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Abstract 
Transposable elements (TEs) have had immense impact on the structure, 

function and evolution of eukaryotic genomes. The work in this thesis 

identified Kat1, a novel domesticated DNA transposase of the hAT family in 

the yeast Kluyveromyces lactis with a biochemical activity very similar to 

Rag1/2 recombinase in the mammalian immune system. Kat1 triggers a 

genome rearrangement that results in a switch of mating type from MATa to 

MATα. Furthermore, Kat1 acts on sequences that presumably are ancient 

remnants of a long-lost transposable element. Therefore, Kat1 provides a 

remarkable example of the intricate relationship between transposable 

elements and their hosts. We showed that Kat1 generates two double strand 

breaks (DSBs) in MATa and that the DDE motif and several other conserved 

amino acid residues are important for Kat1 cleavage activity. DNA hairpins 

were formed on one end of the DSBs whereas the DNA between the DSBs 

was joined into a circle. Kat1 was transcriptionally activated by nutrient 

limitation through the transcription factor Mts1 and negatively regulated by 

translational frameshifting. In conclusion, Kat1 is a highly regulated 

domesticated transposase that induce sexual differentiation.   

In another study, we developed an assay to measure switching rates in K. lactis 

and found that the switching rate was ~6x10-4 events/generation. In a genetic 

screen for mutations that increased mating-type switching, we found 

mutations in the RAS1 gene. The small GTPase Ras1 regulates cellular cyclic 

AMP levels and we demonstrated that Mts1 transcription is regulated by the 

RAScAMP pathway and the transcription factor Msn2. Since Ras activity is 

regulated by nutrient availability, these data likely explains why nutrient 

limitation induces mating-type switching. 
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Introduction 

1. Kluyveromyces lactis  

The milk yeast Kluyveromyces lactis is a unicellular eukaryotic organism 

belonging to the phylum Ascomycota and to the family of 

Saccharomycetaceae (budding yeasts). As we can guess from its name, it has 

the ability to convert lactose into lactic acid. K. lactis has six chromosomes 

(A to F) that vary in size between 1 to 3 Mb (Schaffrath and Breunig 2000). 

Whole Genome Sequencing (WGS) of K. lactis in 2004 revealed that the 

genome size is 10.72 Mb with approximately 5,100 protein encoding genes, 

162 tRNA genes and 251 RNA genes (Dujon et al. 2004). The mitochondrial 

DNA is a circular molecule with a size of about 40 kb (Zivanovic et al. 

2005). Kluyveromyces lactis and Saccharomyces cerevisiae diverged from 

each other prior to the Whole Genome Duplication (WGD) more than 100 

million years ago. This means that K. lactis has fewer redundant genes 

compared to S. cerevisiae (Wolfe and Shields 1997; Gordon et al. 2011). The 

life cycle of K. lactis is similar to S. cerevisiae. However, in contrast to S. 

cerevisiae, K. lactis is a mostly haploid yeast with an unstable diploid phase. 

Like S. cerevisiae, K. lactis has two distinct mating types, known as a and α. 

Each haploid cell with a defined mating type can mate with cells having the 

opposite mating type to form a diploid cell. Nutrient limitation induces 

mating in K. lactis (Herman and Roman 1966; Barsoum et al. 2010). During 

nitrogen and carbon starvation, the resulting diploids can go through meiosis 

to produce four haploid spores. The spores can then germinate once 

environmental conditions improve. If the diploids are supplied with 

nutrients, they can undergo a vegetative cycle, which is asexual. Under 

optimal conditions (in rich medium at 30Co), the approximate generation 

time is 80 minutes (Rodicio and Heinisch 2013). 

2. General information about mating types and mating-type 

switching in yeasts 

Sexual reproduction in eukaryotes is classified into three groups based on 

gamete size and motility: Isogamy involves equally sized and shaped 

gametes, differing only in allele expression in one or more mating-type 

regions. Because both gametes look alike, they cannot be distinguished as 

females or males that refers to "sexes". Instead they are designated as 

"mating types", which is prevalent in fungi. Anisogamy contains large and 

small gametes. Oogamy includes large immotile eggs and small motile 
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sperm, prevalent in metazoans (Parker et al. 1972; Bell 1982; Hoekstra 1982; 

Hoekstra 1990; Togashi and Paul Alan Cox 2011). 

In many yeasts, including S. cerevisiae and K. lactis, when there is no 

opposite sex partner in the vicinity, some haploid cells in a population can 

change their mating type. This process is called homothallism (self-

fertilization) or mating-type switching. Next, the switched cell can mate with 

an opposite mating partner already present in the population and produce 

diploid cells (self-diploidize). The diploid cells can go through meiosis and 

form spores during nutrient limitation (Haber 1992; Haber 1998; Haber 

2012). In K. lactis and S. cerevisiae, the sporulation process normally 

generates four haploid spores, the products of a single meiosis, which are 

kept in close proximity by a spore-sac (the ascus).  

It has been argued that mating-type switching is causing spore germination 

to be reversible. This is very important in the context of low spore viability 

as well as low efficient meioses, when only one viable spore is produced (the 

"lonely spore scenario”) or when the spores in the asci become physically 

separated from each other. In this scenario, mating-type switching may allow 

the single spore to ascertain the quality of environments. In poor 

environments haploid spores can undergo repeated cycles of germination, 

switching, mating and meiosis (re-sporulation). In contrast, in species 

incapable of changing mating types, spore germination is irreversible and the 

spore continues mitotic growth until it encounters the opposite mating 

partner. Consequently, in the absence of opposite mating partner and under 

harsh environmental conditions, this germinated spore will die (Herskowitz 

1988; Gordon et al. 2011). During mating type switching, only a haploid cell 

without lethal mutations can produce a completely isogenic haploid cell 

except for the mating type locus. Consequently, when these two vital haploid 

cells mate, they can create a homozygous diploid with lower than average 

deleterious mutations. Thus, in this context, mating-type switching can 

provide the advantage of eliminating recessive deleterious mutations in the 

diploids (Keeling and Roger 1995; Rusche and Rine 2010).  

2.1. Mating types and mating-type switching in S. cerevisiae 

Most of our knowledge about mating-type switching comes from extensive 

studies of this process in S. cerevisiae, which has been going on for about 

half a century. The mating type is determined by a single locus known as 

MAT. The MATa allele defines the a-cell type whereas the MATα allele 

defines the α-cell type. The genes present in the mating type (MAT) loci 
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encode transcription factors that control the expression of cell type-specific 

genes necessary for mating. Many yeasts have extra copies of the mating 

type genes at the hidden MAT right a (HMRa) and hidden MAT left alpha 

(HMLα) loci. These extra copies are not expressed, but are used as donors 

during the mating-type switching process, in which a MATa cell can convert 

to a MATα cell, and vice versa. In S. cerevisiae, the MAT locus is located in 

the middle of the right arm of chromosome III. The MAT locus is divided 

into five regions (W, X, Y, Z1, and Z2) (Fig. 1) of which several are shared 

between the MAT, HML and HMR loci. The difference between MATa and 

MATα, is only several hundred base pairs of sequences entitled Ya (643bp) 

and Yα (748bp), respectively. During switching, Y sequences at the MAT 

locus is removed and exchanged with DNA copied from Y sequences either 

at the HML or HMR loci. Hence mating-type switching is a programmed 

DNA rearrangement process (Wu and Haber 1996; Haber 1998; Haber 

2012).  

 

Figure 1. Genomic organization of the S. cerevisiae MATα and MATa loci (modified 

from (Haber 1998)). Arrows indicate the direction of transcription. MATa and MATα 

differ by their Y region.  

2.1.1 Regulation of mating type specific gene expression  

The different alleles present at the MAT locus cause the altered gene 

expression between the diverse cell types which leads to different 

phenotypes. MATα encodes two proteins, MATα1 and MATα2 (Fig. 2).  

MATα1 is a transcriptional co-activator that interacts with the transcription 

factor Mcm1 and binds to the promoters of α-specific genes (αsg) thereby 

activating the transcription of αsg including α-factor, and Ste2, the a-

pheromone receptor. The binding of 1 and Mcm1 to the promoter is not 

sufficient to activate the transcription of sg, but activation also requires the 

recruitment of Ste12 (Yuan et al. 1993). Both of the transcription factors 

Mcm1 and Ste12 are present in all three cell types. MATα2 is a 

homeodomain protein that interacts with the transcription factor Mcm1 and 

acts as a transcriptional repressor for a-specific genes including a-factor 

(MFa1and MFa2) and Ste3, the α-pheromone receptor. This repression 

requires the recruitment of Tup1-Ssn6 complex (Bender and Sprague 1987; 
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Herskowitz 1989; Smith and Johnson 2000; Haber 2012). MATa cells 

encode the a1 and a2 genes. The MATa1 gene encodes a homeodomain 

transcription factor. The key point for the regulation of asg is that the MATa 

locus does not express an activator for asg and the activation is 

accomplished by the collaborative binding of Ste12 and the Mcm1 dimer to 

the promoters of the asg (Hwang-Shum et al. 1991; Primig et al. 1991). The 

absence of the 2 repressor complex in a cells allows the asg to be 

expressed. The role of the a2 gene is not known and in S. cerevisiae. This 

gene is assumed to be producing a noncoding RNA (Herskowitz 1988).  

In a/α diploid cells, the MATα2 and MATa1 proteins form a heterodimer 

that acts as a transcriptional repressor for haploid-specific genes (hsgs). Hsgs 

include the MATα1 gene, genes encoding proteins required for the 

pheromone signal transduction pathway, a repressor of meiosis (RME1; 

repressor of meiosis 1) and the NEJ1 gene (nonhomologous end-joining 

protein 1) (Goutte and Johnson 1988; Dranginis 1990; Goutte and Johnson 

1993; Goutte and Johnson 1994; Li et al. 1998; Kegel et al. 2001; Haber 

2012) . This regulatory scheme is a “simple” example of combinatorial 

control of gene expression. 

 
Figure 2. Regulation of mating type specific genes in the different cell types in S. 

cerevisiae (modified from (Madhani 2007; Haber 2012)).  

a- specific genes are in blue, α- specific genes are in purple and the haploid specific 

genes are in yellow. Mcm1, Matα2 and Ste12 are depicted as a pink oval, a purple 

oval and a green square respectively. See text for the details. 

 

2.1.2. Donor preference and the role of the Recombination Enhancer 

During mating-type switching in Saccharomyces cerevisiae, both MAT 

alleles recombine with the opposite allele almost 90% of the time, i.e. MAT 

preferentially pairs with HMRa and vice versa. This phenomenon is called 
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donor preference. Donor preference is regulated by the Recombination 

Enhancer (RE), located 17 kb from HMLand 171kb from MAT. Because 

the RE is active in MATa cells, they preferentially recombine with HMLα. In 

MATα cells, usage of HML as donor is repressed by binding of MATα2-

Mcm1 to the RE sequence. This binding in turn inhibits the binding of 

activator proteins to the RE (Klar et al. 1982; Wu et al. 1998; Haber 2012). 

Consequently, the MATα2-Mcm1 complex recruits the Tup1 repressor to the 

RE, which inactivates the RE. When the RE is inactive the HMRa locus is 

preferentially used as donor by a default mechanism that is poorly 

understood. In contrast, in MATa cells, after induction of the DNA double 

strand break (DSB), several molecules of forkhead protein 1 (Fkh1p) binds 

to the RE and a single copy of Swi4/Swi6 (SBF) transcription factor (Fig. 3) 

(Coic et al. 2006). The FHA domain of Fkh1 interacts physically with 

phosphorylated threonine residues mostly created by casein kinase II on 

proteins in the vicinity of the DSB at MAT. This results in that the active RE 

brings HML close to the DSB at MATa while HMRa remains 100 kb away. 

Next as a consequence of the induced DSB in MATa, histone H2A is 

phosphorylated by the Mec1 and Tel1 kinases generating gamma-H2AX. 

Formation of γ-H2AX is quickly distributed around the RE region and 

includes almost 50kb of the chromatin (most of the left arm of chromosome 

III). Phosphorylation of H2A (γ- H2AX) is a conserved histone modification 

between yeasts and metazoans and it occurs rapidly after induction of DSBs. 

The γ- H2AX has functions in assembling the DNA repair proteins as well as 

recruiting chromatin modifying enzymes (e.g., histone acetyltransferases) to 

facilitate the subsequent steps of the repair associated with the double-strand 

break (Sun et al. 2002; Li et al. 2012; Lee et al. 2014).  
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Figure 3. Regulation of donor 

preference in  Saccharomyces 

cerevisiae (Modified from (Coic et 

al. 2006)). (A) In MATα cells, the 

recruitment of the general repressor 

Tup1 to RE by Matα2-Mcm1 

complex inactivates RE and leads to 

the selected use of HMR. (B) 

In MATa cells, binding of Mcm1, 

SBF and Fkh1 proteins to the RE 

changes the nucleosome position and 

activates the RE. Active RE results in 

the preferred usage of HML. 

 

 

 

 

 

2.1.3. Molecular mechanism of mating-type switching in S. cerevisiae 

In both MATa and MATα haploid cells, mating-type switching is initiated by 

a site-specific DSB induced by the HO endonuclease at the junction of Y and 

Z regions. To repair this double-strand DNA break, first the MRX (Mre11–

Rad50–Xrs2) complex interacts with Sae2 and starts resecting the DSB ends 

by 5′ to 3′ endonuclease activity of the Mre11 subunit, generating short 3′ 

single-stranded DNA (ssDNA) overhangs (Fig. 4). To create long 3′ ssDNA 

tails, extensive 5′-3′ resection must be continued by the exonuclease Exo1 

and/or the Sgs1–Dna2 helicase-nuclease pair (Paques and Haber 1999; 

Haber 2012; Cannavo and Cejka 2014; Shibata et al. 2014). In the next step, 

the 3’ ssDNA tails are coated with the recombination-promoting Rad51 

protein to create a nucleoprotein complex (a helical filament). The Rad51 

filament finds homologous sequences and invades either the HMLα or 

HMRa loci. For switching from MATa to MATα, HMLα must be invaded by 

the Rad51 and ssDNA complex, whereas for switching from MATα to 

MATa, HMRa is the target of strand invasion. Strand invasion results in 

formation of a displacement (D) loop between homologous sequences of the 

donor and the 3′ -single-strand tailed DNA in the MATZ region. Then the 3′ 

end of the invading strand is used to prime DNA synthesis of Y sequences at 

one strand of the donor locus. Next, the newly synthesized strand is 



16 
 

dissociated from the template so it can anneal with the homologous 

sequences on second end of the DSB. The 3′-ended nonhomologous tail is 

clipped off by the Rad1/Rad10 flap endonuclease and the new 3′ end is used 

as a primer to begin a second strand of DNA synthesis, finishing the 

substitution of Y sequences at MAT by Y sequences at the donor. Thus the 

MAT locus receives all the newly synthesized DNA while the DNA 

sequences in the donor remain unchanged, defining this process as a gene 

conversion. This DNA repair pathway is called Synthesis dependent strand 

annealing (SDSA). Switching is a surprisingly slow process that takes about 

an hour to complete (Paques and Haber 1999; Haber 2012; Sugawara and 

Haber 2012).  

 

Figure 4. The molecular steps of mating-type switching in S. cerevisiae. The figure 

is modified from (Haber 2012). See text for details. 

2.2. Mating-type switching in K. lactis 

Similar to S. cerevisiae, K. lactis has three mating type cassettes consisting 

of the MAT locus and the two cryptic loci (HMRa and HMLα). However, 

there are several dissimilarities in mating-type switching between K. lactis 

and S. cerevisiae. In K. lactis, the MAT and HMRa loci are located on 

different chromosomes (MAT and HMLα on chromosome C and HMRa on 

chromosome B). Moreover, both MATα and HMLα encode an extra gene 
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called α3, which is not present in most other yeast species (Åström et al. 

2000) and that the MATa2 gene is encoding a high mobility group 

transcription factor. Another striking difference is that mating-type switching 

in this yeast functions without a functional HO endonuclease. Interestingly, 

the K. lactis genome contains a HO pseudogene (Fabre et al. 2005). 

Furthermore, the mating-type switching frequency is very low compared to 

S. cerevisiae and it is induced under low nutrient conditions (Herman and 

Roman 1966). A DNA binding protein, Mts1 (Mating-type switching 1) 

which is the orthologue of Rme1 in S. cerevisiae, induces mating type 

switching in K. lactis (Barsoum et al. 2010; Barsoum et al. 2011). Mts1 also 

regulates directly hsgs expression and is required for K. lactis mating (Booth 

et al. 2010). Finally recent studies have revealed that two different 

domesticated transposable elements (TEs) are inducing mating-type 

switching; one TE promotes switching in MATa and the other one in MATα 

cells (Barsoum et al. 2010; Rajaei et al. 2014).  

2.2.1. Mating-type switching from MATα to MATa 

The K. lactis MAT, HMRa, and HMLα loci share common flanking 

sequences on both sides of the loci called the L (left) and R (right) repeats. 

These repeats act as homologous blocks for resolving recombination 

intermediates during mating-type switching (Fig. 5a) ( Åström et al. 2000).  

In MATα cells, the DNA binding protein Mts1binds to two sites close to the 

L-repeat. Deletion of these binding sites drastically reduces switching, 

showing that the direct binding of Mts1 to MATα is important to induce 

mating-type switching. Transcription of the MTS1 gene is induced in low-

nutrient conditions. The level of the MTS1 mRNA was seven-fold higher 

when cells were grown in Synthetic Complete (SC) medium compared to 

rich medium, YPD (Yeast extract, Peptone and Dextrose) (Barsoum et al. 

2010). This is correlated with the early observation that mating-type 

switching is induced in low-nutrient conditions (Herman and Roman 1966). 

Next the 3 protein, related to mutator-like (MULE) transposases, creates 

DSBs or at least facilitates DSBs formation at sites flanking the MATα3 

gene. This results in that the MATα3 gene is excised as a circular DNA 

molecule from the MATα locus (Fig. 5b). This DNA circle is derived from 

MATα because deletion of the junction sequences at MATα abolishes circle 

formation as well as mating-type switching. The MATα3 circular DNAs are 

lost in the following cell cycles, because they lack an origin of replication. 

The DSBs at MATα are repaired by gene conversion through the SDSA 

http://en.wikipedia.org/wiki/Yeast_extract
http://en.wikipedia.org/wiki/Peptone
http://en.wikipedia.org/wiki/Dextrose
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pathway, as already described for S. cerevisiae using mostly HMRa as a 

donor.  

Surprisingly, deletion of HMLα3 not MATα3 eliminates switching from 

MATα to MATa (Barsoum et al. 2010). This is a peculiar finding as HMLα3 

should be transcriptionally silenced whereas MATα3 should be expressed. It 

is likely that HMLα3 is not completely repressed and even a low level of 

expression is adequate for its function in mating-type switching. 

Alternatively, nutrient limitations that prompts mating-type switching also 

induces HMLα3 expression. Thus, during switching it is possible that α3 is 

expressed only from the HMLα3 locus, but not from the MATα3 locus. It is 

still unknown how HMLα3 can be expressed and not targeted for excision 

during mating-type switching. However, it is likely that higher order 

chromatin structures generated by Sir-proteins protect HMLα3 from being 

excised (Barsoum et al. 2010; Rusche and Rine 2010).   

 

Figure 5. (A)  Genomic organization of the K. lactis HMLα and HMRa loci 

(modified from (Åström et al. 2000)). Arrows show the direction of transcription 

and the L and R boxes represent the shared repeated sequences between the HML, 

HMR and MAT loci. (B) Model for mating-type switch from MATα to MATa in K. 

lactis (modified from (Barsoum et al. 2010)). See text for details. 

2.2.2. Mating-type switching from MATa to MATα 

The result section of this thesis focuses on how mating-type switching 

occurs from MATa to MATα. Here I just provide a brief overview. 
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We identified a gene that is critical for mating-type switching from MATa to 

MATα in Kluyveromyces lactis. The gene is called KAT1 (K. lactis hAT 

transposase 1), because it shares homology with hAT-transposons. Kat1 acts 

on sequences that probably are ancient remnants of a long-lost transposable 

element. Kat1 creates two DSBs in the intergenic region between MATa1 

and MATa2. Two DNA hairpins were generated on the flanking ends of the 

DSBs whereas the DNA in between the two DSBs was joined into a circular 

molecule. Homologous recombination induced by the DSBs using the HMLα 

locus as donor causes a switch of the cell type from MATa to MATα  (Rajaei 

et al. 2014). 

2.3. Evolution of mating-type switching in yeasts 

Among Fungi, the ability to change mating types exists only in yeasts 

(unicellular fungi) and has evolved independently at least three times (Lee et 

al. 2010; Hanson et al. 2014). The examples given above from S. cerevisiae 

and K. lactis both rely on a three-locus mechanism where two copies of 

cryptic information is used as donors of mating type information. Recently, a 

simpler, possibly more ancestral, two-locus system was discovered.  In the 

methanol-assimilating (methylotrophic) species Hansenula polymorpha and 

Pichia pastoris in the subphylum Saccharomycotina, two MAT loci, MAT1 

(α cell type) and MAT2 (a cell type) are present on the same chromosome. 

The chromosomal location of MAT1 and MAT2 appear to regulate their 

transcriptional status, with only one locus being actively expressed, possibly 

as a result of juxtapositioning to centric or telomeric heterochromatin. Upon 

nutrient starvation, mating-type switching is induced by a reversible 

chromosomal inversion between these two MAT loci (the two-locus flip- flop 

model). This leads to that a new set of genes are present in the expressed 

locus hence completing the switch of mating type. Speculatively, the family 

of Saccharomycetaceae, including S. cerevisiae and K. lactis, diverged from 

an ancestor with a two-locus flip-flop mechanism and acquired two silent 

cassettes to form the three cassette structure for mating-type switching that 

we observe today (Hanson et al. 2014; Maekawa and Kaneko 2014). 

Moreover, three MAT-like loci in the family of Schizosaccharomycetaceae 

including Schizosaccharomyces pombe appeared independently during 

evolution. The fission yeast (S. pombe) is usually haploid having an unstable 

diplophase. It has two mating types: P (plus) and M (minus). All three 

mating-type loci are located on the same chromosome and are composed of 

an active mating-type cassette, mat1 (containing either the P or M allele) and 

two silent cassettes, mat2P or mat3M as donors.  Each cassette is flanked by 
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common homologous sequences. Upon nutrient starvation, coupling of 

replication with recombination drives mating type switching. Mating-type 

switching is initiated by an imprint (RNase-sensitive modification) at the 

mat1 locus. One or two RNA residues (imprints) are formed by pausing of 

the replication fork during lagging-strand synthesis. When this strand is used 

as a template for the next round of replication, this results in pausing and 

blocking of leading-strand replication and formation of a chromatid 

terminated by a DSB. This DSB is repaired by gene conversion replacing the 

mat1 locus with a copy from either the mat2 or mat3 donor loci, causing 

mating-type switching (Kaykov and Arcangioli ; Beach 1983; Vengrova and 

Dalgaard 2004; Yamada-Inagawa et al. 2007). 

The species containing the three-cassette structure show variations in the 

organization of the MAT-containing chromosome. Possibly because of errors 

during mating-type switching the genes that reside very close to the MAT 

locus on the Z side have been removed, truncated or occasionally transposed 

to other places in the genome during evolution. An extensive analysis 

showed that during the 100–200 million years since the WGD, about 44–60 

MAT-neighbouring genes in different post-WGD species has been deleted. 

Large deletions can be explained by redundancy of genes in post-WGD 

species, even though some small deletions and truncations are also reported 

in non-WGD species (Gordon et al. 2011). Moreover, it has been shown that 

the MAT and HML loci are always on the same chromosome. It was 

suggested that natural selection maintains these loci on the same 

chromosome, because of the location of the recombination enhancer (RE) 

between HML and MAT and the role of the RE in regulation of donor 

preference as described for S. cerevisiae above (Sun et al. 2002; Li et al. 

2012). The HO protein evolved from a homing endonuclease of the VDE 

family (a mobile genetic element) (Gimble and Thorner 1992; Keeling and 

Roger 1995; Belfort and Roberts 1997; Dalgaard et al. 1997) after the 

appearance of the three-cassette structure in S. cerevisiae and related species 

such as C. glabrata, Saccharomyces castellii, and Zygosaccharomyces rouxii 

(Butler et al. 2004; Koufopanou and Burt 2005). K. lactis has a degenerate 

HO gene (Fabre et al. 2005), suggesting that the α3 and Kat1-dependent 

switching mechanism arose later (Barsoum et al. 2010; Rajaei et al. 2014).  
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“It might seem unfair to reward a person for having so much pleasure, over the 

years, asking the maize plant to solve specific problems and then watching its 

responses”. 

McClintock statement about her Nobel Prize in Physiology or Medicine in 1983 

(Ravindran 2012) 

3. Transposable elements and the C-value paradox 

Kat1 and α3 induce mating-type switching in K. lactis and since both of 

them are related to transposable elements, here I provide a brief review of 

transposable elements. 

In the late 1940s Barbara McClintock discovered that the instability of 

pigmentation in maize was caused by chromosome breakage induced by 

jumping genes that moved from one locus to another in the genome (Mc 

1950). Over the next several decades, it became clear that such transposable 

elements (TEs) are prevalent in both eukaryotic and prokaryotic organisms 

and have pronounced impact on eukaryotic genome evolution (Fedoroff 

2001). TEs make up a large fraction of the C-value (genome 

size) of eukaryotic cells. For example, almost half of the human genome 

consists of TEs and their remnants (Lander et al. 2001). However, only a 

minor portion of these elements are still active (Mills et al. 2007). It has been 

noticed that genome size does not correlate with the observed complexity of 

an organism (C-value paradox) (Eddy 2012). It is likely that a large part of 

this paradox can be explained by different amounts of (mostly) 

inactive/decaying TEs. As an example, the genome of the Norwegian spruce 

is 100-fold larger than the Arabidopsis genome, but the number of genes 

encoded by the two genomes are roughly equal. This seems to be the result 

of the steady accumulation of TEs in the spruce genome (Nystedt et al. 

2013).  

3.1. Classification of transposons 

TEs are classified into two major groups based on their transposition 

mechanisms (Table 1). Class I or retrotransposons (RNA-transposons) move 

from their original location in the genome through an RNA intermediate 

using a cDNA copy of the element (copy and paste). This class of 

transposons creates an extra replicate of the TE causing accumulation of 

potentially fitness-reducing insertions in the host genome. Class II or DNA-

transposons are usually mobilized by direct excision of the elements and 

insertion into new positions (cut and paste) (Curcio and Derbyshire 2003). 

Both classes of TEs are present as either autonomous or non-autonomous 

http://en.wikipedia.org/wiki/C-value
http://en.wikipedia.org/wiki/Eukaryotic_cell
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elements. An autonomous TE can be mobilized by itself in the genome, 

because it encodes for all the necessary enzymes for mobilization and 

integration, while the non-autonomous TEs cannot be mobilized by 

themselves because they lack the transposase gene. Mobilization of the non-

autonomous TE is dependent on a transposase protein encoded by another 

TE (Sinzelle et al. 2009). In this thesis, DNA-transposons are going to be 

further addressed. Depending on the generation of single- or double-stranded 

DNA breaks during the transposition process, DNA-transposons are further 

classified into two subclasses. Most DNA transposons belong to the subclass 

I (cut-and-paste subclass) which generates DSB during transposition. 

Eukaryotic cut-and-paste TEs are classified into different superfamilies 

mostly based on sequence similarity of the transposase. Nineteen eukaryotic 

cut-and-paste transposon superfamilies are recognized in Repbase, a 

database of eukaryotic repetitive elements (Jurka et al. 2005). One of the 

largest superfamilies consists of the hAT transposons, named after discovery 

of the three active transposons: hobo from Drosophila melanogaster (Streck 

et al. 1986) Ac from maize (Mc 1950), and Tam3 from snapdragon (Hehl et 

al. 1991). The cut-and-paste transposases are characterized by terminal-

inverted repeats (TIRs) of variable length flanking a single gene encoding a 

transposase. They are also distinguished by target site duplications (TSDs) 

which are short DNA sequences (2-10bp) from host DNA that are duplicated 

during chromosomal insertion. TSDs are produced because transposases 

creates staggered cuts in the target DNA, followed by DNA-repair by the 

host to complete the transposon’s integration. The length and/or sequence of 

the TSDs reflects the enzymatic cleavage properties of transposases and can 

be used to characterize each superfamily (hAT TSD: 8-bp) (Craigie and 

Mizuuchi 1985; Kapitonov and Jurka 2001; Pritham et al. 2007; Sinzelle et 

al. 2009). Recently a new group of cut-and-paste transposons called Spy was 

identified that does not generate TSDs, but integrates exactly between host 

5′-AAA-3′ and 5′-TTT-3′ nucleotides, without deletion and duplication of 

the target sequence. Probably this is due to the generation  of blunt-ended 

DSB at each end of the transposon and joining as non-sticky end products 

into the target DNA (Han et al. 2014). The second subclass of DNA 

transposons cut only single strand DNA during mobilization. This subclass 

contains two superfamilies: Helitrons and Mavericks (Polintrons) (Kapitonov 

and Jurka 2001; Wicker et al. 2007). Helitrons do not contain TIRs. They 

can replicate DNA via a rolling circle mechanism similar to the rolling circle 

replication of some bacterial plasmids (Feschotte and Wessler 2001). 

Consequently, they do not create TSDs during insertion (Wicker et al. 2007). 
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Polintrons are considered as a self-replicative superfamily, because they 

encode DNA polymerase, integrase, cytosine protease and packaging 

ATPase. In contrast to Helitrons, Polintrons contain both TIRs and TSDs 

(Kapitonov and Jurka 2006; Pritham et al. 2007). The subclass II of DNA 

transposons is not going to be further addressed in this thesis. 

Table 1. A summary of the classification of transposable elements 

 

 

 

 

Transposable 

elements 

Class I (retrotransposons or RNA transposons) 

Class II (DNA transposons) 

Subclass I Subclass II 

- Transposition via generation 

of DSBs. 

 - Contains 19 superfamilies 

including hAT superfamily (e.g., 

Hermes and Kat1), Mutator-like 

elements (MULEs) superfamily 

(e.g., α3) and Transib 

superfamily (e.g., Rag1) 

- Mobilization via 

generation of DNA 

single strand break,  

- Contains two 

superfamilies: 

Helitrons and 

Mavericks 

(Polintrons) 

 

3.1.1. Transposases contain a catalytic DDE/D-motif 

To understand transposition mechanisms and the evolutionary origin of 

DNA transposons, characterization of the catalytic domain is essential. DNA 

transposases mediate the cut and paste transposition reaction through their 

two functional domains: a DNA-binding domain (DBD) that recognizes and 

binds to the transposon ends (TIRs and/or subterminal sequences) and a 

catalytic domain that mediates both the DNA cleavage and strand transfer 

steps (Sinzelle et al. 2009). All eukaryotic cut-and-paste transposase 

superfamilies contain the DDE/D domain (Yuan and Wessler 2011). The 

DDE/D motif consists of two aspartic acid (D) residues and a glutamic acid 

(E) residue (or a third Asp), located in a conserved core to provide 

carboxylates to interact with a metal ion in the active site. The DDE-

enzymes catalyze two chemical reactions which I will describe later in the 

mechanism of transposition of hAT transposases. 

Point mutations in the catalytic DDE motif of Hermes (Zhou et al. 2004) and 

Kat1 (Rajaei et al. 2014) from the hAT superfamily as well as α3 from the 

Mutator-like elements (MULEs) superfamily (Barsoum et al. 2010) and Rag1 

from Transib superfamily (Kapitonov and Jurka 2005) abolish formation of 

DSBs and the transposition reactions. Thus the conserved DDE/D domain is 
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crucial for transposase activity (Zhou et al. 2004). Besides conservation of 

DDE/D domain in the cut-and-paste transposons (subclass I), there are 

several highly conserved residues between the second D and the E/D that 

form a “signature string” that is specific to each superfamily. The conserved 

DDE/D domain in all eukaryotic cut-and-paste TE superfamilies suggests 

that they have a common evolutionary origin (Yuan and Wessler 2011).  

3.1.2. Mechanism of transposition of hAT transposases 

Most of our knowledge about the transposition of the hAT superfamily is 

gained from the detailed studies of this process in Hermes. Hermes moves 

through the “cut out, paste in” mechanism. Transposition in Hermes involves 

inducing DNA double-strand breaks, cutting out the transposon from the 

donor site and formation of hairpins on the flanking donor-site DNA. It has 

been shows that the RNaseH-like catalytic domain, insertion domain and N-

terminal intertwined dimerization domain catalyze the chemical steps of 

transposition (Fig. 6a) (Zhou et al. 2004; Hickman et al. 2014). In the first 

step of transposition each monomer of the Hermes transposase binds to the 

outmost subterminal repeat (a short 5bp sequences) within the transposon 

ends through the BED-type zinc finger domain (Hickman et al. 2014). The 

BED-domain includes 78 N-terminal amino acids with a conserved CCHH 

or CCHC motif (Aravind 2000). Then two monomers form a dimer as a 

catalytic unit. Next two dimers assemble as a tetramer and two tetramers 

form a catalytic complex as an octameric ring. Formation of the octamer ring 

is believed to increase the efficiency of DNA binding by bringing multiple 

BED domains into the centre of the ring to recognize repeated subterminal 

sequences within the transposon ends. Only the octamer is active in vivo, 

although dimers can generate DSBs in vitro proposing a key role for the 

octamer for coordinating all the chemical steps of transposition. Once the 

octamer complex is formed, the transposon ends are positioned into the 

centre of the octamer ring and cleaved (Fig. 6b) (Hickman et al. 2014). For 

cleavage a divalent cation (Mg2+ or Mn2+) must bind the DDE motif. The 

catalytic site of the transposase hydrolyses a water molecule to provide a 

nucleophile to attack and initiate nicking on the 5' end of the transposon 

generating free 3’-hydroxyls. Second, the exposed 3’ hydroxyl attacks the 

phosphodiester bond on the complementary strand of the DNA duplex. This 

results in that the flanking DNA is covalently joined to form a hairpin (Fig. 

6c) (Zhou et al. 2004; Hickman et al. 2005). 
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This cleavage mechanism, generating a hairpin on the flanking host DNA, is 

unique to hAT transposases (e.g., Hermes and Kat1) and the Rag1/2 

recombinases. Thus hairpin formation on the flanking host DNA links 

transposition of hAT elements and V(D)J recombination (Zhou et al. 2004; 

Lu et al. 2006; Rajaei et al. 2014). 

 

 

Figure 6. (A) Domain organization of Hermes transposase (modified from (Hickman 

et al. 2014)). BED domain is in pink, intertwined dimerization domain is in blue, 

and RNaseH-like catalytic domain is in green with the DDE motif indicated and 

insertion domain is in orange. (B) A schematic drawing of the Hermes octameric 

ring , cleavage and the target DNA joining in the presence of the DNA transposon 

(modified from (Hickman et al. 2014)). LE1 to LE3 and RE1 to RE3 are depicted for 

subterminal repeats within the transposon left and right ends respectively. (C) The 

mechanism of nicking, hairpin formation and target-joining in Hermes transposase 

(modified from (Zhou et al. 2004)).  

3.2. Domestication of transposable elements 

There are many examples of DNA transposons that have been adopted to 

perform functions that are beneficial for the host. This evolutionary process 
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is termed molecular domestication or exaptation. Domesticated TEs are 

usually present as single copy in the genome, compared to wild transposons 

that often have multiple copies. Domesticated TEs have often lost their 

terminal inverted repeats (TIRs) and target site duplications (TSDs). Thus, 

domesticated TEs cannot mediate transposition of their own genome 

(Sinzelle et al. 2009). 

A thoroughly-studied example of a domesticated transposon is the RAG1/2 

proteins essential for V(D)J-recombination in lymphoid cells (Jones and 

Gellert 2004). These proteins originated from a TE related to transib 

elements. RAG1 gene domestication was critical for the evolution of 

adaptive immunity (Kapitonov and Jurka 2005). Other examples of 

domesticated transposases include acquisition of the HO gene from a 

homing endonuclease (a transposable element) in S. cerevisiae (Gimble and 

Thorner 1992; Keeling and Roger 1995; Belfort and Roberts 1997; Dalgaard 

et al. 1997; Butler et al. 2004; Haber and Wolfe 2005) and α3 from a 

MULE-family transposase (Barsoum et al. 2010) and Kat1 from a hAT-

transposase in K. lactis (Rajaei et al. 2014). Furthermore, HIM-17 in C. 

elegans which has a crucial function for double-strand break and chiasma 

formation as well as accumulation of histone H3 dimethylation during 

meiosis is domesticated from P-element–like transposase (Reddy and 

Villeneuve 2004; Bessler et al. 2007). Another fascinating examples is 

domestication of the PiggyBac-like transposases in the genomes of two 

oligohymenophorean ciliates, Tetrahymena thermophila and Paramecium 

tetraurelia. In these species the domesticated TEs are indispensable for the 

programed genome remodelling which is initiated by DSBs and followed by 

DNA elimination (Vogt et al. 2013).  

There are several cases in which transposases are recruited as transcriptional 

regulators. Daysleeper, a hAT-like transposase in Arabidopsis thaliana binds 

to the upstream region of the DNA repair gene Ku70 and regulates 

expression of several genes (Bundock and Hooykaas 2005). Another 

example is far-red impaired response 1 (FAR1) and far-red elongated 

hypocotyls 3 (FHY3) in plants. They both derive from Mutator-like 

transposases (MULEs) and have both DNA binding and transcriptional 

activation domains that are highly conserved in MULEs (Hudson et al. 

2003). TEs also can act as specific DNA binding proteins. For instance, 

centromere binding proteins in fission yeast and mammals are derived from 

the pogo DNA transposon family and have important roles in 

heterochromatin formation at the centromeres (Casola et al. 2008). There are 
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also cases when TEs donate regulatory sequences present in their TIRs (e.g., 

the association of Tf retrotransposons insertions with pol II promoters in S. 

pombe) (Bowen et al. 2003). A recent study shows that during early 

development of pregnancy in mammals, many genes that were originally 

expressed in other tissues, are highly expressed in the inner lining of the 

uterus for responding to hormones and to promote immune tolerance. 

Mapping of the regulatory regions (e.g., enhancers and promoters) in the 

human uterine lining cells that had been stimulated by the hormone 

progesterone, revealed that 194 ancient mammalian transposon families were 

enriched in regulatory regions in these cells. This suggests that ancient TEs 

could broadly regulate and re-organize expression of many genes during the 

evolution of mammalian pregnancy (Lynch et al. 2015). All these examples 

demonstrate that during evolution, domestication of mobile genetic elements 

is common and have occurred numerous times for facilitating genome 

rearrangements as well as performing diverse functions in host cells.  

3.3. Transposable elements and sexual reproduction 

It was suggested that the spread of TEs through populations is promoted by 

host sex. The notion is that the conjugation of a TE-containing gamete with a 

TE-free gamete can result in the acquisition of a new copy of the element in 

the zygote by transposition. In other words, sexual reproduction allows the 

parasitic TE to propagate in populations. In contrast, in asexual populations 

spreading should be less efficient and one would expect that this may result 

in populations free of these elements (Hickey 1982). These predictions have 

been supported to some extent by several studies. For example, asexual 

Daphnia species have fewer DNA transposons compared with sexual 

Daphnia species (Schaack et al. 2010). Moreover, asexual Bdelloid rotifers 

show reduced numbers of retrotransposon compared with sexual relatives 

(Arkhipova and Meselson 2000). Sexual reproduction by providing the 

advantage of meiotic recombination in each generation as well as spreading 

TEs among lineages in a population has prominent impacts on the dynamics 

of TE evolution (Wright and Finnegan 2001; Schaack et al. 2010). Another 

aspect of Hickey’s idea is that when the mobile elements induce sexual 

reproduction in cells that they are located in, they can spread more 

efficiently in the population (Keeling and Roger 1995). HO in S. cerevisiae, 

and α3 and Kat1 in K. lactis originated from selfish DNA and promote 

mating-type switching, hence providing real-life examples supporting this 

view. It will not be surprising if other domesticated TEs will be discovered 

that have a role in promoting mating-type switching in other yeasts.  
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4. Ribosomal frameshifting 

Because in one of the articles included in this thesis, we characterized a 

programmed -1 frameshift in KAT1 gene, here I would like to describe 

ribosomal frameshifting. A "ribosomal frameshift" is an 

alternative translation of an mRNA by changing the open reading frame 

usually during translational elongation. When the ribosome slides back one 

nucleotide on the mRNA sequence, it is called a "-1 frameshift". Skipping 

one nucleotide results in appearance  of  a "+1 frameshift" (Atkins and Björk 

2009). In programmed frameshifting events, the frameshifts are part of the 

biology of the mRNA being translated and hence considered to be adaptive 

(Farabaugh 1996). Many examples of programmed frameshifts have been 

documented in viruses. A thoroughly studied -1 frameshift event occurs in 

the HIV-virus (Jacks et al. 1988b), where the stoichiometry of the Gag and 

Pol gene products are regulated by frameshifting. In this case, the HIV-virus 

requires more Gag protein (translated prior to the frameshift) then Gag-Pol 

fusion protein, which is the result of the frameshifting event. The eukaryotic 

-1 frameshifting sites usually consists of a “slippery” sequence (Brierley et 

al. 1992) which is a heptamer motif  X XXY YYZ, where the XXX means 

any three identical nucleotides; YYY depicts AAA or UUU; Z represents A, 

C or U; and spaces separate zero-frame codons. A widely accepted model for 

frameshifting is the tandem slippage model (Jacks et al. 1988a), where the 

peptidyl site (P-site) anticodon re-pairs from XXY to XXX, hence 

maintaining the codon-anticodon interaction, except for the wobble position. 

The aminoacyl site (A-site) tRNA also re-pairs from YYZ to YYY. 

Generally, the frameshifting efficiency of such heptanucleotide slippery 

sequences is low (<1%) in the absence of additional stimulatory elements. 

The stimulatory elements consist of  mRNA secondary structures such as 

pseudoknots or stem-loops and they are typically found downstream of the 

slippery sequence (Brierley et al. 1989). These mRNA secondary structures 

are separated from the slippery sequence by a spacer, characteristically 5-9 

nucleotides long. This places the stem-loop/pseudoknot at the beginning of 

the mRNA entry channel of the ribosome when the stimulatory effect is 

exerted. This results in a translational pause that provides enough time for 

codon-anticodon re-pairing. Frameshifting efficiency including stimulatory 

elements can reach up to 60% depending on the particular system (Jacobs et 

al. 2007). 

There are several examples of bacterial insertion sequences (e.g., IS1 and 

several members of IS3 family) that use frameshifting to control the 

http://en.wikipedia.org/wiki/Translational_frameshift
http://en.wikipedia.org/wiki/Translation_(biology)
http://en.wikipedia.org/wiki/MRNA
http://en.wikipedia.org/wiki/Open_reading_frame
http://en.wikipedia.org/wiki/MRNA
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production of transposase as well as the transposition activity (Chandler and 

Fayet 1993; Sekine et al. 1994). It has also been shown that in S. cerevisiae, 

Ty3 elements contain two overlapping open reading frames, GAG3 and 

POL3, which are functionally similar to retroviral gag and pol genes, 

respectively. Translation of GAG3-Pol3 fusion protein and transposition 

activity of this retrotransposon is reliant on a +1 programmed frameshift at 

the overlap site between the two genes (Farabaugh 1995). It is proposed that 

Ty3 programmed ribosomal frameshift efficiency as well as Ty3 

transposition are regulated in response to glucose signalling pathway (Turkel 

et al. 2011). Furthermore, we discovered that a -1 programed frameshift 

limits the activity of Kat1 transposase (Rajaei et al. 2014). Thus, the activity 

of transposases can be regulated through programmed ribosomal frameshifts. 

5. The nutrient-stress response in yeast  

Since nutrient limitation stimulates switching in K. lactis and one of the 

articles included in this thesis characterize this regulation, I feel obliged to 

describe the complex nutrient sensing pathways in yeasts. All cells are 

adapted to responding to environmental stresses such as nutrient limitation, 

heat shock, oxidative agents, changes in osmolarity and pH. These 

environmental stress responses (ESRs) involve considerable alterations of 

the transcription of many genes (Gasch et al. 2000; Causton et al. 2001). In 

S. cerevisiae, two important components of the ESRs are the transcription 

factor Msn2 and its partially redundant paralog Msn4. These transcription 

factors interact with stress response elements (STRE) in regulatory regions 

through the zinc-finger DNA binding domains in their C-termini (Martinez-

Pastor et al. 1996; Gasch et al. 2000). It has been shown that there are two 

short conserved structural motifs in the Msn2 transcriptional-activating 

domain (TAD). These motifs are important for regulation of Msn2 nuclear 

translocation and transcriptional activity during the stress response (Sadeh et 

al. 2012). Under normal (non-stress) conditions, Msn2 and Msn4 are actively 

exported from the nucleus to the cytoplasm by the Msn5 exportin. Their 

import into the nucleus is inhibited because their nuclear localization 

signals (NLSs) are directly phosphorylated by protein kinase A (PKA) 

(Gorner et al. 1998; Gorner et al. 2002; Santhanam et al. 2004; De Wever et 

al. 2005). Under stress conditions, Msn2 and Msn4 are rapidly translocated 

into the nucleus, as a result of inhibition of PKA and activation of protein 

phosphatase 1 (PP1) and the Snf1 adenosine-monophosphate (AMP)-

activated kinase (Garmendia-Torres et al. 2007; Gonze et al. 2008; Hao and 

O'Shea 2012; Hao et al. 2013; Petrenko et al. 2013). In the nucleus, binding 
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of Msn2 to the STREs, 5'-CCCCT-3', leads to changes in transcription of 

genes adjacent to these sites (Marchler et al. 1993; Martinez-Pastor et al. 

1996). There are almost 3000 STREs in the.S. cerevisiae genome, however 

only a portion of these act as binding sites for Msn2 and each cell has only 

100–200 Msn2 molecules. Thus, it seems that fast dynamics of Msn2 

localization can facilitate binding of single Msn2 molecules to multiple sites 

within the genome. Moreover, many of these sites are probable blocked by 

positioned nucleosomes that inhibit access to Msn2 (Ghaemmaghami et al. 

2003; Liu et al. 2009; Elfving et al. 2014). Recently, by applying genome-

wide chromatin immunoprecipitation and nucleosome profiling, it was found 

that binding of Msn2 to promoters revealed both common and specific 

responses to stress. For example, there is an overlap between many of the 

Msn2-binding sites identified upon nutrient limitation and those recognised 

after oxidative stress. However, there were also stress-induced Msn2 binding 

sites occupied after nutrient limitation that were absent after oxidative stress. 

It was suggested that there is a dynamic interaction between nucleosomes 

and Msn2. It means that in some cases, nucleosome positioning (e.g., well-

positioned nucleosomes) can block or restrict access of Msn2 to its binding 

sites whereas in other cases, Msn2 can recruit chromatin modifiers and 

remodelling proteins to change nucleosome positions and alter gene 

expression. Due to these dynamic interactions, Msn2 can both promote gene 

activation by disclosing the promoter regions and also repress gene 

expression by blocking promoter regions. In this way, cells can distinguish 

between different types of stress signalling (Elfving et al. 2014). 

5.1. The cAMP-PKA pathway and the nutrient limitation response 

The Ras-cAMP signaling pathway has an important role in 

activation of Msn2 in response to nutrient starvation (Petrenko et al. 2013). 

In yeast, production of cAMP is activated by glucose signals. This pathway 

functions in regulation of many cellular processes, such as carbon storage 

and metabolism, nutrient sensing, cell proliferation and stress responses 

(Thevelein and de Winde 1999; Tamaki 2007; Smets et al. 2010). 

Intracellular and extracellular glucose-sensing systems positively regulate 

the cAMP-PKA pathway (Fig. 7) (Rolland et al. 2000; Conrad et al. 2014). 

5.1.1. Intracellular glucose-sensing 

During intracellular cAMP-PKA activation, cells take up and phosphorylate 

glucose by the hexokinases 1 and 2 (Hxk1 and Hxk2) or the glucokinase 1 

(Glk1) (Bisson and Fraenkel 1983; Walsh et al. 1983; Clifton et al. 1993). 

http://www.yeastgenome.org/go/GO:0004340/overview
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The signal is further transduced through the small GTP-binding proteins, 

Ras1 and Ras2 (Kataoka et al. 1984). These proteins function redundantly 

and originated from the whole genome duplication (Byrne and Wolfe 2005). 

The C-termini of Ras1/2 are modified with palmitoyl and farnesyl groups 

localizing these proteins to the plasma membrane (Bhattacharya et al. 1995). 

Ras1/2 are activated by binding to GTP. Active Ras stimulate adenylate 

cyclase (encoded by the CYR1 gene) hence increasing the production of 

cyclic AMP (cAMP) (Casperson et al. 1985; Kataoka et al. 1985; Toda et al. 

1985; Field et al. 1988). There are two Ras-binding sites on adenylate 

cyclase (AC) (Shima et al. 1997) which are required for the signalling 

complex assembly (Colombo et al. 2014). Hydrolyzing of GTP to GDP by 

the GTPase activity of the redundant Ira1 and Ira2 proteins deactivates 

Ras1/2. In contrast, exchanging GDP for GTP by the Cdc25 and Sdc25, 

guanine nucleotide exchange factors (GEFs) activates Ras1/2.  

Increasing the cAMP level activates the cAMP dependent protein kinase 

(PKA), which is a heterotetrameric protein containing two regulatory 

subunits and two catalytic subunits. Binding of cAMP to the regulatory 

subunit Bcy1 dissociates the catalytic subunits encoded by TPK1, TPK2 and 

TPK3 and thereby activate them. Active PKA phosphorylates several 

downstream targets. (Toda et al. 1987a; Toda et al. 1987b). Two important 

PKA targets are Msn2 and Msn4. During growth on glucose Msn2 and Msn4 

are cytosolic because of phosphorylation of their nuclear localization signal 

by PKA. Conversely, during glucose starvation they translocate to the 

nucleus because of dephosphorylation by Ppt1. In low glucose 

concentrations or nutrient limitation, PKA activity is very low. Because the 

kelch repeat Gβ mimic proteins Gpb1 and Gpb2 promote phosphorylation 

of PKA regulatory subunit Bcy1 and stimulate the inhibitory function of 

Bcy1 (Budhwar et al. 2010). Besides Msn2 and Msn4, PKA also targets the 

protein kinases Yak1 and Rim15. PKA negatively regulates these targets 

(Thevelein and de Winde 1999). PKA-dependent phosphorylation prevents 

the nuclear localization of Yak1 (Lee et al. 2011), while PKA inhibits the 

kinase activity of Rim15 and exports it to cytoplasm (Reinders et al. 1998). 

Yak1 phosphorylates and activates Msn2/4 with no effect on the DNA 

binding or the cellular localization (Lee et al. 2008).  Rim 15 has a redundant 

function with Yak1 in phosphorylation and activation of Msn2. However, it 

seems they phosphorylate different sites in Msn2, suggesting that each 

kinase promote slightly different level of activation on the Msn2. Thus, 

Yak1 and Rim15 have cooperative effects on the transcriptional activation 

(Lee et al. 2013). In addition to activating Msn2/4, Rim15 positively 

http://www.yeastgenome.org/locus/S000003542/overview
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regulates expression of the transcription factor Gis1. Gis1 binds to the post 

diauxic shift (PDS) elements inducing expression of genes involved in post 

diauxic growth (Pedruzzi et al. 2000).  

Other components of cAMP-PKA pathway are the low- and high-affinity 

phosphodiesterases, Pde1 and Pde2 respectively. They hydrolyze cellular 

cAMP to AMP (Sass et al. 1986; Nikawa et al. 1987; Toda et al. 1987a; 

Toda et al. 1987b). Pde1 has several substrates including cGMP. Whereas 

Pde2 is cAMP-specific with a Mg2+-dependent activity (Suoranta and 

Londesborough 1984). Pde2 controls the basal level of cAMP in the cell (Ma 

et al. 1999) and contributes to cAMP homeostasis in the case of high 

extracellular glucose (Wilson et al. 1993). In yeast PDE2 is not an essential 

gene, but it has interactions with many other genes that are involved in 

nutrient sensing, stress responses and cellular life span (Hubbard et al. 1992; 

Mitsuzawa 1993; Balciunas and Ronne 1999; Poplinski et al. 2007). High 

levels of cAMP, activates PKA, which in turn phosphorylates and activates 

Pde1. Thus, PKA function is important for the regulation of Pde1 and 

establishing a negative feedback loop for controlling the cAMP 

concentration (Ma et al. 1999). PKA also has roles in regulation of the 

intracellular localization as well as protein level of Pde2. It has been shown 

that high activity of PKA increases the stability of Pde2 protein. The role of 

PKA in stabilization of Pde2 can be explained in two possible ways. First, by 

direct modification of Pde2 by PKA. Second, by indirectly regulating a 

protease(s) involved in degrading Pde2 (Hu et al. 2010).  

5.1.2. Extracellular glucose-sensing 

The extracellular glucose detecting process is dependent on the G protein 

coupled receptor (GPCR) including a heterotrimeric G alpha 

protein Gpa2 (Colombo et al. 1998) and Gpr1 that has a role in activation of 

Gpa2 (Kraakman et al. 1999; Rolland et al. 2000). The GPCR system 

stimulates adenylate cyclase activity (Colombo et al. 1998). Gpa2 has an 

inhibitor called Rgs2. Rgs2 induces GTPase activity of Gpa2 and negatively 

regulates glucose-induced cAMP signalling (Versele et al. 1999). 
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Figure 7. Intracellular and extracellular glucose sensing through activation of the 

cAMP-PKA pathway (modified from (Conrad et al. 2014)). Metabolic reactions are 

shown by dotted arrows; regulatory and signaling interactions by full arrows. See 

the text for details. 
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Aims of this thesis 

 In K. lactis, only mating-type switching from MATα to MATa was 

studied before, therefore we wanted to elucidate the molecular 

mechanism of the switch of mating type from MATa to MATα (Paper 

I). 

 

 In K. lactis, the DNA-binding protein Mts1 induced both mating and 

mating-type switching and Mts1 transcription is upregulated by 

nutrient limitation. We aimed to uncover the mechanism behind this 

and investigate the possible role of RAScAMP pathway and the 

transcription factor Msn2 in this regulation (Paper II). 

 

 K. lactis hAT transposase 1 (Kat1) drives mating-type switching 

from MATa to MATα (Paper I). We intend to characterize the 

structure and function of Kat1 (Unpublished preliminary results for 

Kat1) 
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Results and discussion 

Domesticated transposase Kat1 and its fossil imprints induce 

sexual differentiation in yeast (Paper 1) 

A protein sharing homology with hAT-transposases is required for 

mating-type switching from MATa to MATα 

Previous research in the laboratory showed that a hairpin-capped DSB was 

formed in the MATa locus after switching was induced (Barsoum et al. 

2010). We hypothesized that the responsible protein was related to hAT-

transposases as hairpin-capped DSBs are formed during hAT-transposition 

(Zhou et al. 2004). We used several previously identified hAT-transposases 

as queries to search the K. lactis genome. This resulted in two significant hits 

(E<0.002). Both genes were deleted and we tested if the resulting strains 

could switch mating type. One of the deletions abolished switching from 

MATa to MATα, whereas the other had no effect. Switching from MATα to 

MATa was not affected by the deletions. The locus required for switching 

was named KAT1 (K. lactis hAT-transposase 1).  

The hairpin-capped DSB in MATa is stabilized in mre11 strains (Barsoum 

et al. 2010), because Mre11 promotes hairpin opening (Trujillo and Sung 

2001). We investigated if KAT1 was required for hairpin formation by 

combining the kat1 and mre11 null alleles and then inducing switching. 

The hairpin was evident in the mre11strain, but absent from the double 

mutant strain, demonstrating that Kat1 acted upstream from Mre11. This 

result indicated that Kat1 was the hairpin-generating nuclease. 

Kat1 is subjected to a programmed −1 frameshift which negatively 

regulates the Kat1 activity 

The KAT1 gene was predicted to be a pseudogenes because it contained two 

long overlapping ORFs interrupted by a -1 frameshift. The KAT1 orthologs 

from the other four sequenced species belonging to the same clade (K. 

aestuarii, K. dobzhanskii, K. marxianus and K. wickerhamii) also contained 

a -1 frameshift in a similar position compared to K. lactis KAT1.  By 

comparing the overlap between the long ORFs in the five different yeasts, a 

shared octameric sequence was identified that might define the KAT1 

translational slippery site. The potential slippery site did not correspond to 

the X XXY YYZ consensus, but was CG GGG UUU. We considered two 

models to explain the frameshifting at this site. First, according to the 

tandem slippage model, the P-site tRNAGly (CCC) can slip one nucleotide in 

the 3’ direction and maintain base pairing, but the A-site tRNAPhe (the only 
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isoacceptor in yeast has an GAA anticodon) would exhibit a first position 

purine: purine (A:G) clash after slippage. Second, it was possible that the 

ribosome slipped before the A-site tRNA was bound thus decoding a GUU 

valine codon in the -1 frame (model 2). To distinguish between these 

models, we generated a fusion gene in which the Glutathione S-transferase 

(GST) and MalE (encoding Maltose-binding protein, MBP) genes were 

separated by 150 bp of DNA including the predicted slippery site from 

KAT1. The MalE gene was in the -1 frame compared to the GST gene, so to 

obtain a GST-MBP fusion protein the KAT1 slippery site must mediate a -1 

frameshift. The purified protein was subjected to trypsin digestion followed 

by mass spectrometric analysis. If the tandem slippage model was correct, 

then the expected peptide after trypsin digestion should have a molecular 

weight of 2,97 kDa (Gly-Phe), but if model 2 was correct, then the molecular 

weight would be 2.93 kDa (Gly-Val). The molecular weight was 2.97 kDa 

hence verifying the tandem slippage model.  

We used a frameshift reporter assay (Harger and Dinman 2003) to further 

study KAT1 frameshifting. This assay relies on the renilla and firefly 

luciferase genes separated by a -1 frameshift. Hence, a -1 frameshift must 

occur to produce the firefly luciferase and the renilla luciferase activity is 

used as an internal control. In this assay, the frameshifting efficiency of the 

KAT1 slippery site was 55%.  

We also generated mutations in the slippery sequence to investigate how 

these affected frameshifting efficiency. The tandem slippage model predicts 

that CC GGG UUU mutation (mutation in bold) would decrease 

frameshifting as the P-site tRNAGly cannot base pair with a CGG codon. 

Consistent with the tandem slippage model, this mutation decreased 

frameshifting ~100-fold (0.4%). In contrast, the CG GGA/C UUU constructs 

resulted in similar frameshifting efficiency compared to the wild type 

slippery site. In addition, the CG GGU UUU construct mediated higher 

frameshifting efficiency (91%), which made sense as this slippery site 

follows the consensus allowing the A-site tRNAPhe to maintain base pairing 

after slippage. An extra G was also introduced in the slippery site, hence 

restoring the reading frame.  As expected, the resulting construct had an 

almost identical renilla/fire fly luciferase ratio as the 0-frame control. These 

data showed that KAT1 contains a novel slippery site in which a first position 

purine clash is allowed. 
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Given the results presented above, we assumed that the frameshift in Kat1 

probably limited Kat1 activity, thereby restricting MATa to MATα switching. 

To test this idea, we introduced the same frameshift correcting mutation as 

described above (KAT1+G) at the endogenous chromosomal location and 

investigated if this caused the cell population to become MATα. The result 

showed that the majority of cells had switched to the MATα genotype after 

10 overnight passages. Notably this strain has an intact HMLα3 gene, which 

promotes switching from MATα to MATa. Introduction of pGAL-MTS1 in 

the cells from the 16th passage resulted in switching back to the MATa 

genotype, showing that the phenotype was reversible.  

KAT1+G was overexpressed under the control of the galactose-inducible 

GAL1-10 promoter. In a wild-type MATa background, the KAT1+G allele 

was hyperactive, resulting in most of the cells switching to the MATα 

genotype after only an overnight passage. Overexpression of wild type KAT1 

induced switching less efficiently, as expected. From both experiments, we 

conclude that the frameshift in the KAT1 gene has a critical role in 

maintaining the ratio of MATa and MATα cells. 

Kat1 binds to MATa1–MATa2 intergenic region  

Chromatin Immunoprecipitation (ChIP) of the DDE mutant kat1D310A+G 

confirmed that Kat1 binds to the MATa1-MATa2 intergenic region in vivo. 

Since expression of WT Myc–Kat1+G caused a quick switch of mating type 

to the MATα genotype, we used the DDE mutant for this experiment, 

assuming that Kat1D310A binds MATa with normal efficiency. The Myc–

Kat1 samples showed about seven-fold enrichment over the background 

signal. 

Kat1 is an endonuclease that generates two hairpin-capped DSBs both 

in vitro and in vivo 

hAT-transposases generates hairpin-capped breaks in two-steps. First, the 

enzymes introduce a nick at (or close to) the boundary between the terminal 

inverted repeats (TIRs) and the host DNA. In the second step, the newly 

formed 3′ hydroxyl (OH) attacks a phosphodiester bond on the opposite 

strand, forming a covalently closed hairpin. We developed an in vitro assay 

for Kat1 activity; GST–Kat1+G was purified and incubated with a 

radiolabeled 577-bp DNA fragment covering most of the MATa1–MATa2 

intergenic region. The results showed a dose-dependent cleavage of the 

substrate. Kat1 generated two DSBs in the substrate, resulting in products 

of∼45 and 145bp. In denaturing conditions, the labeled products migrated 



38 
 

as∼100 and 300bp fragments, showing that they contained hairpin-capped 

ends. 

To show Kat1 cleavage activity in vivo, we used an mre11 strain, since the 

hairpin is stabilized in this background (Barsoum et al. 2010). We performed 

DNA-blotting comparing an mre11 strain overexpressing Kat1+G with the 

same strain containing plasmid alone. Restriction enzyme mapping indicated 

that Kat1 in fact cuts at two sites in the MATa1-MATa2 intergenic region. 

Notably, the spacer DNA between the DSBs hybridized stronger to the probe 

than the other fragments did, indicating that it was protected from 

degradation. We could demonstrate that the spacer DNA in fact was circular. 

Thus, Kat1 generated two DSBs in MATa and the spacer was circularized in 

vivo. 

Kat1 activity required an intact DDE-motif  

To start a functional study of Kat1 and characterize what features of Kat1 

were important for function we introduced mutations in KAT1+G. ClustalW 

alignments between KAT1 and four hAT transposases identified residues 

predicted to be part of the DDE-motif. We generated kat1D3110A+G, 

kat1D377A+G and kat1E895A+G mutations and tested if they could 

promote either MATa to MATα switching in vivo in a kat1background or 

hairpin formation in vitro. Our results showed that none of the mutant 

proteins could mediate either switching or hairpin formation. Hence, the 

aspartates 310 and 377 and glutamic acid 895 were essential for Kat1 

function, presumably because these residues were part of the Kat1 DDE-

motif. 

Terminal inverted repeats (TIRs) in the MATa1–MATa2 are important 

for Kat1 cleavage activity 

To pinpoint the sites where Kat1 cuts the MATa1-MATa2 intergenic region, 

the circular spacer was cloned and analyzed by DNA sequencing. This 

revealed that circularization occured at two palindromic sequences that were 

recognition sites for the AccI endonuclease (GTATAC). In the majority of 

the clones (72%), the two AccI sites either were intact or lacked a single 

base pair, suggesting that Kat1 cleaves close to the G residue in the AccI 

sites. A recognition site of only 6 bp appears too short to contribute 

specificity to Kat1 cleavage. We compared the DNA surrounding the first 

AccI site with the reverse complement of the DNA surrounding the second 

AccI site (given that DNA transposases are flanked by inverted repeats) and 
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defined two imperfect 26-bp-long TIRs (“TIR-L” and “TIR-R”) as Kat1 

recognition sites. To investigate if these TIRs were important for mating-

type switching, the two AccI sites in the TIRs at the MATa locus were 

deleted, either individually or in combination. The switching rates of the 

resulting strains were determined using the MATa::URA3 assay. Deletion of 

either GTATAC site resulted in a 5-FOAR frequency similar to the 

background 5-FOAR frequency observed in the HMRa::URA3 strain. 

However, upon Mts1 overexpression, the strains in which only one of the 

sites was deleted still switched to MATα. Thus both sites are essential for 

switching under normal conditions, but either one of them suffices when 

switching is induced by Mts1 overexpression. In the in vitro cleavage assay, 

the substrates containing deletion of one of the sites were cut at the other 

site, and the substrate containing deletions of both sites was not cleaved at 

all, confirming that the TIRs are crucial for the endonuclease activity of 

Kat1. 

Kat1 was transcriptionally activated by the transcription factor Mts1 

Nutrient limitation results in the induction of MTS1 transcription (Barsoum 

et al. 2011). Furthermore, by analyzing data from a genome-wide analysis of 

Mts1 binding sites (Booth et al. 2010) we observed a peak of Mts1 binding 

upstream from the KAT1 gene. Closer analysis of this upstream region 

revealed a consensus Mts1 binding site. To test if Mts1 regulates Kat1 

expression, we transformed a MATa mts1 strain with either a pGAL-MTS1 

plasmid or the empty vector. Quantitative RT-PCR revealed that 

overexpression of Mts1 resulted in ~9-fold higher KAT1 mRNA level 

compared to the same strain lacking Mts1 expression. We concluded that 

Mts1 activates KAT1 transcription presumably by binding to the KAT1 

regulatory region. 

The origin of KAT1  

The KAT1 gene is located between the RPL10 and SEC53 genes in K. lactis. 

We hypothesized that KAT1 originated from an ancient transposition event 

and hence analyzed phylogenetically related yeasts (Kurtzman 2003; 

Lachance 2007) for the RPL10-SEC53 intergenic region. In yeasts belonging 

to the same clade as K. lactis (K. aestuarii, K. dobzhanskii, K. marxianus and 

K. wickerhamii), close homologs to KAT1 were found in the RPL10 and 

SEC53 intergenic region. However, in most species investigated RPL10 and 

SEC53 were closely linked (<1kb). This indicated that KAT1 originated from 

a transposition event that occurred in the common ancestor of the 

Kluyveromyces yeasts. We also investigated the presence of an HO gene in 
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these yeast species. BLAST searches revealed the absence of genes encoding 

long (>700-aa) proteins homologous to S. cerevisiae HO in the five 

mentioned Kluyveromyces species. The KAT1 and functional HO genes did 

not coexist in the same genomes, consistent with the idea that a KAT1 

mediated switching mechanism has substituted an ancestral HO-mediated 

mechanism.  

Homology searches using KAT1 as query revealed a gene family with ~15 

members from the yeast Naumovozyma castellii as the closest homologs 

(expect values ranging from 4e-33 to 5e-21) outside of the Kluyveromyces 

clade. The putative hAT-transposase genes in these loci did not contain a 

frameshift, eleven of the N. castellii KAT1 homologs were surrounded by 

identical 38 bp TIRs and also had 8 bp TSDs. Hence, these loci showed 

signs of being functional and active transposons. Given their similarity, we 

propose that KAT1 and the N. castellii elements have a recent common 

origin. A recent evolutionary study of hAT DNA transposons in 

Saccharomycetaceae also suggests that KAT1 has been acquired by 

horizontal transfer from an active TE in N. castellii to the ancestor of the 

Kluyveromyces clade (Sarilar et al. 2015). 

 

RAS/Cyclic AMP and transcription factor Msn2 regulate mating 

and mating-Type switching in the Yeast Kluyveromyces lactis 

(Paper II) 

K. lactis switches mating type with a rate of 6 x 10-4events/ generation in 

rich medium  

We developed an assay for measuring switching rates in K. lactis. This assay 

is based on a strain that contained an insertion of the URA3 gene in the 

MATa locus. If this strain switches mating type, the URA3 gene is deleted 

and cells are able to grow in the presence of 5-Fluoro-orotic acid (5-FOA). 

As a control, we also generated a strain with an insertion of the URA3 gene 

in the HMRa locus. The HMRa::URA3 locus should be lost at a very low 

rate, because HMRa functions as a donor during switching rather than as a 

recipient. The strains were inoculated into rich medium from a plate 

selecting for the insertion (SC-Ura), grown for six to eight generations, and 

then plated on 5-FOA and YEPD plates. The average 5-FOA/YEPD ratio 

was 4.6 x 10-3 for the MATa::URA3 strain in 11 independent experiments. 

For the HMRa::URA3 strain the average 5-FOA/YEPD ratio was 1,000-fold 

lower. In addition, the mating type of eight 5-FOA-resistant segregants 

obtained from the MATa::URA3 strain all had the MATα genotype. 

Therefore, the 5-FOAr strains had switched their mating type and the HML 
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locus was favorably used as the donor. Thus, the assay accurately measured 

switching rates, with a mating-type switching frequency of cells grown in 

rich medium of approximately 6 x 10-4 events/generation. 

Identification of Ras1 as a regulator of mating type switching in K. lactis 

In order to identify the mutations that increased switching in K. lactis, a 

genetic screen was performed. This screen used a K. lactis strain in which 

the MATa2 gene was replaced with a NAT marker. The resulting strain was 

sterile, because the MATa2 gene is essential for mating. Furthermore, in this 

strain the HML1 gene was exchanged for a KanMX gene, encoding G418 

resistance, and because of the transcriptional silencing, the KanMX gene was 

not expressed. To identify mutations that increased switching the 

mata2::NAT hml1::KanMX strain was mutagenized using random 

insertion of plasmid DNA containing a LEU2 selectable marker into the 

genome. Then we selected for G418 resistant isolates and tested if such 

isolates could mate with a MAT tester strain. The aim of this procedure was 

to find mutations that caused constitutive switching, first switching to 

mat1::KanMX becoming G418 resistant and then switching to MATa, 

becoming fertile. Using this selection we isolated a strain with a mutation in 

the RAS1 gene. RAS1 encodes a small GTPase with a central role in growth 

regulation in all eukaryotes. S. cerevisiae has two RAS genes, which are 

redundant for viability. K. lactis contains only one RAS ortholog and in 

directed experiments we could not make a haploid ras1 deletion, indicating 

that the RAS1 gene is essential in K. lactis and that the allele we obtained is a 

partial loss-of-function mutation. The introduction of RAS1 could restore the 

hyperswitching phenotype. We concluded that Ras1 regulated mating-type 

switching in K. lactis.  

PDE2 and MSN2 were required for normal switching rates  

Because the ras1 mutant should reduce the level of cAMP we wanted to test 

if higher levels of cAMP would inhibit switching in K. lactis. To test this 

notion, pde2 and msn2 single mutant strains were generated. Pde2 

(phosphodiesterase 2) hydrolyses cAMP and strains lacking this gene 

consequently have increased cAMP levels. Msn2 (Multicopy suppressor of 

SNF1 mutation 2) is a transcription factor that responds to the levels of 

cAMP in S. cerevisiae. In high levels of cAMP, the Msn2 protein is 

inactivated by PKA-dependent phosphorylation (Gorner et al. 2002; De 

Wever et al. 2005). Compared to the wild type, pde2 and msn2 single 

mutants showed 5 and 13 fold reduction in switching rates, respectively, 

consistent with a role of cAMP and Msn2 in the regulation of switching. 
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MTS1 transcription was regulated by Msn2, Ras1 and Pde2 

We hypothesized that Ras1 and Pde2 could have regulatory roles in the 

transcription of MTS1. Msn2 binds stress response elements (STRE; AG4) in 

S. cerevisiae. We found several consensus STREs upstream of the MTS1 

ORF, which suggested that Msn2 may have a direct role in inducing MTS1 

transcription. RT-qPCR showed that in the ras1 mutant the MTS1 

transcription was upregulated 20-fold while in the pde2 and msn2 mutants 

the MTS1 transcript was down regulated by 5-fold and 3-fold, respectively. 

Therefore, there is a direct correlation between the effect of the mutations on 

the switching rates and their effects on MTS1 transcription. We concluded 

that low levels of cAMP activate MTS1 transcription and consequently 

promotes switching, whereas high levels of cAMP repress MTS1 

transcription and switching. 

Msn2 and Pde2 regulate mating 

A microarray expression experiment discovered that 20 genes were 

downregulated and 52 genes were upregulated in the mts1 strain compared 

to the wild type strain (Booth et al. 2010). Moreover, Mts1 directly activated 

the expression of several genes involved in mating. This is consistent with 

the observation that mts1 strains are sterile. Since Mts1 directly activates 

genes required for mating, we expected that the Ras1/cAMP/Msn2 pathway 

may have a role in regulating mating. We tested this assumption and 

compared the mating efficiency of MATa msn2 and MATa pde2 to that of an 

isogenic wild-type MATa strain. Both the pde2 and msn2 strains were 

defective in mating. We expected that the mating defect of msn2 and pde2 

were the result of defective Mts1 induction. To test this notion, we 

introduced a pGAL-MTS1 plasmid into these strains, predicting that ectopic 

Mts1 expression would restore the mating defect. Ectopic Mts1 expression 

improved mating in the msn2 and pde2 strains. Therefore, Msn2/Pde2 

controls both mating and mating-type switching in K. lactis. 

Autoregulation of MTS1 transcription 

We analysed data from a genome-wide study of Mts1 binding sites in which 

a MTS1-Myc strain was subjected to ChIP-on-chip analysis (Booth et al. 

2010) and observed a peak of Mts1 binding upstream from the MTS1 gene. 

This suggested that Mts1 regulates the expression of its own gene. We tested 

this assumption by generating an MTS1-TAP allele regulated by the natural 

promoter at the endogenous chromosomal locus. Next we introduced a 

plasmid into this strain in which Mts1 was overexpressed using an ectopic 

GAL1 promoter (pGAL-MTS1). We found that the endogenous Mts1-Tap 

protein was 7-fold downregulated upon Mts1 overexpression. Since Mts1 
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binds the MTS1 regulatory region and that the overexpression of Mts1 

represses MTS1 transcription, we conclude that MTS1 transcription is 

negatively autoregulated. 

 

Unpublished preliminary results for Kat1  

An in vivo assay for structural and functional studies of Kat1  

By performing a multiple sequence alignment (ClustalW) of KAT1 and four 

hAT-transposases (paper I) we could identify several conserved residues 

(Fig. 1A). To explore the importance of these residues, we exchanged them 

(Table 1) in KAT1+G for alanines and overexpressed these proteins in a 

kat1 strain. Next we prepared whole cell protein extracts and checked the 

protein expression by protein blot analysis (Fig. 1B). The c-Myc (9E11) 

antibody was used to detect the expression, because all of these proteins 

contained 13Myc-tags in their N-termini. We found that all of the mutants 

were expressed to very similar levels as the WT protein. To test the activity 

of these mutants in vivo we prepared genomic DNA and performed a DNA 

blot to test the ability of the mutant proteins to mediate switching from 

MATa to MATα in a kat1background (Fig. 1C). We summarized the results 

and the proposed role of conserved amino acids in Table 1. Our results 

showed that mutations in the proposed zinc-finger domains (C130A& 

C133A and C402A&H405A) abolished switching. The C130A&C133A 

mutation abolished DNA binding in vitro correlating with the important role 

of zinc finger domains in DNA binding (Klug and Rhodes 1987; Aravind 

2000). Our next challenge was understanding how the DNA is distorted and 

a base is flipped out of the double helix during hairpin formation and 

possibly identify the residues that were involved. It has been suggested that 

several cut-and-paste TEs including Rag1 and Hermes contain the hairpin 

binding domain within a conserved motif (PXW-linker-YXXK). In this 

motif Trp and Pro provide a hydrophobic pocket and ring-stacking 

interaction to stabilize the flipped base, and Tyr and Lys or Arg interact with 

the phosphate backbone of the flipped-out base during hairpin formation 

(Bankhead and Chaconas 2004; Grundy et al. 2007). We compared amino 

acid sequences in Kat1 with the known hairpin binding domain in Rag1 and 

Hermes (Grundy et al. 2007) and could identify W576 and Y578 as part of 

the proposed hairpin binding motif in Kat1, shown below. 

Hermes       E C P T R W N      W319 

Rag1         M K P V  - W R       W893 

Kat1         P Y V R T R W T Y   W576 and Y578 
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We found that the single mutation in either W576 or Y578 did not disrupt 

switching whereas a double mutation was defective in switching. We could 

still see a weak hairpin intermediate in the kat1W576AY578A double 

mutant, indicating that hairpin formation is compromised, but not absent. 

Other mutants that abolished switching were presumably either close to (or 

part of) the active site. A quadruple mutant targeting the hAT-signature or 

the proposed multimerization domain also abolished switching. This domain 

was shown to be part of the active site in the hermes transposase (Michel et 

al. 2003). 

 

Table 1. A summary of mutations in conserved residues in KAT1+G 

Conserved residue 

mutants in KAT1+G 

Ability to switch from 

MATa to MATα 

Proposed functional/structural 

property 

C130A and C133A 

(double mutant) 

No Part of the zinc-finger motif and 

possibly mediating DNA binding 

W312A No Very close to D310 which is part of 

the DDE-motif and important for 

catalytic activity 

W328A No Close to the DDE-motif 

C402A and H405A 

(double mutant) 

No Part of the zinc-finger motif  

W576A Yes Probably part of the hairpin-binding 

domain and stabilizes the DNA 

interaction by stacking the flipped 

base during hairpin formation 

Y578A Yes Probably part of the hairpin-binding 

domain by making contacts with the 

phosphate backbone of the flipped-

out base  

W576A and Y578A 

(double mutant) 

No Hairpin formation 

F624A Yes Probably part of the insertion domain 

(between D377 and E895) 

W868A Yes Probably part of the insertion domain 

(between D377 and E895) 

S886A Yes Probably part of the insertion domain 

(between D377 and E895) 

F898A No Close to E895 which is part of DDE-

motif and important for catalytic 

activity. 

S899A Yes Conserved serine possibly a 

phosphorylation target 

S906A Yes Conserved serine possibly a 

phosphorylation target 

K907A, R908A, R909A 

and R911A (quadruple 

mutant) 

No Part of the conserved hAT-domain. 

Possibly important for 

multimerization 
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Fig. 1. Identification of important residues in function and structure of Kat1 

(A) Schematic diagram of the Kat1 transposase within the conserved residues. The 

catalytic motif with the DDE-residues is in green, the DNA-binding BED domain 

pink, the insertion domain is in light orange and the proposed motif for 

multimerization at the C-terminus is in orange and suggested residues involved in 

dimerization are in red. Residues conserved among hAT-transposases are depicted in 

black. The blue box is not conserved. (B) Protein-blot analysis using protein extracts 

from a MATa kat1 strain (SAY1597) containing the empty vector or plasmids 

expressing Kat1+G, or Kat1+G mutants. An anti-Myc antibody (9E11) was used to 

detect expression of Myc-tagged Kat1+G and the mutants. Molecular weight (MW) 

in kDa is indicated. (C) DNA-blot analysis from a kat1 strain (SAY1597) 

transformed with empty vector or plasmids expressing Kat1+G, or the indicated 

mutations in Kat1+G. The MATa, MAT and hairpin bands are indicated. 
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Mts1 probably has a role in switching independent of its role in 

activating KAT1 transcription  

We showed that when KAT1+G was overexpressed in a wild-type MATa 

background, the KAT1+G allele was hyperactive, resulting in most of the 

cells switching to the MATα genotype (paper I). Here we overexpressed 

KAT1+G under the control of the galactose-inducible GAL1-10 in a MATa 

mts1 background. This resulted in mating-type switching from MATa to 

MATα, but switching was less efficient compared to the MTS1 strain (Fig. 2). 

Thus, Kat1 acts downstream of Mts1 and hyper-activated Kat1 expressed 

from an ectopic promoter could mediate mating-type switching in the 

absence of Mts1, but Mts1 was required for optimal switching efficiency. In 

addition, we previously discovered several Mts1 binding sites in the MATa1-

MATa2 intergenic region and that the activity of α3 was stimulated by Mts1 

binding sites during switching from MATα to MATa (Barsoum et al. 2010).  

We speculate that the role of Mts1 binding to the MAT loci may be related to 

generate a chromatin structure suitable for transposase-activity rather than 

directly recruiting the transposases. How and if Mts1 promotes switching by 

binding directly to the MATa locus remains to be determined. 

 

Fig. 2. Hyper-activated Kat1 could rescue the mating-type switching deficiency 

in mts1 mutant. DNA blot analysis from WT (SAY572), or mts1 (SAY752) strains 

containing plasmid alone or plasmids overexpressing pGAL-KAT1 or pGAL-

KAT1+G, as indicated. Glucose (-) or galactose (+) were used as carbon sources. 

Note that the GAL1 promoter is leaky. 
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Determination of -1 frameshift efficiency in Kat1 by protein- blot 

In the dual-luciferase assay (paper I), we observed that the KAT1 slippery 

site mediated very efficient frameshifting, with 55% of the ribosomes 

changing frame. To determine if this frameshifting activity was valid, we 

performed an assay that did not rely on reporter genes. We overexpressed 

Myc-tagged Kat1 using an ectopic GAL1 promoter (pGAL-KAT1) in a wild 

type K. lactis strain. Whole cell protein extracts were prepared and the 

expression level was analysed by immunoblotting using an anti-Myc 

(9E11) antibody. We calculated the frameshifting efficiency by dividing the 

protein level of full length (frameshifted) Kat1 to the non frameshifted 

peptide and found that the frameshift efficiency was ~12% (Fig. 3), a 4-fold 

lower efficiency compared to the efficiency determined by the dual-

luciferase assay. This difference may be related to that the dual-luciferase 

assay incorporated only 95bp of the KAT1 gene including the slippery site. 

We speculate that some sequences in the KAT1 gene that were absent in the 

plasmid that we used for dual-luciferase assay may have role in reducing the 

frameshifting efficiency in KAT1. 

 
Fig. 3. Determination of -1 frameshift efficiency in Kat1 by protein- blot 

Protein-blot analysis using protein extracts from WT (SAY572) containing the 

empty vector or plasmids expressing Kat1+G as a positive control, and Kat1. An 

anti-Myc antibody (9E11) was used to detect and compare the expression levels of 

the frameshifted Kat1 (full length) with non frameshifted one. Molecular weight 

(MW) in kDa is indicated. 
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Conclusions 
 

 We discovered a domesticated TE in the mating type locus (MATa1- 

MATa2) of the yeast Kluyveromyces lactis. 

 The transposase Kat1 mobilizes this TE from the genome by 

generating two hairpin-capped DSBs followed by gene conversion 

and switching the mating type from MATa to MATα.  

 The DDE motif and several other conserved amino acid residues are 

essential for Kat1 function. 

 The translation of Kat1 requires a programmed frameshift. Kat1 

activity is negatively regulated by translational frameshifting and 

transcriptionally activated by nutrient limitation through the 

transcription factor Mts1. 

 

 Mating-type switching in K. lactis is regulated by nutrient 

availability through the cAMP/PKA pathway.  

 The cAMP/PKA pathway and the transcription factor Msn2 control 

mating-type switching through the regulation of MTS1 expression 
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Future plans 

 To find out if the -1 frameshift in Kat1 is regulated and study the 

possible role of either RAScAMP pathway or Target of Rapamycin 

(TOR) pathway in this regulation. 

 To investigate the role of domesticated TEs in other yeasts. 

 To explore how come HLMα3, but not MATα3 is required for 

mating-type switching. 
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Sammanfattning: 

Den här avhandlingen förklarar den molekylära mekanismen för byte av parningstyp i en 

jästsvamp som heter Kluyveromyces lactis. K. lactis är en knoppningsjäst eller ascomycet som 

förekommer i mejeriprodukter och därför också kallas mjölkjäst. K. lactis har två parningstyper 

som kallas MATa och MAT. Parningstyper är motsvarigheten till sexuellt kön hos djur och 

byte av parningstyp kan alltså sägas vara en form av könsbyte. Byte av parningstyp använder 

kryptiska (ej uttryckta) kopior av MATa och MAT som templat för en icke reciprok 

rekombinering (genkonversion). Vi visar att bytet av parningstyp från MATa till MAT 

involverar en klyvning av MATa locuset av ett enzym vi kallar Kat1. Detta enzym är 

evolutionärt besläktat med transposaser av hAT-familjen. Vi visar både biokemiskt och 

cellulärt hur detta enzym fungerar. MATa locuset klyvs på två specifika ställen av Kat1. De två 

DNA sekvenserna där klyvningen sker är relaterade till varandra och vi spekulerar i att dessa 

sekvenser utgör fossiler av en degenererad transposon som tidigare funnits i MATa locuset. 

Kat1 har en ovanlig egenskap i att hårnålar bildas på en ände av dubbelsträngsbrotten. Detta 

kopplar ihop Kat1 med det enzym som genererar antikroppsdiversitet i ryggradsdjur då detta 

enzym (Rag1) också genererar hårnålar när det klyver DNA. Vidare visar vi att biosyntesen av 

Kat1 är reglerad både transkriptionellt och translationellt. En transkriptionsfaktor som heter 

Mts1 aktiverar transkription av KAT1 genen. KAT1 genen innehåller dessutom en förskjutning 

av läsramen (-1), vilket innebär att ribosomen måste utföra en läsramsbyte för att Kat1 ska 

kunna translateras. Vi visar att detta läsramsbyte verkar negativt på biosyntesen av Kat1. 

Slutsatsen är att vi identifierat ett domesticerat, högt reglerat, transposas som medierar 

könsdifferentiering. 

Vi studerade även hur bytet reglerades. Vi uppfann en metod för att mäta hur ofta bytet av 

parningstyp skedde och kunde visa att detta skedde i ungefär sex av 10 000 celler per 

celldelning. Vi visar också att bytet av parningstyp inducerades av näringsbrist. I en genetisk 

screen hittade vi en mutation som partiellt inaktiverade genen RAS1 som ledde till att 

frekvensen av bytet ökade kraftigt. Ras1 är ett protein som hydrolyserar GTP och reglerar 

nivån av signalmolekylen cykliskt AMP (cAMP). Vi kunde visa att cAMP nivåer tillsammans med 

ytterligare en transkriptionsfaktor, Msn2, reglerade transkriptionen av MTS1 genen. Mts1 

inducerade i sin tur bytet av parningstyp. Tillsammans förklarar dessa studier hur näringsbrist 

inducerar bytet av parningstyp. 
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