions in the N-terminal end 
of the polypeptide chain fail to generate 
a functional enzyme. This defect can 
be restored by supplying the missing 
residues in a separate peptide (α-donor), 
which associates noncovalently with the 
deletion variant (α-acceptor; Ullmann et 
al. 1967). This phenomenon is called α-
complementation, and it has been used as 
a model for protein-protein interactions. 
The commonly used blue-white screening 
in detection of recombinant plasmids is 
based on α-complementation (Müller-
Hill and Kania 1974, Vieira and Messing 
1982).

The basis of α-complementation is 
that the deletion variants of β-galactosidase 
cannot form the activating interface, and 
thus only form inactive dimers. Each 
active site is made of parts of two subunits 
in separate dimers and is complete only 

after association of the α-peptide. The 
most commonly used α-donor variant is 
M15, which lacks residues 11-41 (Langley 
et al. 1975). As α-donors, peptides of 
different lengths can be used, for example 
ones containing residues 3-92 (Langley et 
al. 1975) or 3-41 (Welply et al. 1981).

5.2 JFC1 and Rab8A

JFC1 belongs to the family of 
synaptotagmin-like Rab effector proteins 
(Slp family) (Fukuda and Mikoshiba 2001, 
McAdara Berkowitz et al. 2001). This 62-
kDa protein is expressed in many, mostly 
secretory cell types (McAdara Berkowitz 
et al. 2001), and it has an essential role 
in exocytosis in prostatic secretory cells 
(Johnson et al. 2005a). Known interacting 
partners of JFC1 include at least the 
NADPH oxidase (McAdara Berkowitz et 
al. 2001), Akt protein kinase (Johnson et 
al. 2005b), and the small GTPases Rab8A 
and Rab27A (Strom et al. 2002, Hattula et 
al. 2006). 

JFC1 structure is characterized by a 
Rab-binding domain in the N-terminus 
(also called the Slp1 homology domain, 
SHD; Fukuda et al. 2001, Strom et al. 
2002) and a tandem C2 domain in the 
C-terminus (Figure 4A in IV; McAdara 
Berkowitz et al. 2001). This organization 
is common to the Slp protein family. 
The N-terminal SHD domain of JFC1 
is responsible for the Rab27A binding. 
SHD domains contain two α-helical SHD 
regions, 1 and 2, usually separated by a 
Zn2+-binding motif (Fukuda et al. 2001). In 
JFC1, however, the SHD1 and SHD2 are 
directly joined, and the Zn2+-binding motif 
is missing. The C2 domain participates in 
Ca2+-dependent binding of phospholipids 
and is essential in the association of the 
molecule to the plasma membrane (Rizo 
and Südhof 1998, Catz et al. 2002).
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Rab8A, one of the proteins that 
interact with JFC1, is a member of the 
large superfamily of small monomeric 
GTP-binding Rab proteins, which 
regulate several steps of cellular vesicle 
transport. So far, at least 70 Rabs have 
been described (reviewed by Zerial and 
McBride 2001, Jordens et al. 2005), along 
with a myriad of different effector proteins 
specifi c for different transport systems. 
The Rab proteins translocate between the 
cytosol and membranes, and this cycling 
is regulated via oscillation between active 
GTP-bound form and inactive GDP-
bound form. Active molecules are able 
to bind their various downstream effector 
proteins. Change of the bound nucleotide 
is refl ected in a change of conformation of 
the somewhat conserved switch regions 
near the N-terminus (reviewed by Pfeffer 
2005). The C-terminus participates in 
the membrane association via a lipid 
modifi cation. Rab8A is proposed to 
participate in cellular protein transport 
through reorganization of actin and 
microtubules, controlling cell shape 
(Peränen et al. 1996, Hattula et al. 2006). 

5.3 Mso1

Mso1 is a hydrophilic 29 kDa protein 
component of the membrane fusion 
machinery in yeast Saccharomyces 
cerevisiae (Aalto et al. 1997, Castillo-
Flores et al. 2005). Mso1 interacts with 
Sec1 (Aalto et al. 1997), forming a 
stable complex, and they seem to act as a 
functional pair in mediating exocytosis, the 
transport and fusion of vesicles destined  
for the plasma membrane (Castillo-Flores 
et al. 2005, Knop et al. 2005). Mso1 has 
some additional but weaker interactions 
with several components of the exocytotic 
SNARE complex (Knop et al. 2005), 
which plays a central role in membrane 
fusion. The precise function of Mso1 
remains unknown. Mso1 deletion mutants 
accumulate secretory vesicles in the bud, 
but are viable (Aalto et al. 1997). In 
contrast, Mso1 is essential in sporulation 
(Jäntti et al. 2002), more specifi cally in 
prospore membrane assembly (Knop et 
al. 2005). A short region in the Mso1 N-
terminal domain is necessary for the Sec1 
binding (Knop et al. 2005, study III).
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C. AIMS OF THE STUDY

Initially, Mu in vitro transposition was described already in the 1980s (Mizuuchi 1983, 
Craigie et al. 1985), and the reaction has been later further refi ned (Savilahti et al. 1995). 
Mu transposition was shown to be highly effi cient yielding insertions into a wider range 
of target sites in proportion to other transposition systems. Therefore, we hypothesised 
that Mu in vitro transposition could be an excellent tool for random mutagenesis and 
generation of large insertional libraries of DNA molecules. 

The aims of this study were:
 

1. to initially establish the suitability of Mu in vitro transposition reaction for use in 
a variety of molecular biology applications, and to analyse specifi c performance 
parameters: effi ciency, accuracy, and distribution of insertions into various target 
sequences

2. to develop Mu-based transposon tools for random protein engineering to be used 
in structure-function studies of proteins. More specifi cally, the aims were:
a. to design an effi cient system for pentapeptide scanning mutagenesis, i.e. a 

system to introduce fi ve amino acid insertions randomly into a protein
b. to develop an effi cient and comprehensive screening system for the 

pentapeptide insertion sites for use in detailed mapping of protein-protein 
interfaces

c. to develop a deletion strategy for the effi cient generation of nested sets of 
N- or C-terminally truncated protein variants

d. to validate the abovementioned systems by using the strategies in suitable 
analyses that would  also yield new valuable information on the proteins 
under investigation

Aims of the Study
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D. MATERIALS AND METHODS

The bacterial strains and plasmids used in the study are described in the original 
publications. The transposons are summarized in Table 3, and the detailed descriptions 
can be found in the publications as indicated. The experimental methods used in this 
study are found in detail in the original publications, and are summarized in Table 4.

Table 4. Methods used in this study

Table 3. Transposons used in this study

Transposon Marker Length Reference 
cat-Mu chloramphenicol acetyl transferase 1.25 kb Study I 
supF-Mu supF, amber suppressor tRNA 370 bp Study I 
cat-Mu(NotI) chloramphenicol acetyl transferase 1.25 kb Study II 
cat-Mu(Stop) chloramphenicol acetyl transferase 1.25 kb Study III 

                   Method Described and used in 
5´-radiolabelling and autoradiography I   IV
Agarose gel electrophoresis I II III IV
Bacterial transformations I II III IV
Βeta-galactosidase assay II   
Blue-white screening II  IV
CsCl gradient centrifugation I    
DNA sequencing and sequence analysis I II III IV
Electroelution I   IV
Genetic footprinting I   IV
HPLC I II III IV
In vitro transposition reactions I II III IV
Molecular cloning techniques I II III IV
PCR I   IV
Plasmid DNA isolation I II III IV
Protein binding assay  III  
Protein expression in bacteria II III  
Protein purification  III  
Restriction analysis I  III IV
SDS-PAGE II III  
Solubility assay of proteins II   
Southern blotting I    
Structural analyses of proteins II  IV
Urea-PAGE analysis of DNA I   IV
Western blotting  III  
Yeast two-hybrid screening   IV
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1. Construction of novel mini-
Mu transposons (I, II, III)

At the time this study was started, the 
requirements of the minimal Mu in vitro 
transposition reaction had been established. 
The only macromolecular components 
needed were transposon (donor) DNA, 
target DNA, and MuA transposase, and 
transposition had been shown to proceed 
effi ciently with short linear Mu R-end 
fragments as donors (Savilahti et al. 1995). 
Since the aim of the study was to establish 
Mu transposition-based molecular biology 
applications, selectable marker genes 
were placed between these transposon 
ends for the selection in bacterial cells of 
transposon integration events into plasmid 
targets, and performance of the reaction 
with these linear donors was investigated. 

The basis of the applicability of a 
transposition system as a molecular tool 
lies in I) suffi ciently high effi ciency of the 
reaction; II) accuracy; both transposon ends 
need to be integrated reliably into target, no 
target sequences are lost, and a target site 
duplication typical to transposition occurs 
faithfully; III) integration into relatively 
random sites within any target DNA. 

For the initial establishment of Mu 
integration parameters, we constructed 
two mini-Mu transposons, cat-Mu and 
supF-Mu. These elements carry either a 
chloramphenicol acetyl transferase gene 
(cat) or a supF tRNA gene as a marker 
between the 50-bp Mu right-end fragments 
that harbour the R1 and R2 transposase 
binding sites (Figure 1B in I). These 
markers allow selection of transposon 
integrant plasmids in bacterial cells.  The 
cat gene confers the cells resistant to 
the antibiotic chloramphenicol, and the 

E. RESULTS AND DISCUSSION

supF suppresses an amber translation 
termination mutation (UAG) generally 
residing within an antibiotic resistance 
marker gene in a plasmid in the host E. 
coli strain.

For special protein engineering 
applications, we constructed two additional 
artifi cial Mu transposons derived from cat-
Mu. In these transposons, some nucleotides 
at the end-most sequences were changed to 
engineer either a NotI restriction site (cat-
Mu(NotI) transposon) or translational stop 
codons in all three reading frames (cat-
Mu(Stop) transposon) at the very ends of 
the transposon (Figure 1 in III). 

The mini-Mu transposons were 
released from their respective plasmid 
backbones with BglII digestion and purifi ed 
by anion exchange chromatography 
for use as precleaved donors allowing 
effi cient formation of stable transposition 
complexes ready for strand transfer 
(Craigie and Mizuuchi 1987, Savilahti et 
al. 1995). The linear transposons contain 
4-bp overhangs on the non-transferred 
strands resulting from the BglII digestion 
(Figure 1 in III).

2. Performance of the Mu in vitro 
transposition system (I, II, III, IV)

2.1 Effi ciency

One of the most important criteria for 
a transposon tool is effi ciency, that is, 
the ability to be able to rapidly generate 
a large library of DNA molecules with 
transposon insertions at different locations 
from a reasonable amount of reaction 
compounds. The integration effi ciency 
of Mu transposons with wild type end 
sequences was evaluated by introducing 
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transposition products into bacterial 
cells by transformation and assessing 
the number of transformants following 
selection of transposon integrants. The 
artifi cial mini-Mu transposons with wild 
type Mu R-ends perform a highly effi cient 
transposition integration reaction into 
targets. With a donor concentration of 10 
nM in a standard 60-minute reaction, the 
yield of transposon insertions was 4-12% 
of the total plasmids recovered. From 1 μl 
of transposition reaction, approximately 
103 integrant clones were obtained (Table 
1 in I) by using standard competent cells 
(competence 106-107 cfu/μg plasmid 
DNA). 

The end-modifi ed transposons were 
expected to be somewhat less effi cient 
in integration due to some changed 
nucleotides within the transposon binding 
sites. These modifi cations were assumed 
to slightly weaken the protein-DNA 
interactions within the transposition 
complex. The LacZ´-Mu(NotI) transposon 
with a NotI modifi cation at its ends was 
shown to transpose with slower reaction 
kinetics than a similar transposon with 
wt Mu R-ends in an 80-minute reaction 
(Vilen et al. 2003). Still, more reaction 
products can be accumulated by extending 
the reaction time. We compared the 
reaction effi ciencies of cat-Mu(NotI) and 
cat-Mu(Stop) with the cat-Mu transposon 
carrying wild type ends in a 4h reaction 
by studying the number of transformants 
yielded when transposition products 
from each reaction were introduced into 
E. coli. The effi ciencies were 70% and 
10% of that of the wild-type transposon 
for cat-Mu(NotI) and cat-Mu(Stop), 
respectively (study III). Considering 
the very high effi ciency of the wild type 
transposon, the decrease is acceptable, and 
a satisfying amount of integrant clones for 
applicational purposes can be obtained in 

these conditions. The reaction effi ciency 
can be further enhanced by adding more 
transposon DNA and transposase in the 
reaction mixture. For example, we used 
four times higher concentrations of these 
components (4×) in a reaction with cat-
Mu(Stop) transposon, and the number of 
integrants obtained in these conditions 
approached the number of integrant clones 
obtained from a 1× standard reaction with 
cat-Mu transposon. If several of such 
transposition reactions are pooled and the 
reaction products are concentrated (by 
phenol extraction, ethanol precipitation, 
and resuspension in a small volume of 
water) before transformation into E. coli 
by electroporation, a single transformation 
may yield thousands of integrant clones 
if highly effi cient competent cells 
(competence ≥109 cfu/μg plasmid DNA) 
are available.

2.2 Accuracy

Accuracy seems to be an intrinsic property 
in all transposon systems. Transposons 
have to avoid damage to themselves by 
maintaining the precise transposon ends. 
Mu transposition has been shown to occur 
without deletions, and it produces a fi ve 
base pair duplication at the target site 
(Allet 1979, Kahmann and Kamp 1979). 
A complete integration must also involve 
joining of both transposon ends to opposite 
strands of DNA (Surette et al. 1991), as 
an insertion of a single transposon end 
would break the targeted DNA. Accuracy 
is essential to transposon applications 
as well, for example the pentapeptide 
insertion mutagenesis is based on a faithful 
target site duplication in order to produce 
insertions without frameshifting (Hallet et 
al. 1997). 

We fi rst analysed the frequency of 
one-ended transposon integration events 
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versus the normal two-ended insertions 
by using a radiolabelled supF-Mu as a 
donor in a transposition reaction into a 
plasmid target. The reaction products 
were analysed by gel electrophoresis and 
autoradiography. Also, the products were 
subjected to restriction analysis with an 
enzyme cutting once within the transposon 
sequence (AvaII) in order to distinguish 
between one- and two-ended integrations. 
Essentially all products were derived from 
two-ended integration events by a single 
Mu insertion in the reaction conditions 
used (Figure 2 in I). As a comparison, 
single-ended products were deliberately 
generated by using a mixture of wt MuA and 
an active site mutant MuAE392Q defective in 
the chemical steps of transposition (Baker 
and Luo 1994).

Mu can generate multiple integrations 
into the same target in the minimal in vitro 
conditions. In the reaction conditions used, 
the majority of transposition events were 
single insertions into the target (Figure 
2 in I). Further, we showed that multiple 
insertions into same target can be avoided 
by using a molar excess of target DNA in 
relation to donor DNA. 

Next, we wanted to confi rm the 
accuracy of the target site duplication in the 
minimal Mu in vitro reactions with linear 
donor DNA molecules and analysed the 
transposon integration sites by sequencing. 
In the four studies included in this thesis, 
approximately fi ve hundred transposon 
integrants were scrutinized altogether, and 
all of them contained an accurate fi ve base 
pair duplication. Also, in another study 
(Haapa et al. 1999), 71 sequenced Mu 
insertion clones all contained 5-bp target 
site duplications. Thus, considering the 
large amount of investigated clones, the 
Mu reaction can be regarded as highly 
accurate.  

2.3 Ability to integrate 
into different targets

For applicational uses, the distribution 
of transposon insertions into target DNA 
should be as random as possible. Mu is 
very potential in this regard, possessing 
one of the broadest target site selections 
among transposable elements (Mizuuchi 
and Mizuuchi 1993, Haapa-Paananen et 
al. 2002). Sequencing of a variety of Mu 
insertion sites of different Mu variants 
(see above) has confi rmed the fairly even 
distribution of Mu insertions within all 
targets used (Figure 3A in I, Figure 5 in 
II, Figure 3C in III, Supplementary fi gure 
S2 in IV). Also, the transposon orientation 
following integration was shown not to 
have any bias to either direction (study 
I). The total fi ne-scale distribution of 
insertions was further screened by a PCR-
based assay from a pool of supF-Mu 
transposon integrations in plasmid pBC 
SK+. The transposition reaction products 
were amplifi ed with one 5´-labelled target-
specifi c and one unlabelled transposon-
specifi c primer, the reaction products were 
separated in a PAGE gel, and detected by 
autoradiography. The analysis revealed 
that almost all of the phosphodiester 
bonds served as targets (Figure 3B in I). 
However, different sites are used at varying 
frequencies (Figure 3B in I, Figure 3B and 
C in II). Overall, although Mu seems to 
slightly prefer some target sequences, the 
distribution of insertions within a longer 
DNA region is expected to be fairly even. 

If a defi ned number of integrants are 
included in a screen, the number of unique 
insertions obtained is in relation to the 
number of clones screened and the length 
of the mutagenized DNA. In study II, an 
average frequency of insertions within the 
lacZα gene region among the clones studied 
was one hit per four base pairs. The same 
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frequency was observed also within the 
selection of mutants analysed in study IV. 
More unique insertion clones would have 
been possible to obtain by more extensive 
screening (Figure 3A in II).

We tested also whether DNA 
molecules with different conformations 
are suitable as target DNAs. We targeted 
Mu insertions into three different forms 
of plasmid DNA: supercoiled, relaxed, 
and linear. All these DNAs were equally 
effective as targets with no effect on 
effi ciency or target site selection (study I), 
showing that Mu can be used as a tool for 
mutagenesis of plasmids as well as DNA 
fragments or linear virus genomes. 

2.4 Comparison to other in 
vitro transposition systems

The above results indicate that the Mu in 
vitro system can be used as an effi cient 
tool for molecular biology applications. 
The system is now also available 
commercially, with current applications 
for DNA sequencing, linker insertion 
mutagenesis, and deletion mutagenesis 
of proteins. In vitro reactions of some 
other transposons have been developed 
as well, including the other commercially 
available systems based on Tn5, Tn7, and 
Ty1. The Ty1 transposition has the lowest 
insertion effi ciency while the others can 
be regarded as highly effi cient (Boeke 
2002). Mu is probably the most fl exible 
element in targeting to random DNA 
locations in vitro (see above). Although 
direct comparisons between the systems 
have not been published, both Tn5 and 
Tn7 seem to exhibit more selectivity of 
their target sites than Mu (Biery et al. 
2000, Ason and Reznikoff 2004). As Tn7 
requires three transposition proteins, the 
reaction conditions are somewhat more 
complex than those of Mu and Tn5, 

which both use only a single transposase 
protein. Also, an advantage of Mu is that 
the transposon seems to be very adaptable 
to various purposes tolerating nucleotide 
changes even within the transposon end 
sequences. 

3. Mu in vitro transposition 
applications in functional 
analyses of genes and proteins 

Our aim in this study was to develop Mu 
in vitro transposition-based applications 
for use as tools in molecular biology, and 
with the emphasis on protein engineering 
for functional mapping of protein-protein 
interactions. As previously mentioned, 
the utility of transposon tools is based 
on the rapid and easy production of 
comprehensive insertion mutant clone 
libraries with a wide range of targeted DNA 
sites. During this study, we developed 
a system for generating random fi ve 
amino acid insertions into proteins and a 
procedure for generating terminal deletion 
variants of proteins (see below). On the 
basis of the standard reaction and its 
parameters established in study I, a variety 
of other Mu-based molecular applications 
with different engineered transposons 
have been described as well. These 
include strategies for DNA sequencing, 
genome-wide functional mapping, fi nding 
new industrially relevant enzymes, and 
constructing gene-targeting vectors. The 
applications are listed in Table 5. The 
wide spectrum of different Mu-based 
applications illustrates the fl exibility of 
the Mu in vitro transposition system and 
proves its potential as a powerful and 
versatile multipurpose molecular tool.

The fi rst step in transposon 
applications is to collect a suffi cient 
amount of insertion clones, i.e. bacterial 
colonies selected with a transposon-
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Application Use References 

Delivery of primer binding sites DNA sequencing Haapa et al. 1999, Butterfield
et al. 2002

Functional mapping of viral 
genomes 

Kekarainen et al. 2002 Genetic footprinting 

Functional mapping of genome 
fragments, single genes or 
proteins 

Laurent et al. 2000, 
Rothenberg et al. 2001, 
Quinonez et al. 2003, study IV 

Functional mapping of viral 
genomes 

Kiljunen et al. 2003, Vilen et 
al. 2003, Krupovič et al. 2006 

Insertional mutagenesis genome-
wide 

Transpososome-assisted gene 
delivery into bacterial genomes 

Lamberg et al. 2002, Pajunen
et al. 2005 

Signal sequence trapping Becker et al. 2004 Screening of new potential 
industrially relevant proteins from 
microbes

Inserting strong promoters for 
inducible expression of flanking 
genome regions 

Leggewie et al. 2006 

Generation of null, potentially 
hypomorphic, and conditional 
alleles

Vilen et al. 2001 

Generation of gene knockouts  Zhang et al. 2005 

Construction of gene targeting 
vectors for transgenic animals 

Generation of gene knock-ins  Jukkola et al. 2005 

Detection and mapping of single-
nucleotide mismatches in DNA 

Diagnostics of genetic mutations 
or isolation of markers for 
population ecology and 
evolutionary studies 

Yanagihara and Mizuuchi 
2002, Orsini et al. in press 

Linker insertion mutagenesis of 
proteins 

Functional mapping of proteins Study II 

Generation of nested sets of 
terminal deletion variants 

Study III Deletion mutagenesis of proteins 

Deletion of single amino acids Jones 2005 

specifi c marker. In each study the number 
of colonies collected represented at least 
a 10-fold coverage of all base pairs of the 
target gene. The selection with antibiotics 
ensures that 100% of the selected plasmid 
clones contain a transposon insertion. 

The target genes to be mutagenized 
do not need to be cloned in special 
vectors. However, some vector features 
are essential to be considered. Generally, 
following the initial transposition reaction, 
it is recommendable to clone the target 
gene into a “clean” vector backbone to 

Table 5. Present applications of Mu in vitro DNA transposition

concentrate the insertions into the target 
gene only. Therefore, the vector should 
be large enough for proper separation by 
gel electrophoresis of the vector and the 
target gene. In addition, if the application 
involves further manipulations of the 
mutant plasmids by restriction digestions, 
the vector (and also target gene) either 
should or should not contain recognition 
sites of these particular, generally rare-
cutting enzymes, depending on the 
application.
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3.1 Functional genetic analysis (I)

Although our primary aim in this study 
was to develop protein engineering 
applications, the functionality of the 
Mu transposition system for random 
mutagenesis was initially verifi ed with 
a simple genetic footprinting assay. We 
compared two insertion mutant pools, 
unselected and selected for a function. As 
a test case we selected for plasmid pUC19 
replication functions. The essential DNA 
regions were localized by two different 
assays. First, we used a restriction analysis 
for simple and approximate localization of 
the functional region. The two mutant pools 
were subjected to restriction digestion 
and subsequent Southern hybridization 
with a transposon-specifi c radiolabelled 
probe (Figure 4 in I). The restriction 
fragments localizing to the functional 
region, the plasmid origin of replication, 
were underrepresented in the selected pool 
in relation to the unselected pool. In the 
second assay, the two mutant pools were 
PCR amplifi ed with one labelled target-
specifi c and one transposon-specifi c 
primer. The products were analysed by 
gel electrophoresis and autoradiography. 
The analysis revealed a clear footprint in 
the selected pool at the replication origin. 
Thus, the restriction digestion-based 
analysis offers a simple approximation 
of the functional regions, but the genetic 
footprinting assay with PCR yields a 
precise location of the essential DNA 
sites at nucleotide level resolution. The 
results obtained encouraged us to proceed 
with developing more specifi c protein 
engineering applications based on the Mu 
transposition system. 

3.2 Pentapeptide insertion 
mutagenesis (II,IV) 

Linker insertion mutagenesis offers an 
effi cient means for studying functional 
regions in proteins (Goff and Prasad 1991, 
see Introduction, section 4.1.1). Short 
linkers are inserted in random locations 
throughout the protein of interest, and 
the effects on protein function are 
evaluated. Traditional linker insertion 
mutagenesis strategies are based either 
on oligonucleotide linkers inserted into 
cleaved target DNA or on insertions 
delivered by site-directed mutagenesis. 
DNA cleavages can be produced by several 
techniques including utilization of existing 
restriction sites, DNaseI digestions, 
chemical cleavage methods, or sonication. 
These all have certain limitations: they 
are either limited to pre-existing sites 
within target DNA or are prone to 
unwanted deletions or duplications at the 
insertion site due to diffi cult controlling 
of the reaction conditions. Site-directed 
mutagenesis may also be used, but 
generating multiple insertions is laborious 
and time-consuming. 

The fi rst protein engineering 
application we developed for Mu in vitro 
transposition system was pentapeptide 
scanning mutagenesis, a tool for insertion 
of fi ve amino acid linkers randomly 
into proteins (Hallet et al. 1997, Hayes 
and Hallet 2000; see Introduction, 
section 4.1.1). The short insertions 
are accomplished by manipulation of 
transposition reaction products as a pool 
following the initial transposon insertion 
into a plasmid target containing the cloned 
gene of study (Figure 2A in II). One in vitro 
transposon-based pentapeptide insertion 
strategy has been described previously, 
(Tn7; Biery et al. 2000). However, a certain 
proportion of insertions produced by the 
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system contains translational stop codons. 
An advantage of the described Mu system 
is that all transposition events result in 
producing a similar type of insertion (in-
frame). 

In the Mu pentapeptide insertion 
mutagenesis procedure, we utilized 
the cat-Mu(NotI) transposon carrying 
modifi ed NotI restriction sites near the 
transposon ends (Figure 2B in II). The 
NotI digestion of the mutant library 
eliminates the transposon core sequences, 
and after recircularization of the plasmid 
backbone, only 15-bp insertions derived 
from the transposon ends and the target 
site duplication remain at the insertion 
site. These insertions are translated into 
fi ve amino acids when situated in protein-
encoding regions. An additional subcloning 
step may be included in the procedure in 
order to limit the insertions into the target 
region only.

The inserted pentapeptides belong to 
three different classes of sequences of a 
semi-variable composition, depending on 
the reading frame (Figure 2C in II). Ten 
invariable base pairs are derived from 
the transposon ends and contain the NotI 
restriction site, the rest comes from the 
duplicated target site sequence. What is 
important, any of the possible translations 
does not contain stop codons. The NotI 
restriction sites can be used for mapping 
the targeted sites by restriction analysis. 
Furthermore, the NotI sites can be used 
to introduce additional sequences such as 
epitope tags, protease cleavage sites, or 
whole protein domains.

We fi rst tested the insertion 
mutagenesis system with the well-known 
indicator protein, β-galactosidase, to see 
how the insertions can be used for probing 
essential regions involved in protein 
multimerization. Second, we developed 
an effi cient system for recognising 

protein-protein interfaces by screening 
pentapeptide insertion mutation libraries 
en masse and determined the essential 
region in the human JFC1 protein involved 
in Rab8A interaction (see below). Until 
now, the system has already been used in 
several additional protein studies, mainly 
for analysing regions mediating protein-
protein interactions (Fransen et al. 2005, 
von Nandelstadh et al. 2005, Grönholm et 
al. 2006). Also, general studies of protein 
regions involved in several different 
functions have been conducted by 
subjecting the mutant libraries to various 
genetic screens or selections (Taira et al. 
1999, Petyuk et al. 2004). Furthermore, 
the NotI restriction sites within the Mu-
specifi c insertions have been utilized by 
adding oligonucleotide linkers that encode 
hexahistidine or nuclear localization 
tags into the respective proteins (Yu and 
Schaffer 2006a, 2006b).

3.2.1 Validation of the system: 
functional analysis of β-galactosidase 
α-complementing domain (II)

Βeta-galactosidase was chosen as a model 
protein for the establishment of the Mu 
pentapeptide insertion scanning system on 
the basis of its properties as a well-known 
reporter protein (see Introduction, section 
5.1). The blue-white screening system 
allows easy visual detection of protein 
activity on bacterial plates, the activity can 
be correctly measured with established 
absorbance-based assays, and the structure 
has been solved at high resolution 
(Jacobson et al. 1994, Juers et al. 2000). 
In addition, β-galactosidase is a good 
model for protein-protein interactions: an 
inactive deletion mutant lacking parts of 
its N-terminus can be complemented by 
association with its separate N-terminal 
fragment to form an active enzyme, a 
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mechanism that forms the basis of blue-
white screening (Ullmann et al. 1967).

The α-complementing amino-terminal 
domain of β-galactosidase (here denoted as 
lacZα; including amino acids M2-K217) 
was used as target in the pentapeptide 
mutagenesis. This α-donor interacts by α-
complementation with the M15 deletion 
mutant (α-acceptor) of the protein encoded 
by the host E. coli strain to yield an active 
tetrameric enzyme. 

3.2.1.1 Analysis of the 
insertion sites and effects

In order to verify the applicability of 
the pentapeptide scanning mutagenesis 
system, we produced a library of DNA 
clones encoding lacZα fragments with 
random fi ve amino acids insertions and 
assayed the α-complementation activities 
of several isolated mutant proteins. From a 
large set of sequenced clones, we collected 
149 clones with different insertion sites, 
and these clones were used in subsequent 
analyses. Each clone was assayed for β-
galactosidase activity, protein expression, 
and protein solubility. 

The expression of the mutant proteins 
was analysed quantitatively by SDS-
PAGE. The levels varied only moderately 
for most of the clones, being between 70 
and 130% of the wild type expression. This 
indicated that in general the pentapeptide 
insertions did not signifi cantly interfere 
with the protein expression machinery of 
the host. 

The β-galactosidase activity of each 
insertion mutant was measured at 37°C 
by a colorimetric assay and scaled to the 
expression level (Table I and Figures 4 
and 5 in II). We observed no correlation 
between activity and expression level. 
Also, we assayed the solubility of the clones 
because the insertions may alter solubility 

and thus affect the activity analyses 
involving crude cell extracts. We lysed 
the cells and quantifi ed the distribution of 
the α-donor between soluble and insoluble 
fractions (Table I in III). We found no 
signifi cant correlation between solubility 
and activity, or solubility and expression 
level. This indicated that the activity assay 
results were not signifi cantly distorted by 
differences in protein solubility between 
clones.

About half of the clones exhibited 
activities comparable to that of the wild 
type protein and for some the activity 
was even higher. This indicates that the β-
galactosidase domain 1 generally tolerates 
insertions well without signifi cant effect 
on protein function. The result is in 
accordance with previous observations 
that protein structures are remarkably 
tolerant of short insertions, especially at 
loop regions but also within secondary 
structural elements (Vetter et al. 1996). 
Similarly, in our study on β-galactosidase, 
many of the neutral insertions were 
located in loops connecting α-helices or 
β-strands, but some were observed within 
the secondary structure elements or even 
at the protein core (Figures 5 and 6 in II). 
The results also show that the system may 
produce enzyme variants with somewhat 
elevated activities, demonstrated also with 
pentapeptide insertion mutagenesis studies 
of E. coli uridine phosphorylase (Oliva et 
al. 2004).

Globular proteins have two principal 
mechanisms to accommodate extra 
amino acid residues in their structures 
without major consequences. First, small 
deformations by formation of local bulges 
(“looping out”) are common at ends of 
secondary structures residing at the protein 
surface. Second, loop enlargements and 
helix extensions (translocations) produced 
by lateral displacement of the polypeptide 
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chain toward the protein’s exterior are 
favoured especially when the insertions 
are buried within the protein core (Sondek 
and Shortle 1992, Heinz et al. 1993, 
1994). If these rearrangements are not 
possible, the protein structure will be 
distorted. In general, protein regions that 
are more mobile tend to be less susceptible 
to insertions than rigid regions (Vetter et 
al. 1996).

The extreme ends of lacZα tolerated 
insertions without a signifi cant loss in 
activity; the region at the utmost N-
terminus of the protein perhaps due to its 
high fl exibility, and the C-terminal end 
because of its location mainly on the protein 
surface. Especially insertion tolerant 
regions were A42-P87 containing many 
α-helices and β-strands, and a loop region 
T101-G121. The region A42-Y123, which 
tolerated insertions well, resides mainly on 
the protein surface. Certain regions were 
especially susceptible to insertions; overall 
these were clustered at or close to the 
activating interface critical for formation 
of the active protein tetramer. The most 
insertion-sensitive region was G20-R37, 
known to be directly involved in domain-
domain and subunit-subunit interactions 
essential for α-complementation. The 
insertions within this region probably 
disrupt the proper interaction between 
α-donor and α-acceptor and eventually 
prevent tetramer formation. Other three 
regions sensitive to insertions included 
L125-G137, W153-G160, and S174-L184. 
The fi rst region involves one β-strand and 
one α-helix connected via a loop that faces 
toward the activating interface, and thus 
insertions within this region may affect 
tetramerization. The extra amino acids 
within the two β-strands of the second 
region are likely to distort the structure by 
misfolding of the two secondary structure 
elements. Insertion sites in the third 

sensitive region are mostly buried within 
the protein and probably somewhat alter 
the overall protein conformation. 

3.2.1.2 Screening of temperature-
sensitive variants

In-frame insertions have been shown to 
produce temperature-sensitive protein 
variants at a relatively high frequency 
(Goff and Prasad 1991). We screened for 
this property of all different clones by 
visually observing the β-galactosidase 
activity manifested as blue colour of 
bacterial clones grown on X-gal indicator 
plates at 28°, 37°, and 42°C. We scored 
the intensity of blue colour, which varied 
among the clones and directly refl ected the 
quantitatively measured β-galactosidase 
activity at 37°C. For most of the clones 
(140 of 149) the colour intensity was 
equal at all three temperatures. However, 
temperature-dependent differences in 
activity were observed in nine insertion 
mutant proteins (6%). The β-galactosidase 
activities of these clones were then 
assayed quantitatively at the three 
different temperatures (Table II in III). The 
results correlated with the visual activity 
scoring and thus verifi ed the temperature-
dependent phenotypes of these clones. 
Therefore, the results show that the system 
can be used for the relatively effi cient 
generation of conditional mutations.

3.2.2 High-precision mapping 
of protein-protein interfaces: 
JFC1 as a model protein (IV)

The next application we developed for Mu 
in vitro transposition in protein engineering 
is an extension of the previously described 
pentapeptide insertion mutagenesis 
strategy. An insertion mutant library can 
be used in a detailed en masse mapping 
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of regions essential to protein-protein 
interactions. This is accomplished by 
subjecting the insertion mutant library, 
encoding variants of a protein of interest, 
to yeast two-hybrid screening of a specifi c 
protein-protein interaction. The clones 
are divided into pools that have either 
retained or lost the specifi c interaction, and 
subjected to PCR-based mapping (genetic 
footprinting) of the insertion sites. 

The identifi cation of specifi c protein 
regions participating in various protein-
protein interactions has been limited by 
a lack of effi cient and accessible large-
scale scanning techniques. At present, 
precise regions involved in protein-
protein interactions have been studied 
by specifi c mutagenesis analyses (for 
example alanine scanning mutagenesis 
and deletion mutagenesis), analysis of 
chemically cross-linked proteins by mass 
spectrometry (reviewed by Trakselis et 
al. 2005), hydrogen-deuterium exchange 
experiments (reviewed by Hoofnagle et al. 
2003), protein footprinting by proteases 
(Jue and Doolittle 1985, Loizos and Darst 
1998) or hydroxyl radicals (Heyduk and 
Heyduk 1994), or structural analyses 
by NMR or X-ray crystallography. 
Mutagenesis and cross-linking techniques 
typically require laborious production of 
separate protein variants and some previous 
knowledge on the protein structure. 
Mass spectrometry, NMR, and X-ray 
crystallography, on the other hand, require 
special equipment and technical skills. We 
developed a system for comprehensive 
mapping of a protein at high resolution 
without the need to construct or isolate any 
mutants separately and without the need 
for structural information on the protein of 
study. The system is feasible for the study 
of any protein that is amenable to yeast 
two-hybrid screening, and the analysis can 
be performed in any standard molecular 
biology laboratory. 

Genetic footprinting (see Introduction, 
section 4.1.1.3) utilizes large-scale random 
transposon mutagenesis coupled with 
appropriate genetic selection(s) of a gene 
function to identify genes or gene regions 
essential to that function (Smith et al. 1995, 
Singh et al. 1997). A large set of mutants 
are produced and selected in parallel, and 
both selected and unselected DNA pools 
are analysed by PCR to locate important 
gene or genome regions. In our study, we 
used yeast two-hybrid screening instead of 
functional selection for the identifi cation 
of a functional protein-protein interaction, 
a method applicable to most proteins.

We demonstrated the feasibility of the 
system by mapping the Rab8A-interacting 
region of the 562-aa human JFC1 protein 
(see Introduction, section 5.2; Hattula et 
al. 2006). The interaction has previously 
been identifi ed in a yeast two-hybrid screen 
and confi rmed by several techniques both 
in vivo and in vitro (Hattula et al. 2006), 
but the region involved has not been 
characterized before. First, we produced 
a comprehensive pentapeptide insertion 
mutant library of JFC1 (Figure 1B in IV) 
and subjected the pool to a visual yeast two-
hybrid screening with Rab8A as a bait in 
order to distinguish the clones into classes 
according to the strength of the interaction 
(Figure 1C in IV). The insertion sites in 
each pool were located en masse by the 
PCR-based footprinting analysis (Figure 
1D in IV), and the sites in which the fi ve 
amino acid insertion alters the interaction 
were assessed in relation to the sequence 
and structural predictions of JFC1.

3.2.2.1 Yeast two-hybrid screening 
of JFC1-Rab8A interaction

Yeast two-hybrid screening is a powerful 
means for detecting whether two proteins 
interact with each other (Fields and Song 
1989). Βeta-galactosidase is commonly 
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used as a reporter protein in the two-hybrid 
system for visual detection of interacting 
proteins by blue-white screening. A JFC1 
pentapeptide insertion mutant library was 
produced that contained ~5×104 clones, 
and this was introduced into a suitable 
yeast two-hybrid strain along with a 
plasmid encoding Rab8A (Figure 1C in 
IV). The colour of a resulting colony 
indicated the strength of the interaction 
between a specifi c JFC1 insertion mutant 
and Rab8A: blue, pale blue, and white 
colour indicated strong, weak, and no 
interaction, respectively. We adjusted 
the growth conditions so that the result 
could be obtained directly from initial 
plating after transformation. In the chosen 
conditions, 92% of the JFC1 mutants were 
still able to interact with Rab8A despite 
the fi ve amino acid insertion. In 8% of the 
clones the interaction was either clearly 
reduced or totally lost. 

To verify the quality of the insertion 
library and the accuracy and location of 
the insertions, a selection of individual 
clones from the yeast two-hybrid screen 
(79 clones altogether) was initially 
analysed by subjecting the plasmids to 
restriction analysis and DNA sequencing 
(see also Results and discussion, sections 
2.2 and 2.3). Most of the insertions in the 
white colonies were located in the JFC1 
gene region corresponding to the SHD1 
domain, and in most pale blue colonies 
the insertions resided at or close to the 
same region (Figure 3, and Supplementary 
fi gure S2 in IV). This result suggested 
that the strategy can be used effi ciently to 
pinpoint the region essential to a protein-
protein interaction.

3.2.2.2 Mapping of the JFC1 
region of interaction with Rab8A 
by PCR-based footprinting

For the comprehensive analysis of the 
insertion mutant library, we devised a 
strategy to analyse a large number of 
mutants simultaneously. The insertion 
sites within the JFC1 mutant variants were 
located by PCR amplifi cation of mutant 
pools (Figure 1D in IV) and subsequent 
analysis by gel electrophoresis and 
autoradiography. The JFC1 gene regions 
from the mutant plasmid pools were 
initially amplifi ed with primers annealing 
to the vector part near the JFC1 ends. 
Shorter segments of these PCR products 
were subsequently amplifi ed with one 
fi xed vector-specifi c, biotin-labelled 
primer and one variable JFC1-specifi c, 
radiolabelled primer. These products were 
then bound to streptavidin beads, digested 
with NotI, which cuts within the 15-bp 
linkers inserted by Mu transposition, and 
subjected to denaturing PAGE analysis 
and autoradiography. 

First, we tested the feasibility of the 
footprinting step. Total insertion mutant 
pools (not subjected to screening) of 
100, 600, 1600, 6600, and 16600 clones 
were collected and the smaller pools 
were included in all larger pools. These 
pools were amplifi ed and analysed as 
described above; two different reactions 
were performed with JFC1-specifi c 
primers annealing at 22-nt intervals 
(Supplementary fi gure S1 in IV). The 
analysis confi rmed that the PCR step yields 
reproducible and specifi c amplifi cation 
products from the mutant pools and 
can be used for reliable mapping of the 
insertion sites. Also, we concluded that a 
moderate number of clones (~100-600) is 
optimal to be analysed in one reaction to 
obtain a clear result in PAGE analysis and 
autoradiography. 

Results and Discussion



37

Next, we performed the compre-
hensive mapping of pentapeptide insertion 
sites in the mutant library. The clones were 
divided into classes according to their 
ability to interact with Rab8A. We collected 
pools of blue (6×100 colonies), pale blue 
(35 colonies), and white yeast colonies 
(174) from the yeast two-hybrid screen 
(see above), indicating normal, weak, and 
no interaction, respectively.  The pools 
were subjected to PCR amplifi cations 
as above, except that the whole JFC1 
region was amplifi ed in 14 different 
PCR reactions, each with a unique JFC1-
specifi c primer annealing to the JFC1 
gene at approximately 120-bp intervals. 
This allowed high-resolution mapping of 
insertion sites along the entire length of 
the JFC1 gene. For the exact identifi cation 
of insertion sites, appropriate size markers 
and sequencing reactions were included in 
parallel in the denaturing PAGE analysis. 
The insertion sites in each pool are 
illustrated in Figure 3 and Supplementary 
fi gure S2 in study IV. 

3.2.2.3 JFC1-Rab8A interface and 
structural aspects of the interaction

The analysis of insertion sites produced 
very distinctive results with clear patterns 
in pools of weak and no JFC1-Rab8A 
interaction. Insertions at 48 unique 
locations abolished the interaction (white 
pool), and insertions at 33 discrete 
locations resulted in weakened interaction 
(pale blue pool). In the pool of normal 
interaction (blue pool), altogether 389 
unique insertion locations were identifi ed. 

The analysis yielded false positive/
negative cases at low percentage; ~1.5% 
of insertion sites were identifi ed in both 
white and blue pools. This was confi rmed 
by introducing the pools back into the 
yeast two-hybrid strain and calculating the 

number of resulting colonies with “wrong” 
colour. The tendency is typical to the yeast 
two-hybrid system, and the number of 
false cases is small enough not to distort 
the result of the analysis.

Almost all of the JFC1 mutants that 
had lost the ability to interact with Rab8A 
harboured insertion mutations in the N-
terminal SHD1 region (see Introduction, 
section 5.3), indicating that this region is 
primarily responsible for Rab8A binding. 
Most insertions within other protein 
regions, including SHD2 and C2 domains, 
preserved the interaction, suggesting that 
these regions are not directly involved in 
Rab8A binding. The SHD region is known 
to be responsible for Rab protein binding 
in general, and in JFC1 it is involved in 
binding of another Rab protein, Rab27A 
(Strom et al. 2002). The involvement 
of the N-terminal region of JFC1 in the 
Rab8A binding has subsequently been 
confi rmed also by pulldown experiments 
with truncated JFC1 variants (J. Peränen, 
unpublished results).

To illustrate the JFC1-Rab8A interface, 
we utilized secondary structure predictions 
along with structural information available 
on the complex between Rabphilin-3A and 
Rab3A (Ostermeier and Brunger 1999), 
proteins that are structurally similar to 
JFC1 and Rab8A, respectively (Figure 4A 
and B in IV). The SHD1 regions of JFC1 
and Rabphilin-3A share several identical 
amino acids, present also in other Rab8A-
binding proteins (Kuroda et al. 2002). The 
SHD1 region of JFC1 probably involves a 
long α-helix, and also the corresponding 
domain in Rabphilin-3A constitutes a 
34-residue α-helix which participates in 
both Rab3A and Rab27A binding (both 
phylogenetically similar to Rab8A; 
Kuroda et al. 2002). We analysed how the 
amino acids important for the JFC1-Rab8A 
interaction localize into the putatively 
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helical region (Figure 4C in IV) and how 
they are oriented in relation to Rab8A. 
Insertions that abolish the interaction were 
located all over the helix, and we assume 
that insertions at any location within the 
helix break the amino acid side chain 
interactions essential to Rab8A binding.

3.3 Terminal deletion 
mutagenesis of proteins (III)

Nested deletion fragments are useful 
especially for probing regions involved in 
protein-protein interactions (Ostermeier et 
al. 2002; see Introduction, section 4.1.2). 
Deletion variants of cloned genes have 
traditionally been constructed by partial 
exonuclease digestions (Jasin et al. 1983) 
or restriction enzyme digestions (Dennis 
and Zylstra 2002). These techniques 
have limitations, however: controlling 
endonuclease digestions may be diffi cult, 
and restriction digestions are limited to 
existing recognition sites within the target 
DNA. Deletion constructs can be also 
produced by PCR-based methods, but as all 
different variants have to be manufactured 
individually, it is not feasible to screen a 
large amount of deletion clones needed 
for mapping of large target proteins or for 
detailed analysis of any protein of interest. 
The previously described transposon-
based systems (see Introduction, section 
4.1.2) developed for the production of 
protein deletion variants utilize mostly 
in vivo transposition, but also an in vitro 
system based on the Tn5 reaction has been 
reported (York et al. 1998). However, 
this intramolecular transposition system 
generates N-terminal protein fragments 
only, and less than 70% of the products 
are true deletion constructs. In addition, 
intramolecular transposition requires 
special vectors.

We developed a Mu-based strategy for 
the generation of comprehensive libraries 
of different terminal deletion variants of 
proteins. A large set of protein fragments 
from either N- or C-terminus can be 
produced in a single reaction series based 
on the Mu system. For the production 
of mutant libraries encoding N- and C-
terminal protein fragments we used the 
cat-Mu(NotI) transposon and the cat-
Mu(Stop) transposon, respectively, both 
end-modifi ed variants of a Mu transposon 
encoding the cat gene for selection of 
integrants (Figure 1 in III). 

The initial steps for producing the two 
libraries are similar than in pentapeptide 
mutagenesis (Figure 2 in III): transposon 
insertion into a plasmid target containing the 
cloned target gene and subsequent cloning 
as a pool of the target region harbouring 
transposons into a vector backbone. At 
this stage, the constructions for N-terminal 
fragments were ready because irrespective 
of the transposon orientation, the stop 
codons at the cat-Mu(Stop) transposon 
ends directly interrupt protein synthesis 
at the insertion site. All clones will be 
translated from the common initiation 
codon, and thus, they all represent true 
deletion products. Some clones will, 
depending on the reading frame, encode 
one to three extra amino acids to the C-
terminus of the fragment. The composition 
of these residues is dictated by the original 
sequence. It is assumed that such short 
insertions will not signifi cantly affect the 
biological function of the protein variants, 
at least in comparison with the effects of 
deletions themselves. 

The C-terminal library was 
completed by NotI digestion and plasmid 
recircularization in order to eliminate 
the transposon core together with the 5´-
distal coding region of the target protein, 
assuming that the vector contains unique 
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NotI restriction site between the translation 
initiation site and the 5´-end of the cloned 
target gene (Figure 3 in III). The original 
translation start signal is retained in all 
clones, and the encoded protein products 
are variable C-terminal fragments, 
depending on the transposon insertion site. 
Because a random number of nucleotides 
are deleted, one third of the C-terminal 
fragments are translated in the correct 
reading frame. Therefore, suitable clones 
must be screened before further analyses. 
However, the high effi ciency of the system 
still guarantees that a suffi cient number of 
different deletion variants are generated. 

3.3.1 Deletion mutagenesis of Mso1

To validate the performance of the deletion 
mutagenesis system, we investigated 
which region in the yeast Mso1 (Aalto et 
al. 1997) participates in the interaction 
with Sec1p (see Introduction, section 5.3). 
We produced two comprehensive libraries 
encoding either N- or C-terminal protein 
deletion variants of Mso1p. A selection 
of isolated clones from each library was 
subjected to restriction analysis, which 
demonstrated a variation in length of 
particular restriction fragments, confi rming 
a successfully generated deletion series 
(Figure 3B in III). The locations of the 
deletion joints in 23 clones encoding N-
terminal fragments and 45 encoding C-
terminal fragments were subsequently 
fi ne-mapped by sequencing. Among this 
selection of samples, there were 20 and 
35 unique clones encoding N- and C-
terminal deletion variants, respectively. Of 
the N-terminal variants, 27% maintained 
the correct reading frame, which is in 
reasonable agreement with the 33% 
theoretical yield.

3.3.1.1 Purifi cation of Mso1 variants 
and Mso1-Sec1 binding assay

A set of Mso1 deletion variants was 
purifi ed for the Sec1 binding assay by 
metal affi nity chromatography via the 
His6-tags located in the N-termini of the 
fragments (Table I and Figure 4A in III). 
Seven N-terminal and fi ve C-terminal 
fragments were purifi ed along with the wt 
protein (Figure 4B in III). 

The Sec1-interacting region in Mso1 
was fi nally located by analysis of the 
ability of the deletion fragments to bind 
Sec1. The His6-tagged fragments were 
bound onto Ni-NTA agarose resin, and 
overexpressed Sec1 from the soluble 
fraction of yeast lysate was allowed to 
bind the Mso1 fragments. The presence 
or absence of Sec1 bound was analysed 
by immunoblotting using an antiserum to 
Sec1 (Figure 4C in III). 

3.3.1.2 Analysis of the 
Mso1-Sec1 interface

The results of our analysis indicate that 
within Mso1, the most important amino 
acids for the Sec1 interaction are located 
between residues T46 and N78 (Figure 4A 
in III). Some residues at region E79-N105 
probably are involved in the interaction 
as well, although they seem to be non-
essential for binding. These results were 
in agreement with the previous results of 
Mso1-Sec1 interaction studies in that the 
47 amino acids from the C-terminus of 
Mso1 had been shown to be dispensable 
for the interaction (Aalto et al. 1997). 
A subsequent study involving in vivo 
analyses of functionally important domains 
of Mso1 has further confi rmed the results: 
the important region was located between 
residues E38 and E58 (Knop et al. 2005).
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This study demonstrates the utility of the 
Mu in vitro DNA transposition reaction 
in various molecular biology applications 
with emphasis on protein engineering. The 
Mu in vitro system is simple and requires 
only few specifi c reaction components, 
including only one protein species that 
catalyses the reaction. The Mu transposon 
DNA was shown to be very malleable. 
Only short Mu-specifi c ends are required, 
and any DNA segment can be placed 
between them. Even the Mu ends tolerate 
subtle nucleotide changes, still being 
able to assemble into transposition 
complexes and perform effi cient 
transposition reactions. The system was 
shown to produce accurate insertions into 
essentially random locations within any 
target DNA molecule, i.e. the transposon 
insertions are not accompanied with any 
unpredicted deletions or insertions. Due 
to the high integration effi ciency of Mu, 
comprehensive libraries of insertion 
mutant clones can be generated in a single 
in vitro reaction. If needed, the reaction 
products can easily be further manipulated 
as a pool. Based on these properties of 
Mu transposition, applications for random 
mutagenesis of proteins were developed 
that will be useful especially in structure-
function studies of proteins.

The Mu in vitro transposition-based 
pentapeptide insertion mutagenesis system 
was developed for the generation of 
exhaustive protein libraries with randomly 
distributed fi ve amino acid insertions. These 
insertion libraries can provide important 
insight into for example protein structure-
function relationships, regions involved 
in different activities of multifunctional 
proteins, or regions that are insensitive to 
short insertions. First, the performance of 

the Mu insertion mutagenesis system was 
evaluated by probing the β-galactosidase 
α-complementation, i.e. a series of 
mutations was generated into the α-
complementing domain of the protein, and 
the complementation activity of the mutants 
was evaluated. The analysis pointed out the 
critical region for protein oligomerization 
and other regions that were sensitive to 
insertions, although overall the insertions 
were well tolerated. Thus, the system can 
effi ciently be used for the detection of 
protein oligomerization interfaces. Also, 
a relatively high proportion of the protein 
variants display temperature-sensitive 
phenotypes.

In addition, we developed an effi cient 
screening system for the pentapeptide 
insertion variants for high-precision 
mapping of protein-protein interfaces. 
The developed system integrates the Mu 
pentapeptide insertion mutagenesis with 
parallel analysis of a large number of clones 
on yeast two-hybrid platform and PCR-
based genetic footprinting. The protein-
encoding clone variants can be handled as 
pools, making the production or isolation of 
single clones unnecessary. This allows the 
analysis of a substantial number of protein 
variants in parallel. As a proof of principle, 
the system was evaluated by analysing the 
region in JFC1 that interacts with Rab8A. 
The comprehensive screening of protein 
variants showed that the region involved 
was the Slp homology domain 1.

Furthermore, we established a Mu-
based system for the production of nested 
deletion libraries of proteins. Either an N- 
or C-terminal deletion library of the protein 
of interest can be produced effi ciently. 
The system yields a comprehensive set 
of different deletion constructs, and the 
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mutant variants can be used in structure-
function studies of proteins, especially 
for mapping regions involved in protein-
protein interactions. The system was 
evaluated by producing N- and C-terminal 
deletion libraries of the yeast Mso1 
protein, and the region essential for Sec1 
interaction was determined.

Mu in vitro DNA transposition 
has become a versatile tool in various 

molecular analyses. In addition to 
the protein engineering applications 
described in this study, many other uses 
of Mu have already arisen (Table 5). Mu 
transposition technology is continuingly 
being developed as a tool for different 
purposes in mutagenesis of either single 
genes or proteins, longer DNA segments, 
or genomes.
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