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1 Introduction

1.1 The overview of retroelements

One of the most abundant genes in cellular organisms encodes reverse transcriptase (RT), the
enzyme which creates double-stranded DNA from an RNA template [Frame et al., 2001].
Transposable elements containing reverse transcriptase are abundant in the eukaryotic genomes,
whereas the prokaryotic ones are only sparsely inhabited with retroelements. Due to their
abundance, retroelements often have a significant impact on the genome evolution, being
involved in such diverse processes as genome rearrangements, regulation of gene expression and
even telomere maintenance. Conventionally, the following main groups of retroelements are
recognized, the LTR retrotransposons, the vertebrate retroviruses, the non-LTR retrotransposons,
the retroplasmids, the retrointrons and the prokaryotic “retrons”, as well as hepadnaviruses (also
known as mammalian pararetroviruses) and caulimoviruses (plant pararetroviruses) [Boeke and

Stoye, 1997].

1.1.1 Retroelements of prokaryotes and eukaryotic organelles

Retroelements described from the prokaryotic genomes are among the most unusual and the less
understood ones. There are so-called retrons, which in some cases were shown to be the part of
larger mobile elements, strongly resembling cryptic prophages and usually referred as
“retronphages” [Garfinkel, 1992; Boeke and Stoye, 1997]. Their presence was shown in
Myxococcus species [Yee et al., 1984], several strains of Escherichia coli [Lampson et al., 1989;
Lim and Maas, 1989; Sun et al., 1989] and some Rhizobium species [Rice et al., 1993].

The retrons contain a single ORF, which encodes their own reverse transcriptase. Interestingly,
there are no further genes whose products would provide the element movement within host
genome. A retron is transcribed by host RNA polymerase and the originating mRNA is then
processed by host enzymes to a shorter form. This form further serves as a template for reverse
transcriptase. The priming mechanism is highly unusual as the same RNA molecule is both
primer and template. Further on, 2'-OH group of the internal guanosine residue serves as a
priming group rather than the usual 3’-OH group. The reverse transcription results in the
formation of the so-called msDNA molecule (multi-copy single-stranded DNA), consisting of
RNA and DNA strands linked via a 2’-5" phosphodiester bond [Boeke and Stoye, 1997].
msDNAs are abundant satellite molecules, those copy number can reach over 500 copies per
genome [Dhundale et al., 1988]. They do not confer either any selective advantages or even any

noticeable phenotype on their host.
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As mentioned before, retrons are often a part of much larger prophages. The last ones can
mediate the transfer of retrons among bacterial strains. So, the retron transmission mediated by
P4 phage of E. coli was shown experimentally [Inouye ef al., 1991]. On the other hand, the direct
mobility of retrons itself has never been demonstrated. Taking into account the absence of any
effect on host-cell phenotype, it remains unclear how retrons have maintained themselves within
certain bacterial lineages so successfully.

Other highly unusual groups of retroelements inhabit both the genomes of eukaryotic organelles
(mitochondria and chloroplasts) and prokaryotes. There are so-called retroplasmids and
retrointrons [Boeke and Stoye, 1997]. Both groups were shown to be phylogenetically closely
related to bacterial retrons [ Xiong and Eickbush, 1990].

Retroplasmids were described from the mitochondria of the filamentous fungus Neurospora
crassa. Two types of retroplasmids are known, Mauriceville and Varkud plasmids, named after
the strains where they were isolated from [Nargang et al., 1984; Nargang, 1986]. Both are highly
similar and contain a single RT-encoding ORF. In the course of transcription, a long transcript
that exactly covers the entire element is produced [Akins ef al., 1988]. Interestingly, there is an
unusual tRNA-like structure at the 3" end of the transcript. Similar structures were reported for
several plant RNA viruses [Miller et al., 1986].

The reverse transcription process uses this transcript as a template. The reverse transcriptase of
retroplasmids is unique among DNA polymerases studied so far as it lacks an absolute primer
requirement [Wang and Lambowitz, 1993]. It recognizes the tRNA-like structure of the
transcript and initiates primer-independent reverse transcription. RT produces full-length linear
DNA [Kennell et al., 1994], whereas the mechanism of the final circularization step is currently
unknown.

Strains containing retroplasmids usually show no phenotypic changes. However, it was
demonstrated that insertions of retroplasmids into mitochondrial DNA may result in a senescent
phenotype [Akins et al., 1986]. Further on, growth-impaired mutants with increased copy
number of retroplasmids were reported [ Akins et al., 1986; Akins et al., 1989].

Retrointrons, often referred as mobile group II introns, are primary found in bacterial and
organellar genomes. They exhibit properties of both catalytic RNA and transposable element and
possess a single ORF encoding a protein with reverse transcriptase (RT) and DNA endonuclease
(En) activities.

Retrointrons use an exciting mobility mechanism. The intron RNA catalyzes its own splicing
from a pre-mRNA, resulting in an excised intron lariat with a 2’-5" phosphodiester bond. This

structure reverse splices directly into a DNA target site (this process is mediated by the
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En activity) and is then reverse transcribed by the intron-encoded protein [Lambowitz and
Zimmerly, 2004]. The autocatalytic splicing of the retrointrons from mRNAs produced from
targeted genes allows them to minimize host damage.

Retrointrons are capable of both retrohoming (movement to a cognate DNA allele that lacks the
intron) and retrotransposition to new loci [Curcio and Derbyshire, 2003]. The retrohoming is
characterized by high efficiency, resulting in the occupation of ~90 % of the progeny alleles in
the crosses between yeast strains containing different combinations of mitochondrial introns
[Lambowitz and Zimmerly, 2004]. Conversely, retrotransposition to novel sites occurs with low
frequency (10°-107) [Dickson et al., 2001; Ichiyanagi et al., 2002]. Even in this case integration
target still should resemble the normal homing site. Such strict specificity is explained by the
mechanism of the target site recognition, primarily involving the base-pairing interactions of
intron RNA with target DNA, although the endonuclease does show some specificity for the
nucleotides around the cleavage site as well [Lambowitz and Zimmerly, 2004].

Group II introns are the proposed ancestors of both nuclear spliceosomal introns and nuclear
non-LTR retrotransposons [Cavalier-Smith, 1991; Lambowitz and Zimmerly, 2004]. It is
suggested that the separation of the processes of transcription and translation in eukaryotic cells
may favor the using of host-encoded proteins, thus leading to the development of the common
splicing machinery and to the loss of intron-encoded proteins. On the other hand, retrointrons,
which by chance had not inserted within genes, could lose their autocatalytic properties and thus
give rise to non-LTR retrotransposons.

Retroelements are sometimes considered as remnants of an ancient “RNA world”, where RNA
molecules served both as the genetic material and the biocatalysts [Boeke and Stoye, 1997].
Thus, both retroplasmids and retrointrons could be regarded as descendants of this proposed
RNA-dominated era, retaining such unique features as primer-independent DNA synthesis
(retroplasmids) or RNA-catalyzed self-splicing (retrointrons). Finally, they are probable

ancestors of the present-day retrotransposons [Lambowitz and Zimmerly, 2004].

1.1.2 Non-LTR retrotransposons

Retroplasmids and retrointrons inhabit genomes of eukaryotic organelles, but they are, with few
exceptions, absent from eukaryotic nuclear genomes [Lambowitz and Zimmerly, 2004]. The
nuclear genomes of modern eukaryotes are invaded primarily by their more successful offspring.
In the rare cases when retrointrons are still found in the eukaryotic chromosomes, they are
integrated in the fragments of mitochondrial DNA [Lin et al., 1999]. Thus, they were apparently

transferred to the nucleus together with the last ones. So, the nuclear integration of the fragments
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of mitochondrial DNA could be regarded as one of the processes leading to the transfer of group
IT introns to the nucleus. Such events may have led finally to the development of modern nuclear
retroelements. Among them the non-LTR retrotransposons are currently considered to be the
most ancient ones [Malik et al., 1999]. At the same time, they are one of the most important
retroelements, taking into account their high number, structural diversity and distribution among
eukaryotes.

Non-LTR retrotransposons are occasionally termed also poly(A) or TP-retrotransposons [Boeke
and Stoye, 1997; Curcio and Derbyshire, 2003]. Other names for this group are retroposons or
long interspersed nuclear elements (LINEs). The first name reflects the one of the structural
features of these elements — the absence of direct long terminal repeats, so characteristic for the
members of another group, LTR retrotransposons. However, with the recent description of
DIRS-like retrotransposons as another class of retroelements that lacks canonical LTRs this
name could not be no longer accepted as the reliable one [Curcio and Derbyshire, 2003].
However, it is still widely used in the literature. For this reason it will be preserved in this work,
too. The second name, poly(A) retrotransposons, is given for the presence of 3" poly(A),
oligo(A) or similar sequences (e.g., [TAA],) in the majority of these elements [Boeke and Stoye,
1997]. Again, there are some exceptions from this scheme. Therefore, a new name was proposed
based on their mechanism of mobility: target-primed retrotransposons, or TP-retrotransposons
[Curcio and Derbyshire, 2003].

TP-retrotransposons are represented in virtually all investigated groups of eukaryotes (baker's
yeast Saccharomyces cerevisiae being a notable exception) [Boeke and Stoye, 1997]. They were
especially successful in mammalian genomes. For example, there are about 850,000 copies of
autonomous LINEs in human genome, and their fraction in the genome is as high as 21 %. The
most abundant of them, L1 element, is present in more than 500,000 copies, accounting for
16 % of the human genome [Lander et al., 2001]. Non-LTR retrotransposons are generally less
abundant in plant genomes [Schmidt, 1999], but there are still some examples of element’s
extreme amplification, as in the case of del2 retrotransposon, which comprises 4 % of the
genome of Lilium speciosum [Leeton and Smyth, 1993].

It was mentioned already, that non-LTR retrotransposons lack direct terminal repeats. Moreover,
most of them are completely devoid of any kind of terminal repeats, except for the target site
duplications [Boeke and Stoye, 1997]. On the other hand, they often have poly(A) or A-rich
sequence at their 3" end. Non-LTR retrotransposons are generally expressed from their own
promoters. The organization of coding sequences and the nature of encoded proteins slightly

vary among the non-LTR retroelements [Malik ef al., 1999]. The most primitive members of this
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group contain a single ORF encoding for a protein with reverse transcriptase and restriction-
enzyme-like site-specific endonuclease activities. The majority of non-LTR retrotransposons,
however, acquired a second ORF encoding for a protein with nucleic-acid binding activity. This
acquisition was accompanied by the appearance of the AP (apurinic-apyrimidinic)-endonuclease
activity, encoded in the one reading frame with RT. A small number of TP-retrotransposons
additionally encode RNaseH activity. Finally, phylogenetically distinct class of presumed TP-
retrotransposons, so-called Penelope-like elements, possesses endonucleases of recently
described GIY-YIG type, which were not previously associated with retroelements [Lyozin et
al., 2001; Arkhipova et al., 2003; Curcio and Derbyshire, 2003].

The life cycle of non-LTR retrotransposons was studied primarily on R1Bm and R2Bm elements
of the silkworm Bombyx mori and on the human L1 element. In contrast to LTR-retroelements,
some details of their retrotransposition mechanism are still poorly understood. The majority of
TR-retroelements uses their own promoter sequences in the 5° region of the element. The
resulting transcripts are translated into element’s proteins and are used as a template for reverse
transcription. A complex of full-length RNA and reverse transcriptase/endonuclease (RT/En)
initiates the transposition by cleaving an antisense strand of target DNA. The resulting 3"-OH
group serves as a primer for reverse transcription [Luan et al., 1993; Curcio and Derbyshire,
2003]. Further on, the transposition machinery of some non-LTR retrotransposons can use
preexisting DNA nicks and double-strand breaks to initiate reverse transcription [Morrish ef al.,
2002]. In any case, RT performs the synthesis of cDNA on the full-length RNA of the element.
Notably, the synthesis rarely reaches the 5” end of the RNA, and the large fraction of non-LTR
retrotransposons in eukaryotic genomes are truncated at the 5" end. It is still unclear whether the
second-strain synthesis is performed by the element’s reverse polymerase or by host DNA-repair
enzymes. Similarly, the details of the cDNA attachment to the upstream region target of target
DNA are not fully understood [Curcio and Derbyshire, 2003].

It should be noted that, although the majority of non-LTR retrotransposons shows no specific
integration preferences, some more primitive elements encoding site-specific endonuclease
activity are tightly associated with certain targets. Thus, RIBm and R2Bm elements of B. mori
are adapted to highly conserved regions of the 28S rDNA [Xiong and Eickbush, 1988], whereas
CRE-like elements of trypanosomes are site-specific for mini-exons arrays of the host genome
[Aksoy et al., 1987].

The non-LTR retrotransposons are believed to be responsible for the retrotransposition of the
non-autonomous SINEs (short interspersed nuclear elements) and for the creation of the

processed pseudogenes [Boeke and Stoye, 1997]. The first ones are short sequences (100-
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400 bp) harboring an internal polymerase III promoter and encoding no proteins. Interestingly,
3" ends of many SINEs are similar to the 3" ends of LINEs, providing an evidence for LINE
machinery-dependent transposition. One of their best known representatives is human
Alu element. Promoter regions of SINEs are derived either from tRNA or 7SL RNA sequences.
Although they do not encode their own transposition machinery, they are remarkably successful.
For instance, there are more than 1,500 thousands copies of SINEs in human genome, accounting
for 13 % of the genome. Alone the A/u element is present in more than one million copies
[Lander et al., 2001].

Processed pseudogenes differ from their “parent” genes by loss of introns, presence of
3" poly(A) track and lack of the native external promoter sequence. Taken together, these
features strongly suggest their origin via the reverse transcription of an mRNA intermediate.
Some of the modern-day non-LTR retroelements are still transpositionally active. Their
expression is generally tightly regulated and is often restricted to germ line cells [Boeke and
Stoye, 1997]. At the same time, the transposition of mammalian L1 elements was observed in
some tumor cell (e.g., breast and colon cancer) [Morse et al., 1988; Miki et al., 1992]. The
consequences of such transposition are best studied for mammalian L1-like elements. Thus, the
mutations caused by human L1 element in the factor VIII and in the dystrophin genes resulted in
hemophilia A [Kazazian et al., 1988] and in Duchenne muscular dystrophy [Narita et al., 1993],
correspondingly.

Non-LTR retrotransposons were the first elements that successfully invaded eukaryotic
chromosomes. It is generally accepted that they gave rise to the next group of retroelements,
LTR retrotransposons. On the other hand, the RT sequence of LINE-like elements shows a
remarkable similarity to telomerase, that maintains the integrity of telomeres of eukaryotic linear
chromosomes [Boeke and Stoye, 1997; Curcio and Derbyshire, 2003]. However, the
phylogenetic relationships of both enzymes are currently not fully understood [Eickbush, 1997,
Nakamura and Cech, 1998].

Finally, two very special TP-retrotransposons of fruit flies Drosophila should be mentioned here.
They are the HeT-A and TART elements, which are responsible for Drosophila telomere
maintenance. Unlike the majority of eukaryotes, fruit flies lack the telomerase enzyme and
characteristic telomeric repeats. Instead, the repeated transposition of HeT-A and TART

elements to the chromosomal ends provides their stability [Levis ef al., 1993].
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1.1.3 LTR and DIRS1-like retrotransposons

LTR retrotransposons are characterized by the most complex structure among retroelements. At
the same time, the details of their life cycle are mostly well-understood. Our knowledge of the
biology of LTR retrotransposons benefits significantly from the study of the transposable
elements residing in the genomes of the well-known model organisms, the budding yeast
S. cerevisiae and the fruit fly Drosophila melanogaster.

The LTR retrotransposons are closely related to vertebrate retroviruses; they lack, however, an
env gene, and their RNA-containing virus-like particles (VLPs) are non-infectious (there some
known exceptions, which will be discussed later) [Boeke and Stoye, 1997].

LTR retrotransposons are widely distributed in the eukaryotic kingdom. They were found
virtually in all major groups with the exception of some species of ancient origin as Giardia
lamblia and trypanosomes [Malik and Eickbush, 2001]. Interestingly, the LTR retrotransposons
are the most abundant in the genomes of insects, gymnosperms and flowering plants, whereas
genomes of vertebrates are only sparsely occupied by the members of this group. The most
striking examples of enormous expansion of LTR retrotransposons can be found in grass
genomes (family Poaceae). Thus, their fraction in the maize genome is at least 50 % [San
Miguel and Bennetzen, 1998], whereas in the genome of wheat there are, by different
estimations, up to 75-80 % of LTR retroelements [ Wicker et al., 2001; San Miguel et al., 2002].
LTR retrotransposons are abundant in the genomes of other higher plants, too. So, elements with
copy numbers >10" were reported from the genomes of Lilium [Sentry and Smith, 1989] and
Pinus species [Kriebel, 1985; Kossack and Kinlaw, 1999].

The most common structural feature of LTR retrotransposons is the presence of direct long
terminal repeats (LTRs) flanking the both ends of the element. They contain regulatory
sequences responsible for the regulation of the retrotransposon expression, including RNA
polymerase II promoter, termination and polyadenylation signals and some additional regulatory
motifs. Notably, the LTRs of retrotransposons and retroviruses commonly share the consensus
terminal sequences TG...CA [Boeke and Stoye, 1997].

Other sequences important for the replication of LTR retrotransposons are the so-called primer-
binding site (PBS) and the polypurine tract (PPT). PBS is located immediately downstream from
5"LTR. It is usually complementary to a specific cellular tRNA used as a primer for the
synthesis of the minus-strand cDNA ((-)-cDNA) It should be noted, however, that some known
LTR retrotransposons have evolved alternative mechanisms of priming and do not depend on

cellular tRNAs for their reverse transcription. The polypurine tract is a short purine-rich
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sequence stretch adjacent to 3” LTR. It serves as a primer for the synthesis of the plus-strand
cDNA ((+)-cDNA).

The protein-coding sequences of LTR elements are located between the both LTRs. Their
organization varies between LTR elements, but generally there are two main regions called gag
and pol. They can be either arranged in one reading frame or in different frames separated by -1
or +1 frameshifting [Boeke and Stoye, 1997; Gao et al., 2003]. Some invertebrate elements have
acquired an additional reading frame showing some similarity to the env gene of vertebrate
retroviruses. As this acquisition confers them infectional properties, these elements are
occasionally called invertebrate retroviruses. It was shown, however, that several independent
acquisition events occurred in different lineages of LTR retrotransposons, and the env-like genes
were acquired from various viral sources [Malik et al., 2000].

The gag coding region encodes for structural protein with RNA-binding activity, so-called Gag
(group-specific antigen) protein. It is a main component of virus-like particles of LTR
retrotransposons. Gag proteins of different LTR retrotransposons show very limited sequence
similarity. In fact, the only well-conserved region is a Zn-finger motif responsible for the binding
of nucleic acids. It contains one histidine and three cysteine residues and can be shown
schematically as CX,CX4HX4C [Covey, 1986].

A polyprotein (Pol) encoded by the po/ region includes following enzymatic activities: protease
(PR), reverse transcriptase (RT), RNaseH (RH) and integrase (IN). Proteases encoded by LTR
retrotransposons belong to the class of aspartic proteases. They are characterized by the presence
of certain conservative amino acids in the active center including an absolutely invariable
aspartic acid residue: (hydrophobic residues),-D-T/S-G-A/S. The protease is produced as a part
of the polyprotein. First, it releases itself by specifically cutting polypeptide chain at both ends of
its sequence. Then it performs a specific cleavage of the remaining fragments to yield a reverse
transcriptase and integrase as well as mature forms of Gag protein [Dunn et al., 2002].

The enzymatic activities of reverse transcriptase and RNaseH remain on the same polypeptide
chain after the processing of the polyprotein. The first one has a key function in the replication of
LTR retroelements, namely, it carries out the process of reverse transcription. The amino acid
sequence of reverse transcriptase was shown to be the most conserved part of the retroelements
[Xiong and Eickbush, 1990]. Therefore, it was widely used for the analysis of phylogenetic
relationships between and inside different groups of retroelements. One of the characteristic
motifs of the reverse transcriptase is the catalytic core YXDD box containing one tyrosine and

two aspartic acid residues. RNaseH is responsible for the degradation of the RNA strand in the
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heteroduplex DNA-RNA during the reverse transcription. Its characteristic feature is a presence
of the conserved TDAS motif.

Finally, an integrase performs an integration of cDNA in the host genome. All integrases
encoded by LTR retrotransposons belong to the class of DDE-transposases, named after the
characteristic catalytic DD(35)E motif. Therefore, LTR retrotransposons are newly named DDE-
retroelements [Curcio and Derbyshire, 2003]. Another important integrase motif is HH-CC,
located in the N-terminal domain and involved in the binding to LTR sequences. Furthermore,
some integrases of LTR retrotransposons have acquired additional modules, which are believed
to be important for the specificity of cDNA integration. Among them are the GPY/F domain
found in numerous Ty3/gypsy retrotransposons and the chromodomain [Malik and Eickbush,
1999].

An important requirement for the efficient transposition of LTR retrotransposons is a certain
ratio of expressed Gag and Pol proteins. The Gag protein should be expressed in molar excess of
Pol to ensure the protein maturation and VLPs assembly. Changes in their stoichiometry can
severely reduce transposition [Xu and Boeke, 1990; Kirchner et al., 1992; Kawakami et al.,
1993; Farabaugh, 1995]. LTR retrotransposons evolved different strategies allowing them to
reach the necessary Gag:Pol ratio [Gao et al., 2003]. Many of them express Gag and Pol proteins
in different reading frames. In this case ribosomal frameshift (either -1 or +1) is needed for the
expression of the Pol protein, and the frameshift frequency determines the Gag:Pol ratio.
Alternatively, gag and pol regions may be organized in one reading frame but separated by stop
codon, so that stop codon read-through ensures Pol protein expression. Finally, certain LTR
retrotransposons have a single ORF and utilize posttranslational regulation mechanisms to
achieve required Gag:Pol ratio instead, e.g. through preferential Pol degradation. The recent
report of Gao et al. [2003] suggests that the type of the regulation strategy used by retroelements
is significantly influenced by their host organisms. So, the elements of Arabidopsis thaliana
preferentially have their gag and pol regions arranged in a single ORF whereas the majority of
the insect (D. melanogaster and B. mori) LTR retrotransposons utilize -1 translational frameshift
for their expression. Finally, an equal percentage of elements with gag and pol in a single frame
or in -1 or +1 overlapping frames were found in fungi. Interestingly, gag and pol of the most of
the yeast retrotransposons are separated by +1 frameshift, which rarely was found outside this
group.

The classification of LTR retrotransposons is primarily based on the amino acid sequence of
their reverse transcriptase [Xiong and Eickbush, 1990]. Currently, three main groups are

recognized, Tyl/copia, Ty3/gypsy and BEL retrotransposons [Frame et al., 2001]. The fourth
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group, DIRS1-like elements, was placed previously close to the canonical LTR retrotransposons,
but now they are recognized as a distinct class of retroelements [Goodwin and Poulter, 2001a].
Their features will be discussed at the end of this chapter. Three groups of viruses, retroviruses,
hepadnaviruses and caulimoviruses, replicate through the process of reverse transcription. They
are grouped together with LTR retrotransposons by the analysis of their RT sequences [Xiong
and Eickbush, 1990], but due to their infectivity their biological properties are quite different and
they will be briefly described in a separate section.

It was already mentioned, that three groups of canonical LTR retrotransposons are defined
largely by their RT sequence similarity. The Tyl/copia group is named after its prominent
members, Tyl retrotransposon of S. cerevisiae and copia element of D. melanogaster. This
group is believed to be the most ancient one among LTR retrotransposons [Xiong and Eickbush,
1990; Malik and Eickbush, 2001]. Its members occupied the genomes of fungi (including
numerous yeast species), plants and animals. The characteristic feature of all known Tyl/copia
elements is the domain arrangement in their po/ gene: PR-IN-RT-RH [Boeke and Stoye, 1997].
Until recently, it was believed to be an exclusive attribute of the Tyl/copia group. Surprisingly,
Goodwin and Poulter [2002] described recently a peculiar group of deuterostome Ty3/gypsy-like
retrotransposons with Tyl/copia-like pol-domain orders. This finding emphasizes again that our
current knowledge of retroelements diversity and evolution are still incomplete, and the
investigation of further eukaryotic genomes may bring unexpected results.

Again, the Ty3/gypsy group receives its name for the well-studied Ty3 retrotransposon of
S. cerevisiae and gypsy element of D. melanogaster. It includes a great variety of retroelements
occurring in all main groups of eukaryotes. Its members show a high similarity to vertebrate
retroviruses, differing from them mainly in the absence of env gene. Both Ty3/gypsy-like
retrotransposons and retroviruses share an order of the coding regions in pol gene: PR-RT-RH-
IN (with the exception of Gmrl-like retrotransposons mentioned above) [Boeke and Stoye,
1997]. Another feature common for the majority of Ty3/gypsy elements is the presence of the so-
called GPY/F domain in the integrase (it should be mentioned that GPY/F domain was obviously
lost in some lineages of these retrotransposons) [Malik and Eickbush, 1999].

The group of BEL-like retrotransposons was characterized recently [Frame et al., 2001]. All its
known members are restricted in their distribution to animal genomes (BEL element itself was
described from D. melanogaster genome). The arrangement of coding regions in pol gene of
BEL-like retrotransposons (PR-RT-RH-IN) would suggest their placement among Ty3/gypsy
elements. However, the comparison of RT sequences unambiguously placed them outside both

the Tyl/copia and the Ty3/gypsy groups. They are characterized by significant structural
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heterogeneity. There are only few common features like the presence of a triplet of Zn-finger
motifs near the C-terminal end of Gag region, and a single long ORF. Notably, the sequences of
reverse transcriptase and aspartic protease active sites of BEL-like elements show some striking
differences from the other groups of LTR retrotransposons.

Another group of retrotransposons, DIRS1-like elements, displays a similarity with LTR-
containing elements in their RT sequence. However, several details of their structural
organization and their life cycle were shown to differ significantly from those of the canonical
LTR retrotransposons, placing them in a separate class, DIRSI or Y-retrotransposons [Goodwin
and Poulter, 2001a]. So, what are the main differences between DIRS1 and LTR
retrotransposons? First of all, DIRSI-like elements encode neither DDE-type integrase nor
aspartic protease. The integration of their cDNA is performed by the Y-transposases instead.
These enzymes are related to the site-specific recombinase of the bacteriophage lambda. They
are proposed to insert the circular DNA intermediate into the host genome [Curcio and
Derbyshire, 2003]. Thus, their mechanism of integration differs significantly from the one
described for LTR retrotransposons, those integrases mediate the insertion of linear molecules of
cDNA. Further on, DIRSI retrotransposons lack characteristic LTRs and do not produce target
site duplications. They are bordered either by inverted repeats or by “split” direct repeats instead.
These repeats are likely to have dual functions — namely, to produce full-length cDNA from
terminally truncated RN As and serve as recombination sites for the Y-transposase. The details of
the reverse transcription and integration of DIRS1 elements are largely unknown. It is suggested,
however, that the circular cDNA molecule produced in the course of reverse transcription is
further integrated by the mechanism related to the one described for bacteriophage lambda.

The number of known DIRS1-like elements grows continuously since their characterization as a
separate class. They were found in the genomes of slime mold (Dictyostelium discoideum)
[Cappello et al., 1985], fungi [Ruiz-Perez et al., 1996], green algae [Duncan et al., 2002],
nematodes [de Chastonay et al., 1992], arthropods, sea urchins and fishes [Goodwin and Poulter,
2001a]. Surprisingly, no DIRS1-like elements were reported so far from the transposon-rich
genomes of plants and insects.

The description of DIRS1 retrotransposons highlights the remarkable ability of retroelements to

acquire novel functional modules and adopt their activities for own needs.
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1.1.4 Vertebrate retroviruses

There is a little doubt that vertebrate retroviruses are the most important group of LTR-
containing elements. Nevertheless, their properties will be discussed here only briefly, as the
genomic transposable elements are in the focus of this overview.

Due to their importance, the different aspects of retroviral biology were widely studied during
the last decades. Our current knowledge on retroelements biology is based mainly on the results
obtained in experiments with retroviruses.

Structurally the retroviruses resemble LTR retrotransposons. Again, their genomes are flanked
by two identical LTRs, and they contain gag and pol genes. A crucial difference, however, is a
presence of the env gene in the retroviral genomes. Its product mediates the entry of the virion
into the host cell and provides in this way the infectious properties of the retrovirus. Many
retroviruses have only these three genes. Yet, there are some important exceptions. First,
genomes of some retroviruses acquired copies of cellular genes. The cellular counterparts of
acquired genes are often involved in the key processes of signal transduction or cell cycle
regulation. Thus, they may confer upon the virus the ability to transform normal into malignant
cells and to cause tumors in the host animal. In this case, the acquired cellular genes are called
oncogenes, and corresponding viruses — “transforming” viruses [Coffin, 1992; Vogt, 1997].
Further on, some retroviruses (so-called complex retroviruses) also contain accessory genes,
which are usually involved in the coordination and regulation of the viral gene expression [Vogt,
1997]. Their examples are spumaviruses and lentiviruses.

In contrast to LTR retrotransposons, the retroviruses can produce extracellular virus particles —
virions. They are enveloped by lipid membrane derived from the cell plasma membrane by
budding. The products of env gene are associated with outer membrane and mediate the
recognition of host cells. There are two protein layers inside the envelope composed mainly of
different forms of Gag protein. The outer shell is generally called matrix, whereas the inner one
is termed capsid. The retroviral enzymes together with dimeric genomic RNA and a variety of
small RNAs (mainly tRNAs) of host origin are located within the capsid [Coffin, 1992; Vogt,
1997].

The life cycle of the most known retroviruses includes, in contrast to LTR retrotransposons, an
extracellular phase. However, it seems that little occurs inside the virion during this phase. The
process of reverse transcription takes place mainly after the entry of the viral core into the
cytoplasm of the target cell, following by the integration of cDNA into the host genome and
propagation of viral RNAs and proteins. It should be noted that certain retroviruses have

persisted as stable genome-integrated forms (proviruses) for multiple generations [Boeke and
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Stoye, 1997]. They have often undergone several adaptations allowing them to coexist with their
host. So, the viruses induced from endogenous proviruses are relatively nonpathogenic, whereas
many endogenous proviruses are transcriptionally silent or defective due to occurred mutations.
Nevertheless, many of them are very successful in the colonization of host genomes. For
instance, human endogenous retroviruses constitute for more than 8 % of human genome
[Lander et al., 2001]. Many their properties resemble those of LTR retrotransposons, although
their RT sequences unambiguously place them among retroviruses.

The canonical retroviruses are restricted in their distribution to vertebrates, infecting fishes,
amphibians and reptiles as well as birds and mammals, including human. Further on, retroviruses
can cause a variety of diseases in the infected organisms, including a number of malignancies,
immunodeficiencies, and neurological disorders [Rosenberg and Jolicoeur, 1997; Fauci and
Desrosiers, 1997]. Some disorders caused by retroviruses are often fatal. The world-wide
distribution of the HIV infection is one of the major public health problems faced by the
mankind in the 21* century. Unfortunately, the evolutionary plasticity of retroviruses and their

ability for rapid adaptations hamper the control of retrovirus infections.

1.1.5 Hepadnaviruses and caulimoviruses

Besides the retroviruses, two other viral families utilize the process of reverse transcription for
their replication. There are hepadnaviruses and caulimoviruses, which are occasionally called
animal and plant pararetroviruses, correspondingly [Boeke and Stoye, 1997]. The most obvious
difference between canonical retroviruses and pararetroviruses is the type of nucleic acid found
in the virion and the stage of the life cycle when the reverse transcription occurs. As described
above, retroviral virions contain dimeric genomic RNA, reverse transcribed into cDNA after the
entry of viral core into the cytoplasm of infected cell. Conversely, the reverse transcription
process in the case of pararetroviruses occurs prior to virion release, and viral particles contain
DNA rather than RNA molecules. The pararetroviruses have circular DNA genomes with
interruptions either on plus strand (hepadnaviruses) or on both strands (caulimoviruses). It is
another important difference from retroviruses characterized by linear DNA genomes. As in the
case of retroviruses and LTR retrotransposons, a host tRNA molecule serves as a primer for
reverse transcription of caulimoviruses, whereas reverse transcription of hepadnaviruses is
primed by a reverse transcriptase protein itself rather than by a nucleic acid. Finally, unlike the
retroviruses, the life cycle of the pararetroviruses does not involve integration of the viral

genome into that of the host, all the replication being episomal [Boeke and Stoye, 1997].
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Hepadnaviruses are known only from a small number of mammals and birds. Viral infection
leads to hepatitis (so-called type B hepatitis) and is associated with a high rate of liver cancer in
humans and animals [Jilbert and Mason, 2002]. Caulimoviruses are parasites of flowering plants,
transmitted by aphids and other insect vectors. They induce mainly mottles and mosaics of host

plants, and some of them cause considerable losses to tropical crops [Hull, 2001].

1.2 Phylogeny of retroelements

The known retroelements display a great diversity in their structure, encoded proteins and the
mechanisms of replication (Table 1.1). What major events did lead to the emergence of such
remarkable diversity? The conception of modular evolution, i.e. the stepwise acquisition of new
information modules, was proposed to explain the main steps in the development of the variety
of modern retroelements [Xiong and Eickbush, 1990; Boeke and Stoye, 1997; Malik and
Eickbush, 1999; Malik et al., 1999]. It is suggested that modern groups of retroelements have
arisen from a certain ancestor by gradual acquisition of additional functional domains whose
functions were adopted by retroelements.

Nowadays, the most primitive of the retroelements are found in the genomes of bacteria and
eukaryotic organelles. This group includes retrons, retroplasmids and retrointrons. They are
characterized by several archaic features and encode either only reverse transcriptase or, in the
case of retrointrons, reverse transcriptase and endonuclease. Currently, they are known only from
a few species of eukaryotes and they are generally present in host genome in a limited copy
number. Thus, they are mainly regarded as “living fossils” among retroelements. However, the
elements similar to modern retrointrons are believed to be the ancestors of present-day
retrotransposons.

Indeed, the known retrointrons occupy the genomes of eukaryotic mitochondria and plastids, and
there are multiple examples of mitochondrion-to-nucleus or chloroplast-to-nucleus gene transfer.
This process may have contributed to the retrointrons migration to nuclear DNA. Furthermore,
the nuclear genome of A. thaliana even contains an integrated fragment of presumably
nonfunctional mitochondrial DNA that includes group II introns [Lin ef al., 1999]. One of the
proposed scenarios suggests that retrointrons that had not inserted within genes would be under
no selective pressure to retain splicing. That enables them to evolve into non-LTR
retrotransposons [ Lambowitz and Zimmerly, 2004].

The most primitive of modern non-LTR retrotransposons have a single ORF encoding a protein
with RT and En activities [Malik et al., 1999]. Such organization of coding sequences generally

resembles the organization of group II introns. Another archaic feature of these elements is their
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sequence-specific integration mechanism. It is proposed that in the course of evolution such
primitive non-LTR retroelements have acquired AP-endonuclease domain from the DNA repair
machinery of the cell. This acquisition resulted in the lost of target site specificity. It also
coincides with the appearance of a second ORF in front of the major RT-encoding ORF [Malik
et al., 1999]. This additional ORF encodes for a protein with nucleic acid binding motifs, whose
function is currently not completely understood. Further on, certain non-LTR retrotransposons

acquired an RNaseH domain from some eukaryotic source.

Table 1.1 Comparison of known classes of retroelements

Retroelements Encoded proteins Terminal sequences Distribution

Retrons RT - Bacterial genomes

Circular DNA molecules; .
Autonomous elements occurring

Retroplasmids RT RNA. transcript has a in mitochondria of filamentous

tRNA-like structure at the

, fungus Neurospora
3" end
Retrointrons RT and En - Genome§ of bacteria and
eukaryotic organelles
Non-LTR RT, RH*, En, nucleic acid- Poly(A) or related
.. o sequences at the 3" end; no Nuclear genomes of eukaryotes
retrotransposons binding protein .
terminal repeats

LTR Direct terminal repeats at

RT, RH, IN (En), Gag, PR Nuclear genomes of eukaryotes

retrotransposons both termini (LTRs)
DIRS1-like RT, RNaseH, Y-transposase, Inverted terminal repeats or Nuclear genomes of cukaryotes
. s (have not been reported from
retrotransposons Gag split" direct repeats
plant genomes so far)
RT, RH, IN, Gag, PR, Env Infect  vertebrate  animals;
Vertebrate (other proteins of viral or host  Direct terminal repeats at  integration of viral DNA into
retroviruses origin are sometimes also both termini (LTRs) host nuclear genomes occurs
encoded) after infection
RT, RH, Gag, Env and X Circular DNA molecules Infect mammals and birds; viral
Hepadnaviruses protein with unknown with interruptions on plus DNA is not integrated into host
function strand genomes
RT, RH, coat protetn, PR, Circular DNA molecules . .
. . movement protein and some s . Infect plants; viral DNA is not
Caulimoviruses with interruptions on both

proteins with unknown integrated into host genomes

. t
functions strands

* - these proteins are encoded only by some non-LTR retrotransposons

The next class of retroelements, LTR retrotransposons, is characterized by significant complexity
of their structure and life cycle compared to non-LTR elements. Several researches proposed that
these elements derived from the fusion of a DNA-mediated transposon and a non-LTR
retrotransposon [Capy et al., 1998; Malik and Eickbush, 2001]. The proposed fusion event must
have occurred at least twice in the evolution of retroelements, ones leading to the acquisition of

DDE-integrase by LTR retrotransposons and, second, resulting in the appearance of DIRS1-like
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elements with their tyrosine transposases [Curcio and Derbyshire, 2003]. On the other hand, non-
LTR elements contributed the RT-RNaseH region and the domain encoding for nucleic acid-
binding protein (Gag-like) to LTR retrotransposons. Also, LTR retrotransposons acquired the
protease domain, which may have been derived from the host’s pepsin gene family. Finally, the
elements evolved long direct terminal repeats to overcome the problem of replicating the ends of
their genomic DNA [Malik and Eickbush, 2001].

The most significant difference between LTR retrotransposons and simple retroviruses is the
presence of an env gene, which confers infectious ability to retroviruses [Coffin, 1992; Vogt,
1997]. So, the most likely explanation for the origin of vertebrate retroviruses is the acquisition
of the env gene from other viral source. This model is supported by numerous phylogenetic
analyses and is currently widely accepted. Unfortunately, the rapid sequence divergence of the
env genes has made it difficult to ascertain the origins of the env genes in retroviruses [Malik et
al., 2000]. It is also unclear whether env genes represent a single acquisition event or multiple
events. Malik and Eickbush [2001] have proposed that vertebrate retroviruses have acquired
additional RNaseH domain, probably from non-LTR retrotransposons. At the same time, the
original domain lost its enzymatic activity but may still carry out some important structural
functions, being represented by the so-called “tether” or “connection” domain between RT and
RH regions.

An additional evidence for the acquisition of the env gene by vertebrate retroviruses is provided
by numerous examples of invertebrate retrotransposons bearing env-like ORFs. For instance, it
was shown that the gypsy element of D. melanogaster has acquired its envelope-like gene from a
class of insect baculoviruses, whereas Cer elements from Caenorhabditis elegans bear env-like
genes originating from phleboviruses [Malik et al., 2000]. On the other hand, it was proposed
that plant caulimoviruses represent a fusion of LTR element with a plant virus [Xiong and
Eickbush, 1990].

The current model of the evolution of retroelements suggests a stepwise acquisition of new
informational modules and their further adaptation for element’s needs to play a key role in the
appearance of their new classes. This evolutionary approach led to the development of a vast
diversity of retroelements, which are currently by far the most successful players among

eukaryotic mobile elements.

1.3 The life cycle of LTR retrotransposons and their interaction with host genomes
Our current knowledge of the retrotransposition mechanism of LTR retrotransposons are based

mainly on the results of experiments performed with Tyl and Ty3 elements of S. cerevisiae and
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copia and gypsy retrotransposons of D. melanogaster. It reflects the basic principles of the life
cycle of LTR retrotransposons, but the study of further elements has brought some examples
showing significant deviations in the regulation of expression, in the priming of reverse
transcription, in the approaches to achieve proper Gag:Pol ratios and in other life cycle details
among LTR retrotransposons. Some of these examples will be discussed here as well.

Unlike the retroviruses, genomic transposable elements should regulate their activity to minimize
possible deleterious impact on the host fitness [Boeke and Stoye, 1997]. Thus, despite general
similarity, there are some key differences in the biology of LTR retrotransposons and

retroviruses.

1.3.1 Expression of LTR retrotransposons

The life cycle of LTR retrotransposons begins with the transcription of the elements integrated
into host genomes with RNA polymerase II. Sequences resembling eukaryotic Pol II promoters
were reported from LTRs of many known elements. Terminally redundant transcripts are
produced during the transcription [Boeke and Stoye, 1997; Wilhelm and Wilhelm, 2001]. They
bear R and U5 regions of LTR on the 5" end and U3 and R regions on 3" end. The regions were
named for their distribution, namely, R for “repeated”, and U5 and U3 for “unique for 5" end”
and “unique for 3" end”, respectively. This redundancy is required for the correct replication of
linear genome of LTR retrotransposons.

It could be expected that the transcription of transposable elements is tightly regulated to
minimize the level of the retrotransposition to levels tolerable by the host. Surprisingly, some of
the well-known elements are transcribed so efficiently that their transcripts are among the most
abundant of the cellular mRNA, i.e. Tyl RNA constitutes 5 — 10 % [Curcio et al., 1990; Boeke
and Sandmeyer, 1991] and copia RNA — about 3 % of the total polyadenylated RNA in the host
cell [Flavell et al., 1980]. In fact, the copia element is even named for the abundance of its RNA.
A variety of expression patterns was described for different LTR retrotransposons. For instance,
the expression of some of them is regulated in a developmental or tissue-specific manner [Boeke
and Stoye, 1997]; the transcription of S. cerevisiae Ty3 elements is increased in MATa cells
treated with a-factor [Van Arsdell et al., 1987] and severely reduced in diploid (MATa/MATa)
strains compared to haploid ones [Boeke and Sandmeyer, 1991]. A silencing of transposons by
mechanisms involving RNA interference (RNA1) was reported recently [Schramke and Allshire,
2003]. Conversely, many studied LTR retrotransposons are activated by such stress factors as
UV irradiation, heat shock, pathogen infection and other stress conditions [Rolfe et al., 1986;

Bradshaw and McEntee, 1989; Ziarczyk and Best-Belpomme, 1991; Ratner et al., 1992; Mhiri et
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Figure 1.1 The life cycle of LTR retrotransposons. The scheme is taken from Havecker et al.
(2004) with minor modifications

al., 1997; lkeda et al., 2001]. McClintock [1984] proposed that such stress activation of
transposable elements could be regarded as an adaptive response of the genome and might lead
to a new phenotype that can survive under severe conditions. Surprisingly, there are very few
instances in which the increase of the retroelement transcription level has been directly
correlated with the frequency of the transposition of the element [Boeke and Stoye, 1997].
Obviously, high transcription levels are not necessarily sufficient for frequent transposition.

An unexpected link between regulation of retrotransposons and host genes was recently observed
for some organisms. Thus, LTRs of Schizosaccharomyces pombe elements were shown to be
directly required for repression of nearby meiotically induced genes. This regulation mechanism
depends on the components of RNAi pathway and silent chromatin [Schramke and Allshire,
2003]. Furthermore, LTR retrotransposons were reported to act as alternative promoters and first
exons for a subset of host genes, regulating their expression in mouse oocytes and cleavage stage
embryos [Peaston et al., 2004]. These results indicated that the regulation of retrotransposon
expression may be much more complex than it was suggested previously and that it is deeply
implicated in the global regulation of cellular processes.

Translation of retroelement transcripts is performed on host ribosomes [Boeke and Stoye, 1997].

LTR retrotransposons are faced with the problem to produce the appropriate amounts of Gag and
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Pol proteins during the translation. As noted above, the presence of molar excess of Gag protein
is needed for their normal replication. Different approaches to reach the proper Gag:Pol ratio
were evolved by various retrotransposons [Gao et al., 2003]. One of the common strategies is the
arrangement of gag and pol genes in different reading frames. In this case, either -1 or +1
translational frameshift is needed for the production of Pol protein. It is generally achieved by
ribosome pausing caused by certain secondary structures in the template mRNA or by the use of
rare codons [Farabaugh, 1996]. A number of frameshift-promoting sequences were described.

A common structural motif for -1 frameshift site was identified as X-XXY-YYZ, where X, Y

and Z are any nucleotides [Farabaugh, 1996]. On the other hand, sequences involved in +1
frameshift show little conservation. Another approach requires translational read-through of the
stop codon between gag and pol genes for the synthesis of Pol protein, leading again to the
production of a molar excess of Gag. An unusual mechanism was described for the copia
element. In this case, two major transcripts are produced. The full-length transcript encodes the
Gag-Pol fusion protein. The second transcript lacks most of the internal sequences, which are
removed in frame by RNA splicing. This spliced RNA encodes a Gag-protease fusion protein
[Brierley and Flavell, 1990; Yoshioka ef al., 1990].

Notably, some LTR retrotransposons with a single ORF rely on a post-transcriptional regulation
of their Gag:Pol ratio. A good example of such regulation is provided by Tfl, a LTR
retrotransposon from the genome of fission yeast Sz. pombe. Tfl has a single reading frame,
therefore both Gag and Pol proteins are initially produced in equimolar amounts. Gag:Pol ratio
remains unchanged in log-phase cells, however, transition to the stationary phase is accompanied
by rapid degradation of Pol proteins, resulting in the molar excess of Gag [Atwood ef al., 1996].
Finally, a proteolytic processing of Gag and Gag-Pol fusion is required for the maturation of
individual proteins. It is generally carried out by a retroelement-encoded protease within the

virus-like particles [Dunn et al., 2002].

1.3.2 Assembly and maturation of virus-like particles

Although LTR retrotransposons lack an extracellular phase in their life cycle, they produce
virus-like particles (VLPs), where the maturation of individual proteins and reverse transcription
take place [Roth, 2000]. Details of VLPs assembly are currently less understood than other steps
of the life cycle of LTR retrotransposons. It was studied primarily with Tyl and Ty3 elements
using overexpression strategy [Garfinkel et al., 1985; Hansen et al., 1992].

It is generally accepted that Gag and Gag-Pol fusion proteins assemble into VLPs. Moreover,

element’s RNA and host tRNA molecules are encapsulated within particles [Boeke and Stoye,
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1997; Roth, 2000]. Some differences concerning the localization of the particles were observed
between retroelements. In the case of yeast cells overexpressing either Tyl or Ty3 element,
VLPs are observed in the cytoplasm [Roth, 2000], whereas copia VLPs in Drosophila tissue
culture cells were found in the nucleus [Miyake et al., 1987].

The protease expressed as a part of the Pol polyprotein is able to release itself by specifically
cutting peptide bonds on both ends of its sequence [Dunn et al., 2002]. Then it processes the Gag
protein to produce so-called capsid (CA) and nucleocapsid (NC) proteins. The CA protein is a
main structural component of VLPs and plays a central role in particle assembly [Roth, 2000].
The significantly smaller NC protein encompasses the C-terminal part of the Gag protein
including a nucleic acid-binding Zn-finger motif. It is presumably involved in the scaffolding of
genomic RNA inside the VLPs.

The proteolytic processing of Gag-Pol fusion protein results in the release of CA and NC
proteins, the protease, the integrase and the reverse transcriptase. The protease-cleavage sites
were characterized in details for the Ty3 element [Kirchner and Sandmeyer, 1993]. Apart from
the relatively hydrophobic character of the flanking residues, these sites show only limited

conservation.

1.3.3 Reverse transcription

The life cycle of LTR retrotransposons does not include extracellular phase, so, unlike the
retroviruses, the reverse transcription process can take place immediately after the assembly of
VLPs [Boeke and Stoye, 1997]. The majority of known LTR retrotransposons use certain host
tRNA molecules to prime reverse transcription [Wilhelm and Wilhelm, 2001]. In this case, the
3" acceptor stem of the specific host tRNA anneals to the short region downstream from the
5" LTR, so-called primer-binding site (PBS) (Fig. 1.2). The length of PBS varies between 8 and
23 nt for the majority of known LTR retrotransposons [Neuveglise et al., 2002]. Further on, the
existence of interactions between the primer tRNA and genomic RNA in regions other than PBS
sequence was demonstrated for several retroelements [Friant et al., 1998; Gabus et al., 1998].
Since tRNA molecules possess highly ordered secondary and tertiary structure, it was proposed
that some factors should be involved in their unwinding and following annealing to the template
RNA. Indeed, it was shown that the C-terminal region of the Tyl Gag protein contains a nucleic
acid chaperone domain capable of promoting the annealing of primer tRNA™® to the PBS and
the initiation of reverse transcription [Cristofari et al., 2000]. Similar functions are proposed for

NC proteins encoded by other retrotransposons.
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Interestingly, some remarkable exceptions from this rule have been described. Thus, the
elements of Tfl/sushi group use an unusual self-priming mechanism. It includes the annealing of
5" end of retroelement’s transcript to primer-binding site (PBS) and the cleavage of transcript by
the RNaseH. The cleavage releases the 5 end of the transcript, which serves as a primer for the
reverse transcription [Levin, 1995; Levin, 1996; Lin and Levin, 1997a; Butler et al, 2001].
Further on, some elements like copia and S. cerevisiae TyS use an internal portion of tRNA
molecule, which includes the anticodon stem-loop, to prime their reverse transcription [Kikuchi
et al., 1986; Ke et al., 1999]. Another priming mechanism was proposed for two closely related
retrotransposons Tca3 and Tcd3 from the genomes of Candida albicans and Candida
dubliniensis. The putative primer-binding site of these elements contains an inverted repeat,
which probably is recognized by an RNase and cleaved to generate a primer [Goodwin ef al.,
2003]. Finally, the PBSs of the slime mould element skipper and some related retrotransposons
show neither obvious complementarity to tRNAs nor the similarity to PBSs of the Tfl/sushi
group, and their actual priming mechanism remains unknown [Leng et al., 1998; Goodwin and
Poulter, 2001b].

The formation of a primer-template complex allows RT to perform the synthesis of the so-called
minus-strand strong-stop DNA (-sssDNA), which encompasses U5 and R regions of the 5" LTR
(Fig. 1.2). When RT reaches the 5" end of the RNA template, -sssDNA is released and
transferred to the 3" end of the genomic RNA, where its R region anneals to the complementary
R region of 3" LTR. The strand transfer allows the minus-strand DNA synthesis to be continued.
Again, the RT proceeds until 5 end of the template RNA is reached. Notably, during the
synthesis of the minus-strand DNA, RNA strand of the newly formed DNA-RNA hybrid is
degraded by the RT-associated RNaseH activity. However, specific purine-rich region located
upstream from 3" LTR (so-called polypurine tract, PPT) is relatively resistant to RNaseH
digestion. Thus, it remains attached to the newly produced minus-strand DNA and serves as a
primer for plus-strand DNA synthesis. The next step after the generation of PPT primer includes
the synthesis of the plus-strand strong-stop DNA (+sssDNA). RT uses the 5" end of the newly
synthesized minus-strand DNA as a template and terminates reaching the first modified base in
the priming tRNA, so that the +sssDNA encompasses the complete LTR and PBS sequences.
Primer tRNA is removed from the +sssDNA by RNaseH activity. Finally, +sssDNA should be
transferred to the 3° end of the minus-strand DNA where it can anneal to the sequence
complementary to PBS. The details of this process are not completely understood as such
transfer would imply the inheritance of the primer tRNA sequence during the replication of LTR

retroelements. Indeed, this seems to be the case for retroviruses but not for Tyl element of
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Figure 1.2 The reverse transcription of LTR retrotransposons. Abbreviations are as following:
LTR, long terminal repeat; U3, R and U5 — corresponding fragments of the LTR; PBS,
primer-binding site. LTR retrotransposon integrated in host genome is shown as
shadowed box, its transcript - as wavy line, primer tRNA — as cloverleaf structure,
newly synthesized single-strain DNA — as solid line, and double-stranded cDNA — as
open box. See also text for more details. The scheme is taken from Curcio and
Derbyshire (2003).

S. cerevisiae. Anyway, after the second strand transfer RT finalizes the synthesis of plus- and
minus-strands of cDNA, and the whole process of reverse transcription results in a creation of
linear genomic DNA of retroelement with characteristic terminal repeats (LTRs) (Fig. 1.2)

[Wilhelm and Wilhelm, 2001].

1.3.4 Nuclear entry and integration of cDNA

The step of reverse transcription is followed in the life cycle of LTR retroelements by the
integration of newly synthesized cDNA into the host genome. Most of them could enter the
nucleus during mitosis when the nuclear envelope is broken down. However, the fungal

retrotransposons are faced with an additional problem at this stage, since fungal cells undergo so-



Introduction 23

called “closed” mitosis and their nuclear membrane remains intact throughout the cell cycle
[Boeke and Stoye, 1997]. A similar hindrance arises in the life cycle of retrotransposons and
retroviruses infecting non-dividing cells.

The details of the nuclear entry of fungal retrotransposons are largely unknown. It was shown
that the integrase enzyme of Tyl and Ty3 elements possesses a nuclear localization signal
(NLS), which is required for the nuclear localization of the corresponding elements [Moore et
al., 1998; Lin et al., 2001]. On the other hand, nuclear entry of Tfl element from fission yeast
depends on its Gag protein [Dang and Levin, 2000]. It is unlikely that VLPs may pass through
the nuclear pore complex since their size exceeds the diameter of nuclear pore. So, several
mechanisms were proposed to explain the nuclear import of yeast retrotransposons. First, it is
assumed that VLPs dissociate before the nuclear entry and that their re-assembly occurs inside
the nucleus. A second scheme suggests the formation of the preinitiation complex (PIC)
consisting of integrase, cDNA and, probably, some other factors, which passes through the
nuclear envelope, whereas other components of VLPs remain in cytoplasm.

The integration itself is performed by integrase. It introduces two staggered nicks in the target
DNA and joins the 3" ends of both strands of cDNA to the generated nicks [Curcio and
Derbyshire, 2003]. It is thought that host DNA-repair enzymes fill in the single-stranded gaps at
both junctions and produce in this way target site duplications in the host DNA.

The important prerequisite of the successful coexistence of transposable elements with their
hosts is the minimization of the harmful effects of the retrotransposition. Therefore, many of the
known LTR retrotransposons have developed the mechanisms allowing them to target their
integration to the specific, presumably non-deleterious, regions of the host genome. Especially
strongly expressed are the target preferences of the yeast retroelements, which have to adapt
themselves to the compact genomes of their hosts lacking large intragenic or intergenic DNA
regions. Moreover, yeasts spend a significant part of their life cycle in haploid phase, and almost
every insertion in the coding sequence in this case would immediately affect host fitness [Boeke
and Stoye, 1997].

Most of the known yeast retrotransposons avoid inserting into the protein-coding genes. For
instance, four of five retrotransposon families (Tyl-Ty4) from the genome of budding yeast
S. cerevisiae are strongly associated with genes transcribed by RNA polymerase II1 (Pol III),
first of all, with tRNA genes [Kim ef al., 1998]. Integration into these sites is relatively harmless
as the regions upstream tRNA genes are gene-poor and integration does not disrupt Pol III
transcription. Notably, there are two different strategies of target site choice. Ty3 inserts almost

exclusively within 1-2 bases of Pol III transcription start sites [Chalker and Sandmeyer, 1990;
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Chalker and Sandmeyer, 1992; Kim et al., 1998], whereas most of the Tyl, Ty2 and Ty4
insertions are found within a much wider 750 bp window upstream of target genes [Devine and
Boeke, 1996; Kim et al., 1998]. Further on, it was shown that the Tyl element inserts quite
readily into the silenced HM and rDNA loci [Boeke and Devine, 1998]. These apparently distinct
insertion preferences suggest convergent evolution of targeting in different lineages of
S. cerevisiae retrotransposons. TyS elements chose another “safe havens”, namely, they integrate
mainly near regions of silent chromatin at the telomeres and the HM mating loci [Zou ef al.,
1995; Zou et al., 1996]. Retrotransposons of fission yeast Sz. pombe, Tfl and Tf2, have their
own preferences. Their insertions are clustered in the intergenic regions containing RNA
polymerase II promoters, 100 to 400 nucleotides upstream of protein-coding ORFs [Behrens et
al., 2000; Singleton and Levin, 2002; Bowen ef al., 2003].

In most cases the integration is not sequence-specific and the targeting is believed to be achieved
mainly by interaction of integrase with certain host factors. Thus, the specificity of Ty5
integration is determined by interactions between the targeting domain of TyS integrase and the
heterochromatin protein Sir4p, as was shown by experiments of Zhu et al. [2003]. Further on, it
was demonstrated that components of RNA polymerase III complex TFIIIB and TFIIIC are
involved in the targeting of Ty3 integration to Pol Ill-transcribed genes [Kirchner ef al., 1995;
Yieh et al., 2000].

The retrotransposons of multicellular organisms generally have no strict insertion preferences,
what can be explained by the larger proportion of non-coding sequences in the genomes of
higher eukaryotes. Nevertheless, even in this case a significant proportion of transposons is
associated with heterochromatin regions.

Another issue important for the integrity of host genomes is the regulation of copy number of
transposable elements. Again, the copy number control in the genomes of higher eukaryotes
seems to be less stringent compared to compact genomes of yeast, which have evolved various
mechanisms regulating the transposition. So, despite some variations in the copy number of Tyl
elements between S. cerevisiae strains, none of them has more than 40 copies of complete
elements [Garfinkel et al., 2003]. The mechanisms of such copy number control are far from
being understood, but it was reported that they can be either involved in the regulation of
transcription or can act at the post-transcriptional level [Garfinkel, 2003; Jiang, 2002].

Finally, it should be noted that transposable elements as well as their hosts have evolved a
number of mechanisms allowing them to minimize deleterious impact of genomic parasites on

host fitness.
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1.4 Retroelements of yeast and filamentous fungi

Retrotransposons are widely distributed among eukaryotic organisms. A large variety of them
was described from the genomes of yeast and filamentous fungi, too. Their study has made a
significant progress in the last decade, especially due to the numerous sequencing projects
deciphering complete fungal genomes and their fragments. Non-LTR retroelements as well as
members of Tyl/copia, Ty3/gypsy and DIRS1 were found in fungal genomes. Although
retroelements were reported from the genomes of ascomycetes, basidiomycetes and
zygomycetes, the most of them were identified in ascomycetes. This bias is probably due to the
high number of research groups working on various ascomycetes species and due to their wide
use in biotechnology processes [Daboussi and Capy, 2003].

Non-LTR retrotransposons were reported from the genomes of several ascomycetous
filamentous fungi: Neurospora crassa (Tadl element) [Kinsey and Helber, 1989], Ascobolus
immersus (Mars1) [Goyon et al., 1996] and plant pathogenic species Magnaporthe grisea (also
known as Pyricularia oryzae) (MGR583 and MGL) [Hamer et al., 1989; Nishimura et al., 2000]
and Colletotrichum gloeosporioides (CgT1) [He et al., 1996]. They were also described from the
genomes of some yeasts: two ascomycetous species, C. albicans (Zorro-1, Zorro-2 and Zorro-3)
[Goodwin et al., 2001] and Yarrowia lipolytica (Ylli) [Casaregola et al., 2002], and medically
important basidiomycetous yeast Cryptococcus neoformans (Cnll) [Goodwin and Poulter,
2001b]. Further on, marY2N element was found in the genome of the economically important
basidiomycetous mushroom 7richoloma matsutake [Murata et al., 2001]. Notably, the genomes
of S. cerevisiae and Sz. pombe lack the members of this group.

Most of the known fungal non-LTR retrotransposons are present in host genomes in high copy
number. Similarly to LINE-element of other organisms, many of the copies are truncated at the
5" end. Although full-length elements were reported in the most cases, the transpositional
activity was currently demonstrated for Tadl and MGL elements only [Daboussi and Capy,
2003].

Interestingly, all elements isolated from filamentous fungi (Tadl, Marsl, MGR583 and CgT1)
are closely related (Fig. 1.3). On the phylogenetic tree of non-LTR retrotransposons they form a
separate branch, currently consisting exclusively from fungal elements [Malik et al., 1999]. On
the other hand, both Ylli and Zorro elements fall into the L1 group, characterized by broad
distribution among eukaryotic kingdoms (Fig. 1.3) [Goodwin ef al., 2001; Casaregola et al.,
2002]. Thus, the yeast and fungal LINE-like elements are well distinct from each other.
Surprisingly, the Cnll element of C. neoformans shows no similarity to other known fungal

retrotransposons. The phylogenetic analysis placed it into the most ancient CRE group of non-
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Figure 1.3 Phylogenetic relationships between non-LTR retrotransposons. The scheme includes
all groups of non-LTR retrotransposons identified by Malik et al. (1999). Elements
described from fungal genomes are indicated, and the retrotransposon Ylli from the
genome of Y. lipolytica is shown in bold. This scheme does not include Cnll element
of Cryptococcus neoformans, but analysis performed by Goodwin and Poulter (2001b)
showed that Cnll is grouped together with the SLACS and CRE2 elements. The figure
is taken from Casaregola ef al. (2002).

LTR elements, which members were previously known only from the genomes of trypanosomes

[Goodwin and Poulter,

retrotransposons is currently unknown.

The position of marY2N element among non-LTR

Sequences resembling SINE-like elements were described from several species of filamentous

ascomycetes [Daboussi and Capy, 2003]. One of them, the Foxy element of Fusarium

oxysporum, was shown to be transpositionally active, and its copy number may increase after
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gamma irradiation [Mes et al., 2000]. No corresponding LINE element mediating transposition
of Foxy was described so far.

Although non-LTR retrotransposons are known from a number of fungi, their variety is limited
compared to the diversity of LTR retrotransposons in fungal genomes. Thus, they are completely
absent from the compact genomes of the majority of yeast species, where numerous LTR
retrotransposons families still can be found. Probably, the members of this ancient group were
eliminated from the compact genomes characterized by the rapid turnover of transposable
elements. On the other hand, the genomes of numerous species of higher fungi (mushrooms) are
currently poorly characterized and they may serve as a potential source of novel non-LTR
elements.

Multiple families of LTR retrotransposons were identified in the genomes of yeast and
filamentous fungi. Members of both Tyl/copia and Ty3/gypsy groups were reported from fungal
genomes, although the first ones are found primarily in yeasts.

Numerous Tyl/copia-like elements occupy the genomes of S. cerevisiae and related
hemiascomycetous yeasts [Boeke and Sandmeyer, 2001; Kim et al., 1998; Neuveglise et al.,
2002]. Their sequences are mostly intact, and transpositional activity was demonstrated at least
for some of them. At the same time, the members of this group found in the genomes of higher
ascomycetous and basidiomycetous fungi often show the presence of frameshifts and/or stop
codons indicating that they are degenerated [Daboussi and Capy, 2003].

Four groups of Tyl/copia retrotransposons were identified in hemiascomycetous yeasts
[Neuveglise et al., 2002]. Interestingly, all these groups are yeast-specific, i.e. currently known
members of these groups were reported only from yeast genomes. Among them, Ty5-like
elements are believed to be the most ancient ones [Neuveglise et al., 2002]. All of them encode
gag and pol genes in a single ORF. They were found in the genomes of S. cerevisiae (Ty5)
[Voytas and Boeke, 1992], S. paradoxus (Ty5) [Zou et al., 1995], S. exiguus (Tse5) [Neuveglise
et al., 2002], C. albicans (Tca5) [Plant et al., 2000], Pichia angusta (Tpa5) [Neuveglise et al.,
2002] and Debaryomyces hansenii (TdhS) [Neuveglise et al., 2002]. All Ty5 elements of
S. cerevisiae are inactive, so the active copy from S. paradoxus genome was used to study the
properties of these elements [Zou et al., 1995].

The next group, Tca2-like elements, is unique among yeast retroelements as its members have
gag and pol genes separated by a stop codon [Neuveglise ef al., 2002]. Another common feature

of these elements is the use of tRNAAEUCY)

as a primer for reverse transcription. They were
reported only from two yeast species, C. albicans (Tca2 and Tca4) [Matthews et al., 1997;

Goodwin and Poulter, 2000] and D. hansenii (Tdh2) [Neuveglise et al., 2002]. The Tca2 element
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was shown to be transpositionally active [Holton et al., 2001]. Interestingly, baker’s yeast lacks
this type of retroelements.

Two remaining groups, Tyl-like and Ty4-like elements, use +1 translational frameshift to
express gag-pol polyprotein [Neuveglise et al., 2002]. Tyl-like elements are widely distributed
among various yeast species and were found, for example, in the genomes of S. cerevisiae (Tyl
and Ty2) [Cameron et al., 1979; Clare and Farabaugh, 1985; Hauber et al., 1985; Warmington et
al., 1985], S. exiguus (Tsel), S. kluyveri (Tskl), S. servazzii (Tssl), Kluyveromyces marxianus
(Tkml) and K. lactis (Tkll) [Neuveglise et al., 2002]. At least Tyl and Ty2 elements are
transpositionally active. Conversely, Ty4-like elements were identified only in two species,
S. cerevisiae (Ty4) [Stucka et al., 1989] and S. bayanus (Tsu4) [Neuveglise et al., 2002].

In contrast to the remarkable diversity of Tyl/copia retrotransposons in yeast genomes, only few
mostly degenerated elements could be found in the filamentous ascomycetes [Daboussi and
Capy, 2003]. Among them are Mars2 and Mars3 elements of A. immersus [Goyon et al., 1996],
Tcen of N. crassa [Cambareri et al., 1998], Nht2 element of plant pathogen Nectria
haematococca [Shiflett et al, 2002] and Elsa from another phytopathogenic fungus
Stagonospora nodorum [Rawson, 2000].

Further on, Tyl/copia retrotransposons were treported from three ectomycorrhizal
basidiomycetes, Laccaria bicolor and two species of Pisolithus [Diez et al., 2003]. Several
elements were identified in the genome of basidiomycetous yeast C. neoformans (Tcn6-Tcn9)
[Goodwin and Poulter, 2001b]; however, the entire sequence is available only for Tcn6.

The phylogenetic analysis of fungal Tyl/copia retrotransposons brought some surprising results.
Whereas elements isolated from ascomycetous yeast and filamentous fungi form a separate
group on the phylogenetic tree [Neuveglise ef al., 2002; Diez et al., 2003], retrotransposons of
basidiomycetes were placed closer to the transposons described from plants [Diez et al., 2003].
These results suggest the independent origin of the members of Tyl/copia group in asco- and
basidiomycetes, but the analysis of further elements from other fungal species is definitively
required to clarify this issue.

A remarkable diversity of Ty3/gypsy-like elements was found in fungal genomes. First of all, the
well-studied Ty3 element of S. cerevisiae itself should be noted [Hansen et al., 1988; Hansen
and Sandmeyer, 1990]. It is the only member of this group present in S. cerevisiae genome, and
it is transpositionally active. Several partial sequences mostly referring to defective elements
were reported from the genomes of other hemiascomycetous yeasts (S. kluyveri, S. servazzii,
D. hansenii, Candida tropicalis, Zygosaccharomyces rouxii and Y. lipolytica) by Neuveglise et

al. [2002]. Their phylogenetic positions were not analyzed. Further on, potentially active full-
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length element Tse3 from S. exiguus was described in this study. It was shown to be related to
the Ty3 element of S. cerevisiae. Two interesting Ty3/gypsy retrotransposons Tfl and Tf2
occupy the genome of fission yeast Sz. pombe [Levin et al., 1990]. They are members of the so-
called Tfl/sushi group, which also includes fungal retrotransposons and some retroelements
known from vertebrates [Butler et al., 2001]. Both Ty3 and the members of the Tfl/sushi group
belong to the larger group of chromoviruses, which are characterized by the presence of the
chromodomain in the C-terminal part of an integrase [Marin and Llorens, 2000; Kordis, 2005].
Several fragments resembling Ty3/gypsy-like retrotransposons were found in the genome of
C. albicans [Goodwin and Poulter, 2000; Goodwin et al., 2003]. Phylogenetic analysis showed
that at least two of them, Tca3 and Tca8, are not closely related to Ty3 and occupy an isolated
position among known Ty3 elements. The only full-length Ty3/gypsy element currently known
from C. albicans genome is Tca3. A closely related element Tcd3 was identified in the genome
of Candida dubliniensis recently [Goodwin ef al., 2003]. Finally, the retrotransposon Ylt1 was
described from dimorphic yeast Y. lipolytica [Schmid-Berger et al., 1994].

Interestingly, the majority of known Ty3/gypsy elements from filamentous ascomycetes belong
to the mentioned above Tfl/sushi group [Lin and Levin, 1997b; Butler et al., 2001]. There are
MAGGY and Grasshopper from M. grisea [Farman et al., 1996; Dobinson et al., 1993], CfT-1
from Cladosporium fulvum [McHale et al., 1992], Boty from Botrytis cinerea [Diolez et al.,
1995], Skippy from Fusarium oxysporum [Anaya and Roncero, 1995], REAL from Alternaria
alternata [Kaneko et al., 2000], Cgret from Colletotrichum gloeosporioides [Zhu and Oudemans,
2000] and Afutl from Aspergillus fumigatus [Neuveglise et al., 1996]. Intact full-length copies
were described for most of these elements, but only MAGGY was shown to be transpositionally
active [Nakayashiki et al., 1999]. Further on, two retrotransposons of basidiomycetous fungi,
Tenl from C. neoformans [Goodwin and Poulter, 2001b] and marY1 from Tricholoma matsutake
[Murata and Yamada, 2000], belong to the same group. Conversely, other Ty3/gypsy-like
elements of C. neoformans (Tcn2-TenS) do not seem to be closely related with any of the
previously known retrotransposons [Goodwin and Poulter, 2001b].

Thus, there are two main groups including the majority of known fungal Ty3/gypsy-like
elements, Tfl/sushi and Ty3 sensu stricto. On the other hand, some yeast retrotransposons (like
Tca3, Yltl or Ten2-TenS) occupy an isolated position among known retroelements.

The only known fungal member of recently characterized DIRS1 group, Prtl, was described
from the zygomycetous fungus Phycomyces blakesleeanus [Ruiz-Perez et al., 1996]. Until now,
the members of this unusual group were not found in the genomes of ascomycetes and

basidiomycetes.
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Finally, it should be note that a relatively small number of fungal species were investigated for
the presence of retrotransposons, and further work in the field is required to get the whole picture

of the evolution of fungal retroelements.

1.5 Yarrowia lipolytica as model organism

The ascomycetous dimorphic yeast Y. [lipolytica (formerly also known as Candida,
Endomycopsis or Saccharomycopsis lipolytica) is one of the most intensively studied “non-
conventional” yeast species. It is the only known species of its genus, which is quite distantly
related to the rest of the hemiascomycetous yeast genera and shares a number of common
properties with filamentous fungi instead [Barth and Gaillardin, 1996; Barth and Gaillardin,
1997; Barth et al., 2003].

All Y. lipolytica strains tested so far are heterothallic. The mating type is determined by the two
alleles MATA and MATB. Both haploid and diploid cells are vegetatively stable. Notably, mating
frequencies of natural isolates are always very low (1 % of viable zygotes/cells or even less). In
currently used laboratory inbred strains it varies between 3 and 15 %. Other obstacles for the
genetic analysis of Y. lipolytica are poor sporulation, frequent formation of incomplete tetrads
and low ascospore viability in natural isolates. They were partly overcome by the creation of
inbred strains with high proportion of complete tetrads and the spore germination reaching about
80 % [Barth and Gaillardin, 1996]. Low viability of spores resulting from the mating of natural
isolates may be at least partially explained by the large genetic variation between individual
isolates, observed in the polymorphism of chromosome length and genetic linkage groups.

Y. lipolytica is a natural dimorphic fungus, which forms yeast cells, pseudohyphae and septate
hyphae. The proportion of the different cell types depends on the used strain and culture

conditions.

1.5.1 Physiology and metabolism

The features that initially turned attention of researches to Y. lipolytica were its remarkable
physiological characteristics. Strains of this species were commonly isolated from protein- or
lipid-containing substrates like cheese and sausages. All currently known strains are obligate
aerobes and can not survive under anaerobic conditions. Y. lipolytica uses few sugars (mainly
glucose but not sucrose) as carbon source, but can utilize various polyalcohols, organic acids or
normal paraffins instead. Ethanol and acetate also can serve as carbon source. They are tolerated

in the concentrations up to 3 % and 1 % respectively. Further on, such unusual carbon sources as
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1-alkenes, polymethylated or chlorinated alkanes can also be assimilated [Barth and Gaillardin,
1997].

One of the characteristic features of Y. lipolytica is its ability to secrete large amounts of certain
metabolites, first of all, organic acids and extracellular proteins. Thus, wild type strains secrete a
mixture of citric and isocitric acids when grown on n-paraffins as a carbon source. Thiamine
limitation leads to the secretion of 2-ketoglutaric acid by cells grown on paraffins. Further on,
processes for the production of 2-hydroxyglutaric acid and isopropylmalate using Y. lipolytica
strains were developed [Barth and Gaillardin, 1997; Barth et al., 2003].

Several proteins are secreted by Y. /ipolytica strains, sometimes in amounts up to 1 - 2 g/l. Some
of them including alkaline and acid extracellular proteases as well as extracellular RNase,
lipases, esterase and phosphatases were isolated and characterized [Barth and Gaillardin, 1996].
The ability to secrete large amounts of proteins makes Y. lipolytica useful for the overproduction

and secretion of heterologous proteins.

1.5.2 Genetics and molecular biology

A fair amount of data on molecular biology of Y. lipolytica was accumulated in the last decade.
The recent completion of the genome sequencing project also significantly increases the
potential of Y. lipolytica as a model organism.

Haploid strains of Y. /ipolytica contain 6 chromosomes. The Y. lipolytica genome (20.5 Mb) is
almost twice as large as the genome of S. cerevisiae. Nevertheless, the number of predicted
protein-coding sequences is only 1.15-fold higher than in S. cerevisiae (6,703 vs. 5,807). In
comparison with genomes of other hemiascomycetous yeasts, Y. lipolytica genome is
characterized by the higher G+C content (49.0 % vs. 38.3 % in the case of S. cerevisiae), lower
gene density, larger amount of non-coding sequences and relatively abundant introns, found in
13 % of  genes [Casaregola et al., 2000; Dujon et al., 2004;
http://cbi.labri.fr/Genolevures/elt/Y ALI].

Some other details emphasize the unique position of Y. lipolytica among well-studied
hemiascomycetous yeasts. There are (1) the unusual organization of rDNA clusters, which do not
include 5S rRNA genes; both rDNA clusters and 5S RNA genes are dispersed throughout the
genome; (2) the absence of RNA polymerase I consensus sequence found in other yeasts and (3)
larger size of snRNA and 7S RNA, resembling those of higher eukaryotes [Barth and Gaillardin,
1996; Casaregola et al., 2000].

Another peculiar feature of Y. lipolytica is an inability of chromosomal origins of replication

(ORI) alone to maintain the episomal replication of plasmids. A centromeric sequence (CEN) in
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combination with ORI is required for the extrachromosomal plasmid maintenance instead.
Therefore, autonomously replicating plasmids of Y. lipolytica are relatively stable and present in
low copy numbers (usually 1-3 copies per cell). Interestingly, ORI and CEN sequences of
Y. lipolytica show no homology to corresponding sequences of S. cerevisiae or Kluyveromyces
lactis [Barth and Gaillardin, 1996].

Y. lipolytica is currently used as a model organism to investigate several cellular processes. Thus,
significant progress was achieved in the study of peroxisome biogenesis and degradation, early
steps of protein secretion, cellular dimorphism, utilization of hydrophobic substrates and

dicarbon compounds and mitochondrial complex I biogenesis [Barth et al., 2003].

1.5.3 Transposable elements of Y. lipolytica

The genomes of hemiascomycetous yeasts are generally characterized by the presence of various
transposable elements. Y. lipolytica is not an exception, and the set of elements found in its
genome shows remarkably diversity as it includes DNA transposons, LINE-like elements and
LTR retrotransposons.

YIt1 was the first transposable element identified in Y. lipolytica genome [Schmid-Berger et al.,
1994]. It was described as multi-copy element present in at least 35 full-length copies and more
than 30 copies of solo LTR per haploid genome. However, it turned out later that copy number
of Ylt1 varies between Y. lipolytica strains and that some strains of Y. /ipolytica lack this element
altogether (Fig. 1.4) [Juretzek et al., 2001]. It is believed that the initial source of YItl in
laboratory strains of Y. lipolytica was the natural diploid isolate YB423. Its meiotic segregant
YB423-12 was widely used in different inbreeding programs, and until now the presence of Ylt1
was observed only in YB423-12 itself or in strains having YB423-12 among their ancestors.
Interestingly, no other natural isolate tested so far contains this element.

Ylt1 displays several interesting features. First of all, it is the largest fungal LTR retrotransposon
described so far (9453 bp). The sequence analysis places it among Ty3/gypsy group, but it seems
to be not closely related to other yeast retroelements. Yltl contains a single large ORF including
gag and pol genes. Some properties of YItl were characterized previously [Senam, 2004], but
many details of its biology are still poorly understood.

For several years, Ylt1 was the only transposable element known from the Y. lipolytica genome.
However, the genome sequencing project carried out by Genolevures consortium led to the
identification of novel elements, those appear to be surprisingly diverse. Thus, non-LTR
retrotransposon named Ylli was detected in Y. lipolytica genome [Casaregola et al., 2000;

Casaregola et al., 2002]. It is only the second example of LINE-like elements found in the
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Figure 1.4 Presense of retrotransposon Yltl in different strains of Y. lipolytica. Southern blot of
genomic DNA digested with EcoRI and probed with LTR fragment. Molecular weight marker
MEcoRI-Hindlll (lane 1); Y. lipolytica strains tested were H222 (lane 2), B512-3 (lane 3), B204-

12A-213 (lane 4), B204-12C (lane 5), POld (lane 6), E150 (lane 7), E129 (lane 8). The
illustration is taken from Juretzek et al., 2001.

genomes of hemiascomycetous yeasts. Previously they were identified only in C. albicans.
Interestingly, elements of C. albicans and Y. lipolytica both belong to the L1 group of non-LTR
retrotransposons and seem to be closely related. Unlike Y1t1, Ylli was detected in all tested Y.
lipolytica strains.

Fragments of a novel Ty3/gypsy-like element named Tyl3 was identified in the course of Y.
lipolytica genome sequencing, too [Neuveglise et al., 2002]. It appears to be related rather to Ty3
element of S. cerevisiae than to Y1t1. Unfortunately, no full-length element could be identified so
far.

Finally, a DNA transposon belonging to the Mutator superfamily (so-called MULE, or Mutator-
like element) was detected in Y. lipolytica [Casaregola et al., 2003]. Members of this family were
previously reported predominantly from plants and only recently a related element (Hop) was
discovered in the genome of phytopathogenic fungus Fusarium oxysporum [Chalvet et al.,
2003]. No DNA transposons are currently known from the genomes of other hemiascomycetous
yeasts.

The set of transposable elements identified in Y. /ipolytica genome is unique for ascomycetous
yeasts. It includes the only known yeast DNA transposon, LINE-like element similar to

C. albicans one, and at least two different Ty3/gypsy-like LTR retrotransposons.
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1.5.4 Structural properties of YItl element

YItl was a first retroelement described from Y. lipolytica genome. Different aspects of its
biology were investigated in the last few years. Yltl was completely sequenced, and a
comprehensive analysis of its nucleotide sequence was performed [Senam, 2004]. LTR
sequences of Yltl were used for the construction of a set of integrative vectors for genetic
transformation of Y. lipolytica [Pignede et al., 2000; Juretzek et al., 2001]. Further on, a system
for insertional mutagenesis based on Yltl LTR sequences was developed and successfully used
for the creation of a set of random Y. /ipolytica mutants [Mauersberger et al., 2001]. So, a large
set of knowledge on the biology of Y1t1 was accumulated during the last decade.

Analysis of the structural properties of Yltl indicated that Ylt1 differs significantly from the
majority of known Ty3/gypsy retrotransposons (Fig. 1.5). Its most prominent features are the
following. First of all, Ylt1 is currently the largest known fungal retrotransposons [Senam et al.,
2004]. It is 1.5- to 2-fold larger then the well-known elements of S. cerevisiae (Tyl and Ty3) or
Sz. pombe (Tfl). Remarkably, Ylt1 encodes the same set of proteins as its smaller counterparts,
and no additional coding capacities were detected in the course of its sequence analysis. The
biological significance of the larger size of Ylt1 remains unclear.

Another uncommon feature of Ylt1 is an organization of its coding sequences. Both gag and pol
genes of Yltl are arranged in a single reading frame [Senam, 2004] (Fig. 1.5). Therefore, a
translation of YltI mRNA should result in the production of equimolar amounts of Gag and Pol
proteins. However, a molar excess of Gag protein is generally required for the correct assembly
of virus-like particles and for the following replication of LTR retrotransposons. Yltl is thus
faced with an additional problem of regulation of its Gag:Pol ratio. It was demonstrated that Tfl

element of Sz. pombe solves the same problem by regulated degradation of its Gag and Pol

5-LTR 3-LTR

HHCC DDE GPY/F
GAG PR RT RH IN

1 kb

Figure 1.5 Structure of the retrotransposon Yltl. LTR are shown as boxes with black triangles.
Striped boxes indicate the localization of conserved motifs for GAG protein (Zn-fingers), protease
(PR), reverse transcriptase (RT), RNaseH (RH) and three domains of integrase (IN): Zn-fingers
(HHCC), core catalytic domain (DDE) and GPY/F domain. Rectangular represents schematically
the single reading frame of Ylt1 [Senam, 2004 and this work].
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proteins [Atwood et al., 1996]. Its Gag and Pol proteins are also produced in equimolar amounts,
and this ratio remains unchanged in log-phase cells. However, Pol protein is degraded
preferentially upon transition to the stationary growth phase, resulting in the formation of the
molar excess of Gag. The mechanism used by Yltl to regulate its Gag:Pol ratio has not been
investigated so far, however, it is possible that this mechanism resembles the one used by Tfl.
Analysis of the primer-binding site (PBS) of Ylt1 suggests that tRNA*" is used by Yltl as a
primer for the synthesis of minus-strand cDNA [Senam, 2004]. Despite the diversity of primer
tRNA molecules used by various LTR retrotransposons, primer-binding sites complementary to
tRNA™ are among the rarest ones. Tcal3 from the genome of C. albicans is the only yeast
retrotransposon, for which tRNA**-complementary PBS was reported previously [Goodwin and
Poulter, 2000]. This observation emphasizes an isolated position of Yltl among known yeast
retrotransposons.

Phylogenetic analysis of Ylt1 relationships [Senam, 2004] again revealed connection between
YItl and C. albicans retrotransposons. This analysis placed Ylt1 together with C. albicans Tca3
element, and these both elements close to vertebrate retroviruses. However, some of the results
obtained in the course of this analysis are quite controversial, so that further work in this field is
necessary to clarify the phylogenetic position of Ylt1.

Due to its abundance, Ylt] may have a significant impact on the genome structure and gene
expression of its host. Indeed, it was identified initially in the GPRI-I mutant strain of
Y. lipolytica. 1t turned out that the insertion of Yltl element in the 5" upstream region of the
GPRI gene causes a significant decrease in GPRI expression [Augstein et al., 2003]. This
examples shows that Ylt1 can indeed influence the expression of targeted genes. Further on, it
was demonstrated that Ylt1 distribution in Y. lipolytica genome may change during the cell
growth on two-carbon compounds [Schmid-Berger et al., 1994; Senam, 2004]. However, it is not
clear whether these changes were caused by true retrotransposition of Ylt1 or by formation of
solo LTRs as a result of homologous recombination within the retrotransposon.

Promoter activity of Yltl LTR was determined using B-galactosidase as a reporter enzyme
[Senam, 2004]. These experiments demonstrated that Y1t1 LTR is a relatively weak promoter;
however, its activity was increased during the incubation on acetate and ethanol.

Despite a large amount of data on Ylt1 biology accumulated since its discovery, many aspects of
its life cycle remain enigmatic. Therefore, characterization of YIt1 should have been continued in

the course of this work.
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1.6 Goals of the thesis

The aim of this work was a further characterization of the retrotransposon YlIt1. In the course of

the work, the main interest was focused on the analysis of Ylt1 expression, on the detection of

Yltl-produced proteins and on the study of Yltl transposition in vivo. Further on, the Yltl

distribution in the genome of Y. lipolytica was analyzed, and a search for Ylt1-related elements

was performed. Therefore, following tasks for this work were set:

1.

Tagging of proteins encoded by Ylt1 (Gag and IN) with the HA epitope and confirmation
of its presence in Y. lipolytica cells by Western analysis.

Determination of sizes of individual proteins encoded by Ylt1.

Study of the Ylt1 expression and its regulation.

Development of an assay allowing the detection of Ylt1 retrotransposition events in vivo,
and an analysis of the transpositional activity of YIt1.

Investigation of the insertion specificity of Ylt1 and of the principles of its distribution in
Y. lipolytica genome.

Search for Yltl-related elements in Y. lipolytica genome and characterization of detected

elements.
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2 Materials and methods
2.1 Labor equipment

Centrifuges

Heraeus Biofuge fresco (microcentrifuge)

Heraeus Sepatech Biofuge 15R with rotor HFA 5.50
Sorvall RC 5C with rotors SS-34, SLA-1500 and SLA-3000

Incubators and shakers

Incubator Memmert BE500 (set at 37°C for the cultivation of E. coli)
Incubator Heraeus BK 600 (set at 28 °C for the cultivation of yeast strains)
Shaker Infors HT Novotron® AKS2 (set at 37°C for the cultivation of E. coli)
Shaker Infors HT Multitron® (set at 28°C for the cultivation of yeast strains)

Sterilizers

Benchtop steam sterilizer KSG 112
Steam sterilizer H+P Varioklav S00E
Hot air sterilizer Memmert Model 500

Thermal cyclers

Biometra T1 Thermocycler
MWG-Biotech Primus 25
MWG-Biotech Primus 96 plus

Electroporators
Bio-Rad Gene Pulser 11
Bio-Rad MicroPulser

DNA sequencers
Beckman Coulter CEQ™ 2000XL DNA Analysis System with CEQ Sequence Analysis 4.3.9

software

Power supplies
BioRad PowerPac 300 (used for DNA electrophoresis)
Biometra Standard Power Pack P25 (used for protein electrophoresis)

Pharmacia Biotech Electrophoresis Power Supply EPS 3500 (used for semidry protein transfer)
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Electrophoresis systems

PeqLab Gel System Mini S (for horizontal DNA electrophoresis)

Hoefer HE 99X Max submarine unit (for horizontal DNA electrophoresis)

Phase PROT-RESOLV MINI-LC vertical gel electrophoresis system (for protein

electrophoresis)

Electroblotters
PeqLab The Panther™ semi-dry electroblotter HEP-1

Spectrometers

Pharmacia Biotech Ultrospec 2000 (UV/visible spectrophotometer)

Kontron Instruments Uvikon 943

Balances
Sartorius MC1
Sartorius BP310P

Kern 770 (microbalance)

pH Meters
WTW pH 526
WTW pH 537

Further equipment

Reciprocal shaker Heidolph Promax 1020

Vibrating mixer Heidolph Reax 2000

Safety cabinet Heracus HER Asafe HS9

Block-thermostat Kleinfeld Labortechnik BT100

MWG-Biotech UV transilluminator TEX-35M (312 nm) (with Biophotonics GelPrint 2000
software)

Savant Speed Vac® Concentrator DNA 110

Biometra OVS5 hybridization oven

Biometra Vacu-Blot system

Techne Tempcold refrigerated thermostat



Materials and methods

39

2.2 Chemicals and reagents

All chemicals and reagents used in this work are commercially available.

2.2.1 Enzymes, PCR reagents and ladders

Restriction endonucleases Fermentas
CombyZyme DNA polymerase mix Invitek

OptiPerform buffer I11 Invitek

Pwo DNA polymerase Roche

dNTPs Fermentas
Thermosensitive alkaline phosphatase Gibco BRL

T4 DNA ligase Promega
Ribonuclease A USB

Zymolyase 20T ICN Biomedicals
Glusulase NEN Life Science Products
GeneRuler 1kb DNA ladder Fermentas
BenchMark prestained protein ladder Invitrogen/Gibco BRL

2.2.2 Kits and related products

JETSTAR Plasmid Midiprep Kit Genomed

JETQUICK Plasmid Miniprep Spin Kit Genomed

JETQUICK Gel Extraction Spin Kit Genomed

JETQUICK PCR Product Purification Spin Kit Genomed

JETSORB Gel Extraction Kit Genomed

CEQ DTCS Quick Start Kit Beckman Coulter

Gene Images random prime labelling module Amersham Pharmacia Biotech
Gene Images CDP-Star detection module Amersham Pharmacia Biotech
ECL Plus Western blotting detection reagents Amersham Pharmacia Biotech
GB-003 blotting paper Schleicher & Schiill
Immobilon-P PVDF Transfer Membrane Millipore

Hybond-N nylon membrane Amersham Pharmacia Biotech

Hyperfilm ECL X-ray film Amersham Pharmacia Biotech
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2.2.3 Antibodies

Antibodies used in this work were diluted according to supplier’s instructions. Stock solutions
were further diluted with block solution (see chapter 2.7.4) as described below before they were

used for Western blots detection.

Primary monoclonal antibodies
Mouse anti-HA (Roche, clone 12CAS5) 1:1000
Mouse anti-actin (ICN, clone C4) 1:1000

Secondary antibodies

Sheep anti-mouse Ig-HRP (Amersham Pharmacia Biotech) 1:5000

2.2.4 Nucleic acids
2.2.4.1 Acquired plasmids

Table 2.1 An overview of the plasmids used in this work

Plasmid Features Description References
pUCBM21  Amp”" Standard E. coli cloning vector Roche Molecular
Biochemicals,
Mannheim
pINA237  Amp" Tet" YILEU2 Low copy ARS/CEN Y. lipolytica/E.coli Fournier et al., 1993
ARSIS8 shuttle vector
pINA302 AmpR (YlpXPR2- Y. lipolytica integrative vector containing S. Barth and Gaillardin,
SeSUC?2) cerevisiae fusion of SUC2 gene with Y. 1996
lipolytica XPR2 promoter
pINA443  Amp" YIURA3 Low copy ARS/CEN'Y. lipolytica/E.coli Barth and Gaillardin,
ARS68 shuttle vector 1996
p67PT  Amp® YIURA3 Y. lipolytica integrative vector containing Juretzek, 1999

(YIpICLI-ICLIt)  regulatory regions (promoter and terminator)
of Y. lipolytica ICLI gene

YEp351-  Amp® ScLEU22p  S. cerevisiaelE. coli shuttle vector for the R.J. Schweyen,
3HA MCS/3xHA expression of HA-fusion proteins Vienna
pUCETA  Amp® eta pUCBM21 vector containing internal part Senam, 2004
(eta) of Ylt1
pINAZA  Amp" YILEU2 Y. lipolytica replicative vector allowing Senam, 2004
(LTRA-lacZ) monitoring of LTR promoter activity

ARSIS8
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2.2.4.2 Constructed plasmids

Table 2.2 The plasmids constructed in the course of this work. Maps of the plasmids can be

found in the Appendix.

Plasmid  Features Description

pIET3  Amp" pINA237-based replicative ARS/CEN plasmid for the expression of 3xHA-
YILEU2 tagged Gag protein of Yltl under the control of Y. lipolytica ICLI promoter.
ARSI8 ICL1 terminator is inserted downstream from eta region

pLEI3  Amp® pINA237-based replicative ARS/CEN plasmid for the expression of 3xHA-
YILEU2 tagged Gag protein of YItl under the control of native LTR promoter. /CLI
ARSI8 terminator is inserted downstream from eta region

pUIN7  Amp" pINA237-based replicative ARS/CEN plasmid for the expression of 3xHA-
YILEU2 tagged IN protein of Yltl under the control of native LTR promoter. /CLI
ARSI8 terminator is inserted downstream from eta region

pUIN17 Amp" pINA237-based replicative ARS/CEN plasmid for the expression of 3xHA-
YILEU2 tagged IN protein of Ylt1 under the control of Y. lipolytica ICLI promoter. ICL1
ARS1S8 terminator is inserted downstream from efa region

pYItS3  Amp” pINA443-based replicative ARS/CEN plasmid for the expression of ScSUC2-
YIURA3 marked Yltl element under the control of native LTR promoter.
ARS68

pYLES3 Amp" pINA443-based replicative ARS/CEN plasmid for the expression of ScSUC2-
YIURA3 marked Yltl element under the control of Y. lipolytica ICLI promoter.
ARS68

2.2.4.3 Synthetic oligonucleotides
Table 2.3 An alphabetical list of oligonucleotides used in this work. Recognition sites for

restriction endonucleases are shown in bold. All oligonucleotides were purchased from MWG-

Biotech.
Restriction
No. Name Sequence (5°-3") endonuclease
recognition site
1 GAGD2 CGT ACT AAC CCA GGC ATG TCG AAA GTA ACA AAA GAC G -
2 GAGRI1 ATA TAC TTA AGA CAG ATC TCG AGG CAC CCC BspTI
3 HA-Ncol ATA GCC ATG GTG AGG ACC CCT ACC CAT AC Neol
4 HA-Nco2 ATA TCC ATG GGT CTG CAG GGC AGC G Ncol
5 ICPD3 ATA TTC TAG ATA GCT TGC TTC AAA CCA GAC G Xbal
6 ICPR2 CGT CTT TTG TTA CTT TCG ACA TGC CTG GGT TAG TAC G -
7 ICTDI AAT TGC TAG CAT ATC TTA AGC TTT AAG CAG TTT GTT T  Nhel, BspTI
8 ICTRI1 TCC TGT GGA TCC GTA A BamHI
9 ICTR2 ATA TGC GCG CAT ATA TCG ATG ATC CGT AAA GTC ACG A  Paul, Bsul5l
10 LED6 ATC ATA TAT CGA TTG TAA CAC TCG Bsul5l
11 LEGDI GCA CAA AGC ACT TTA TTT TCT CAC ATC TGG TGG ACG ACA -
CCT C
12 LERI AAG ATC TCG AGG CAC C Xhol
13 LER3 GAG GTG TCG TCC ACC AGA TGT GAG AAA ATA AAG TGC TTT -

GTG C
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Restriction
No. Name Sequence (5°-3") endonuclease
recognition site
14 LTR-F1 ATA GGA TCC CCA GTA GAC TGG TCG TCC GGC TGT CCT BamHI
15 LTR-F2 CAT GCC ATG TAG GAC AGA G .
16 pHAI ATC ATG TCG ACG AGG ACC CCT ACC CAT ACG ATG TTC CTG Sall
17 pHA2 ATC AAG TCG ACG GTC TGC AGG GCA GCG TAA TCT GGA ACG Sall
18 pMUTI TGC TTC GGA GTC ATC GCA GTT G -
19 pMUT2 TGC GAT GAC TCC GAA GCA GTC C -
20 PPTI ACT CAC GCG TTA GAC CTG GGC AGG TGT AAC ACT CGC Miul
21 pSLI ATA TGC GGC CGC GTC GAC TCT AGA GGA TCT C Notl, Sall
22 pSL2 GTG TTA CAC CTG ACG ACA GTT AGA GCA GCA AC -
23 pSL3 ACT GTC GTC AGG TGT AAC ACT CGC TCT GGA G -
24 pSL4 ATT CCT TAA GTG TGA GAA AAT AAA GTG CTT TGT GC BspTl
25 Yipl ATG TCT GCA TGC GAG TAG TGG TGA TCT CCT G Pael
26 Yip2 ATG TCT GCA TGC GCA CCT GAA TCG TTA CGC Pael
27 Ytl GCA GTC TAG ATG TAA TGA TTC GGA GAC ACT C Xbal
28 Yt2 TCA TCC ATG GTG TAA CAG ATC GGG CGT AC Nceol
29 Yt3 ACA CGA AGC GAT TGG CAA G
30 Yt4 CGG ATC TAG AGA CTG GTT AAC GCA AGT GG Xbal
31 Yt5 CGA CGT GAG ATC ATG AAG C -
32 Yt6 TTG CTC TTC CTC CAG ATG C -
33 Yt7 GGC ATA TGA GTC CAC GAA G -
34 Yt8 CTG TAA CGT CTG CCA TAG C -
Sequencing primers
35 cmsl AGC TGG CCG CGT AAA TG _
36 Cmsrl CCT ACA AAA CCC GCT TCA A -
37 hasl AGG GCC TCA ACA AGA TCA C i
38 Hasrl CAC CGA GAA AAG AGC GCA i
39 pECHseql GAT ACT GCC TCG GAC AC i
40 pECHseq2 ACA GAC CCG TGT CAC TG i
41 pECHseq3 TAG CTC ACT CAT TAG GCA C -
42 pECHseq4 AAC CTC AGC AAG CGT GTC -
43 pECHseq5 CGC TTG CGA ACG TCT C _
44 pECHseq6 AGC TGC ATG AAG GCT G i
45 pETAseql GGC TTG GTT GAT TCA TCA G i
46 pETAseql0 TGA TAA CCA CTA CGT GAG C i
47 pETAseqll GTC GAT GAC GTT GTT AGA C -
48 pETAseq2 GAG ATC ATC CTC GTT ACG -
49 pETAseq3 CTC CGT TTG CGA CTG TG _
50 pETAseq4 GAC GGT ACG CTT GGA C i
51 pETAseq5 AAG ACT CGT CGC CAG AG i
52 pETAseq6 ACA GCT ATG ACT CTG ACT C i
53 pETAseq7 TCA CGG ACA TCA CGA CG i
54 pETAseq8 GGT CCA GCG ATT GCT C i
55 pETAseq9 CAT TGT CGT AAC GAG GAT G .
56 plEseql TCG CTC GTG TTG ATT CTG -
57 plGAseq3 TAC ATG TTA GTG GAT GAG GTG -
58 plGAseq4 GAG GCT CTT CTG AGA TGG -




Materials and methods

43

No. Name Sequence (5°-3") Restriction
endonuclease
recognition site

59 plGAseq5 TGC AAG GCG ATT AAG TTG G -

60 pINAseql TGG ATG CTG TAG GCA TAG -

61 pINAseq2 ATA GGC GCC AGC AAC C -

62 pINAseq3d TGA TGT CGG CGA TAT AGG -

63 RP CAG GAA ACA GCT ATG AC -

64 SP GTA AAA CGA CGG CCA GT -

2.3 Microorganisms

2.3.1 Escherichia coli
Escherichia coli strain DH5aC (gyr496 recAl relAl endAl thi-1 hsdR17 (ry my") supE44 deoR
A(lacZYA-argF)Ul169[080dA(lacZ)M15]) (Gibco BRL) was used for the amplification of
plasmid DNA.

2.3.2 Yarrowia lipolytica

Y. lipolytica strains used in the work are summarized in the table 4.

Table 2.4 Y. lipolytica strains used in this work.

Strain Genotype References

B204-12C MATA met6-1 spol-1 Kujau et al., 1992
B204-12C-20 MATA met6-1 leu2-20 spol-1 Kujau et al., 1992

E129 MATA leu2-270 lys11-23 ura3-302 xpr2-322 SUC2 Barth and Gaillardin, 1996
E150 MATB leu2-270 hisl ura3-302 xpr2-322 SUC2 Barth and Gaillardin, 1996
H222 MATA, wild type Barth and Gaillardin, 1996
H222-41 MATA ura3-41 Mauersberger ef al., 2001
PO1d MATA leu2-270 ura3-302 xpr2-322 SUC2 Le Dall et al., 1994
YB423-12 MATA, wild type Wickerham et al., 1969
2.4 Media

Media were prepared as described below. Agar (20 g/l) was added to solid media.
2.4.1 LB medium (Luria-Bertani medium) (Sambrook ez al., 1989)

Pepton
Yeast extract
NaCl

1 % (W/v)
0.5 % (wW/v)
1 % (W/v)
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2.4.2 SOC medium (Sambrook et al., 1989)

Pancreatic pepton from casein
Yeast extract

NaCl

Mng

KCl

Glucose

2.4.3 YPD medium

Yeast extract
Pepton
Glucose

2 % (W/v)
0.5 % (wW/v)
10 mM

10 mM
2.5mM

20 mM

1 % (W/v)
2 % (W/v)
2 % (W/v)

2.4.4 Minimal medium for Y. lipolytica (Reader medium)

Mineral salts
(NH4)2SO4
KH,POy4
K>,HPO4-3H,O
MgSO4'7H20
NaCl
Ca(NO3)2'4H20

Microelements
H;BO;3
CuSO4'5H20
KI
MnSO4-4H,O
NazMOO4'2H20
ZHSO4'7H20
FeCl;-6H20

Vitamins
Thiamin hydrochloride

Supplements
Uracil (Ura)
Leucine (Leu)
Methionine (Met)

Carbon sources
Glucose (G)
Sucrose (S)
Ethanol (E)
Glycerol (G)
Sodium acetate (A)

Final concentration (g/l)
3.0

1.0

0.16

0.70

0.50

0.40

Final concentration (mg/l)
0.600
0.048
0.120
0.480
0.240
0.480
2.000

Final concentration (mg/l)
0.3

Final concentration (mg/l)
20
60
50

Final concentration
1 % (W/v)

1 % (W/v)

1 % (v/v)

1 % (v/v)

0.4 % (wW/v)
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Minimal media were named according to the contained carbon source and supplements, for
instance, MG-Ura is a minimal medium with glucose and uracil.

Phosphate buffer (pH 6.8) and pepton were added to the minimal medium with sucrose to induce
XPR?2 promoter controlling invertase expression. Their final concentrations were 50 mM and

0.05 % (w/v), correspondingly.

2.5 Cultivation of microorganisms

2.5.1 Cultivation of E. coli

E. coli cells were grown either in liquid or on solid medium at 37°C. Liquid cultures were
agitated continuously at 220 rpm. Ampicillin was added to media for the selection of bacterial

transformants to the final concentration 100 pug/ml.

2.5.2 Cultivation of Y. lipolytica

Y. lipolytica strains were grown in complete or minimal media at 28°C. Liquid cultures were
incubated on an orbital shaker with continuous agitation at 220 rpm. Transformant selection was
performed on the corresponding minimal media. To obtain higher cell density, cells were
pregrown either in YPD or in minimal medium with glucose (MG) for 24 h, harvested and
washed once with minimal medium without carbon source. Finally, the main culture was

inoculated with the pregrown cells to the initial ODggo 0.5-1.0.

2.6 Recombinant DNA techniques
Basic recombinant DNA manipulations were performed as described in Sambrook et al. (1989)

and Ausubel et al. (1997)

2.6.1 Agarose gel electrophoresis of DNA

Gels containing 0.6-2.0 % (w/v) of agarose (Biozym) in 1x TAE buffer were used for the
separation of DNA fragments. Gel percentage was determined depending on the size range of the
fragments. Ethidium bromide was added to gels (except for the ones further used for Southern
blotting) to the final concentration 0.5 pg/ml. Before the loading, DNA samples were mixed with
1/5 volume of 6x gel-loading buffer. GeneRuler 1kb DNA ladder (Fermentas) was used as a
molecular weight standard. The electrophoresis was performed in 1x TAE buffer at 8-10 V/cm.
Finally, ethidium bromide-DNA complexes were visualized under UV transilluminator (312 nm)

due to their bright red-orange fluorescence.
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50x TAE buffer: 242 g Tris base
57.1 ml glacial acetic acid
100 ml1 0.5 M EDTA (pH 8.0)

Ethidium bromide stock solution: 10 mg/ml
6x gel-loading buffer: 10 mM Tris-HCI (pH 7.6)
60 % (v/v) glycerol

60 mM EDTA (pH 8.0)
0.03 % bromophenol blue

2.6.2 Digestion of DNA with restriction endonucleases

Analytical digestion of DNA samples was generally performed in a volume of 20 pl as follows:
approximately 500 ng of DNA were mixed with 2U of an enzyme in a corresponding buffer and
incubated at 37°C for 1.5-2 h. Digestion of preparative amounts of DNA (5-10 pg) was
performed in a volume of 30-40 pl at 37°C overnight with 10-20 U of an enzyme. In the case of
double digestion with two different endonucleases, a buffer providing a maximal activity for
both enzymes was selected. If no single buffer satisfied the requirements of both enzymes,
digestion was performed sequentially. Briefly, after the digestion of DNA with an enzyme
requiring low-salt buffer, salt concentration in the reaction mix was increased and the second
digestion was carried out. In all cases, HPLC-grade water (Roth) was used in the reactions. The
reactions were stopped by adding of 1/5 volume of the gel-loading buffer or 0.5 M EDTA to a

final concentration 20 mM.

2.6.3 Treatment of DNA fragments with alkaline phosphatase

Linearized vector DNA molecules were treated with thermosensitive bacterial alkaline
phosphatase (TsAP; Gibco BRL) to remove their 5° phosphate groups and, thus, to reduce their
self-ligation rate. The reaction was performed according to manufacture’s instructions. Namely,
1U of the enzyme was added directly to the endonuclease digest, and the reaction mix was
incubated at 65°C for 30 min. Then the reaction was terminated by adding EDTA (pH 8.0) to the
final concentration 20 mM. Finally, fragments of interest were purified through an agarose gel

using Genomed JETQUICK Gel Extraction Spin Kit.

2.6.4 Amplification of DNA fragments with PCR

Amplification of DNA fragments was performed either with CombiZyme DNA Polymerase Mix
(Invitek) or with Pwo DNA polymerase (Roche). In both cases, 3'-5" exonuclease (proofreading)
activity was provided by used enzymes, minimizing mutation frequency during PCR. Reaction

was carried out in the volume of 100 pl using following components:



Materials and methods 47

template DNA (15 -50 ng)

50 pmol of both downstream and upstream primers
dNTPs (dATP, dCTP, dGTP and dTTP) in the final concentration 200 uM
MgCl, in the final concentration 250 uM

10 pl 10x reaction buffer
e 2U of the enzyme

The following cycling conditions were generally used:

Initial denaturation 5 min at 94°C

5 cycles Denaturation 94°C for 1 min
Annealing T,,-6°C for 1 min
Elongation 72°C, 1 min for every kb

25 cycles Denaturation 94°C for 1 min
Annealing T,,-3°C for 1 min
Elongation 72°C, 1 min for every kb

Final elongation 7 min at 72°C

Melting temperature of the primers was determined from the following equation:

ITm=69.3+042(G+C) —@,
n

where T, is a melting temperature (°C), G+C — G+C content of the primer and » — primer length.
The composition of reaction mix and cycling conditions were slightly modified depending on the
expected product length and enzyme and template used.

Overlap extension PCR (Pogulis et al., 1996) was used to produce fusions of fragments of
interest and to introduce point mutations. In this case, two subfragments sharing a common short
terminal sequence (16-19 bp) were first amplified and purified. Then both fragments and
corresponding terminal primers were used in a PCR reaction resulting in the amplification of a
fusion molecule of interest.

PCR products were purified using JETQUICK PCR Product Purification Spin Kit (Genomed)

according to manufacture’s instructions.

2.6.5 DNA extraction from agarose gel
DNA extraction from agarose gel was done using JETQUICK Gel Extraction Spin Kit or
JETSORB Gel Extraction Kit (Genomed). Before extraction, DNA fragments were separated in

agarose gel as described in the chapter 2.6.1, and the gel slices containing a fragment of interest
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were cut off and further processed according to manufacture’s manual. JETSORB Gel Extraction

Kit was preferentially used for the purification of larger fragments (> 5 kb).

2.6.6 Ligation of DNA fragments with T4 DNA ligase

For the ligation reaction, vector and insert DNA were generally taken in the molar ratio 1:4 to
1:6. Amount of the used vector DNA varied from 50 to 75 ng. Ligation was carried out in 20 ul
Ix ligation buffer at 16°C overnight or at 20°C for 4 h. Polyethylene glycol (PEG 4000) was
added to the final concentration of 5 % when blunt-ended fragments were ligated. The ligase was

inactivated at 70°C for 10 min before bacterial cells were transformed with ligation mixture.

2.6.7 Isolation of plasmid DNA from E. coli

Plasmid DNA was isolated from E. coli cells grown overnight in the selective medium (LB with
ampicillin). Routine plasmid isolation was carried out by alkaline lysis method as described by
Sambrook et al. (1989). DNA samples obtained in this way were further used for analytical
digestion and cloning procedures. DNA for sequencing experiments was isolated either with
JETQUICK Plasmid Miniprep Spin Kit or JETSTAR Plasmid Midiprep Kit (Genomed). The last
one was taken for large-scale DNA preparations (more than 100 pg of plasmid DNA).

2.6.8 Isolation of DNA from Y. lipolytica
2.6.8.1 Rapid small-scale DNA isolation with glass beads

Isolation of yeast DNA was performed according to the procedure described by Hoffman and
Winston (1987) with minor modifications. Together with the preparation of yeast chromosomal
DNA, this method was also used for the isolation of plasmid DNA from yeast transformants and
following retransformation of E. coli cells.

Yeast cells were grown in 10 ml of medium until stationary phase. Then they were harvested and
washed once with water. Cell pellet was resuspended in 200 pl of TEST buffer, then 200 pl of
phenol-chloroform and 0.3 g of glass beads were added to cells, and they were subjected to
vortex mixing for 3-4 min. Next, 200 pl of TE buffer were added to suspension, it was
centrifuged for 5 min at 13000 rpm and aqueous phase was transferred to a new tube. The
samples were once again treated with 400 pl of phenol-chloroform and afterwards phenol traces
were extracted with 400 ul of chloroform. Finally, DNA was precipitated by 2 volumes of
ethanol, dried in SpeedVac concentrator and resuspended in 40 ul of TE buffer containing

100 pg/ml RNase A.
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TEST buffer 10 mM Tris-HCI, pH 8.0
1 mM EDTA
100 mM NacCl
2 % Triton X-100
1 % SDS

2.6.8.2 Isolation of yeast DNA by spheroplasts lysis.

This method was preferentially used for the preparation of larger amounts of high molecular
weight yeast genomic DNA.

Yeast cells were pregrown in 10 ml of YPD medium for 24 h. Then 100 ml of fresh YPD
medium were inoculated with 1 ml of this culture and incubated for the next 8-12 h. Cells were
harvested, washed once with water and resuspended in 10 ml SPP buffer. 250 pl of zymolyase
20T and 200 pl of glusulase were added to the cell suspension, and it was incubated at 37°C until
at least 90 % of cells lost their cell wall (60-90 min). Afterwards, spheroplasts were spun down
by centrifugation, washed once with 10 ml of SP buffer and resuspended in 10 ml of Tris-EDTA
buffer. 1 ml of 10 % SDS was added to the suspension, and the lysate was incubated at 70°C for
30 min. Next, proteins were precipitated by the addition of 3 ml of 5M potassium acetate and
following incubation on ice for 1 h. The probes were centrifuged for 10 min at maximal speed to
remove the protein pellet, and the supernatant was transferred to a new tube. Nucleic acids were
precipitated with 0.7 volume of isopropanol for 10 min at room temperature, centrifuged at
maximal speed for 10 min, washed once with 70 % ice-cold ethanol and dissolved in 5 ml of TE
buffer containing 100 pg/ml of RNase A. Afterwards, probes were incubated at 37°C for 30 min
to degrade RNA molecules, and remaining proteins were extracted twice with phenol, once with
phenol-chloroform-isoamyl alcohol and, finally, once with chloroform-isoamyl alcohol. Next,
DNA was precipitated from aqueous phase by adding 0.5 ml of 3M sodium acetate and 5 ml of
isopropanol. The probes were incubated at room temperature for 10 min and centrifuged at
maximum speed for the following 10 min. DNA pellet was washed once with ice-cold

70 % ethanol, air-dried and dissolved in 500 pl of TE buffer.

SP buffer 1.2 M sorbitol

0.1 M potassium phosphate buffer, pH 6.5
SPp buffer 20 mM B-mercaptoethanol in SP buffer
Zymolyase 20T 10 mg/ml in SP buffer
Tris-EDTA buffer 50 mM Tris-HCl pH 7.4

20 mM EDTA
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2.6.9 Transformation of E. coli by electroporation

Competent E. coli cells were prepared as described by Dower et al. (1998). They were portioned
in 40 pl aliquots and stored by -80°C.

Prior the transformation, aliquots were thawed on ice, mixed with 5 ng of plasmid DNA or
1.5 ml of ligation mix and transferred to the prechilled electroporation cuvette (0.1 cm, Peqlab).
Then electric pulse of 1.8 kV was applied to cell suspension, and 960 pl of SOC medium were
added to cells immediately. Finally, cells were incubated at 37°C for 1 h with continuous

agitation, plated out on selective plates (LB with ampicillin) and incubated at 37°C overnight.

2.6.10 Transformation of Y. lipolytica by electroporation

The protocol proposed by Dower ef al. (1988) with minor modifications was used for the
transfromation of Y. lipolytica with autonomously replicating plasmids.

100 ml of YPD medium were inoculated with 1 ml of overnight culture of Y. lipolytica cells. The
cells were further grown to the ODggo 1.3-1.5, chilled on ice for 10 min, harvested and washed
once with 1 volume of ice-cold water, once with 0.5 volume of water, and once again with
0.1 volume of ice-cold 1 M sorbitol. All centrifugation steps were performed at 4°C in prechilled
centrifuge tubes. Finally, cells were resuspended in 1 M sorbitol (final volume 500 pl) and
portioned in 40 pl aliquots.

For the transformation, 40 pl of cell suspension were mixed with approximately 500 ng of
plasmid DNA, placed on ice for 5 min and then transferred to the prechilled electroporation
cuvette (0.2 cm, Peqlab). Cells were subjected to electric pulse (1.8 kV), resuspended in 1 ml of
ice-cold 1 M sorbitol and plated out on corresponding selective medium. Transformant colonies

appeared after 2-3 days of incubation at 28°C.

2.6.11 Southern blotting and hybridization

For Southern analysis, approximately 1 pg of genomic DNA was digested with restriction
endonucleases overnight (for details see chapter 2.6.2) and resulting digest was separated in
0.8 % agarose gel without ethidium bromide as described in the chapter 2.6.1. Transfer of DNA
from gel to Hybond-N nylon membrane (Amersham Pharmacia Biotech) was done using Vacu-
Blot system (Biometra) following the manufacture’s recommendations. After the transfer, the
membrane was rinsed in 5x SSC and air-dried. Finally, DNA was fixed to the membrane by
UV cross-linking under UV transilluminator TEX-35M (MWG Biotech; wave length 312 nm)

for 3 min.
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Probes for hybridization were prepared using Gene Images random prime labelling module
(Amersham Pharmacia Biotech) exactly as described in the manufacture’s manual. The next
steps (pre-hybridization, hybridization and stringency washes) were done according to the
recommendations of the same manual. Finally, Gene Images CDP-Star detection module

(Amersham Pharmacia Biotech) was used for the membrane detection.

2.6.12 Construction of the plasmids
2.6.12.1 Construction of the plasmids for the expression of the HA-tagged Gag
protein
Two sets of plasmids expressing HA-tagged Gag protein either under the control of the native
LTR promoter or the strong inducible /CL/ promoter of Y. lipolytica were created. In both cases
ICL1 terminator was used to prevent homologous recombination between two identical LTRs.
As only few suitable unique cloning sites are present in the large YItl element, numerous
subcloning steps were often required for the construction of the plasmids of interest.
The plasmid pUCETA was constructed by Senam (2004) and it contains internal part (eta) of
Yltl element. First, /CLI terminator was amplified from p67PT plasmid using primers ICTD1
and ICTR2. Amplification product was treated with BspTI and Paul endonucleases and inserted
into pUCETA plasmid digested with BspTI and Mlul to create pIE11. Further on, in-frame
fusion of /CL1 promoter and gag gene of Ylt1 was constructed by overlap PCR. Part of the ICL/
promoter was amplified from p67PT plasmid with the primers ICPD3 and ICPR2, whereas
5" region of gag gene was produced from pUCETA plasmid using the primers GAGD2 and
GAGRI. The both fragments were joined in a final PCR reaction where terminal primers (ICPD3
and GAGD?2) were used once again. The product was cloned into pUCBM21 vector digested
with Xbal and BspTI and sequenced. Next, it was cut out with Pael and Xhol endonucleases and
cloned into pIE11 digested with the same enzymes giving pIE21.
It was decided to place the construct encoding for HA-tagged Gag protein on a plasmid
replicating autonomously in Y. lipolytica cells. The shuttle vector pINA237 was chosen with this
aim. Both /CL/ promoter and /CL/ terminator were cut from p67PT with Nhel enzyme and
inserted into Nhel-digested pINA237 resulting in pICL16 plasmid. This one and pIE21 were
digested with Bsul5I and Bg/Il (in the case of pIE21 partial digestion was performed) and
corresponding fragments were joined to place gag gene of Yltl under the control of ICLI
promoter (pEICL3).
As mentioned above, plasmid pUCETA contains solely internal part of Ylt1 element. To restore

original LTR upstream from gag gene, following overlap PCR was carried out. LTR was
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amplified from pINAZA plasmid [Senam, 2004] with primers LED6 and LER3 whereas
5" terminal part of efa region was produced with primers LEGD1 and LERI using pUCETA
plasmid as a template. Both fragments were joined in a PCR reaction with the terminal primers
LED6 and LERI1. Resulted LTR-efa fusion product was treated with Xhol endonuclease and
ligated with Eco321- and Xhol-digested pUCETA plasmid giving pECH3 construct.

To insert HA-tag, a Hindlll fragment of pECH3 bearing 5 terminal part of gag gene and
characterized by the presence of unique Sal/l recognition site was first subcloned in pUCBM22
vector (the corresponding construct was named pUC-gagl). pUCBM22 is a direct derivative of
pUCBM21 with partially deleted multiple cloning site, which was obtained by the self-ligation
of the Eco32l and Smal-digested vector. The sequence encoding for three tandemly repeated HA
epitopes was amplified from YEP351-3HA plasmid with primers pHA1 and pHA2. Next, it was
treated with Sa/l and inserted in Sal/l-cut pUC-gagl giving pUC-gag3. Further on, 5" terminal
part of gag gene was cut out from pEICL3 with Kpnl and Munl and cloned into Kpnl and EcoRI-
digested pUCBM21 (pICG1), where its Bsp68l-Xhol fragment was replaced with the
corresponding fragment from pUC-gag3 plasmid (pICG3). The obtained construct bears the
fusion of /CL1 promoter with the 5" part of gag gene encoding for HA-tagged Gag protein. To
restore the complete coding sequence of Ylt1, Pael-X#hol fragment of pICG3 was used to replace
the corresponding fragment in pUCETA, resulting in the creation of pICE3. Finally, the Ylt1
element expressing HA-tagged Gag protein under the control of /CLI promoter was placed on an
autonomously replicating plasmid by replacing of Kpnl-BspTI fragment of pEICL3 plasmid with
the Kpnl-BspTl fragment derived from pICE3. The obtained plasmid was named pIET3.

The plasmid expressing HA-tagged Gag protein under the control of native LTR promoter was
constructed in the next way. First, /CL/ terminator was amplified from p67PT with primers
ICTDI and ICTRI, treated with Nhel and BamHI and inserted in the replicative pINA237 vector
also cut with Nhel and BamHI (pINA-ter). Then efa region of Ylt1 flanked by LTR and /CL/t
was cut out from pECH3 with Bsu151 and BspTI and placed on pINA-ter digested with Bsu151
and BspTI as well. This construct was named pEICL11. At the same time, pLE3 plasmid was
created by joining of the portion of gag gene bearing HA-encoding sequence with the remaining
part of the eta region of Yltl. This was done by the cloning of Bsu15I-Xhol fragment of pUC-
gag3 plasmid into the pECH3 digested with Bsu151 and X#%ol. Finally, Bsul5I-BspTI fragment of
pEICL11 was replaced with the corresponding fragment of pLE3 resulting in the creation of
pLEI3. The last one is an autonomously replicating Y. lipolytica plasmid containing Ylt1

element expressing HA-tagged Gag protein under the control of the native LTR promoter.
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2.6.12.2 Construction of the plasmids for the expression of the HA-tagged integrase
The next set of plasmids used in this work encodes for HA-tagged integrase (IN) of Ylt1. Again,
it was expressed under the control of the native LTR promoter and inducible /CLI promoter.
First of all, the derivative of pUCBM21 lacking Ncol recognition site was constructed. With this
aim, pUCBM21 was cleaved with Ncol, recessed 3" termini ends of the produced fragments were
filled in with the Klenow fragment of E. coli DNA polymerase I, and linear DNA molecules
created in this way were recircularized with T4 DNA ligase. Obtained plasmids were named
pUCBM23. Further on, Bsp68I-BspTI fragment from pUCETA plasmid was cloned in the
pUCBM23 digested with Eco321 and BspTI giving pUIN1. The sequence encoding for the three
tandemly repeated HA epitopes was amplified from pUC-gag3 using primers HA-Ncol and HA-
Nco2. Obtained fragment was treated with Ncol and inserted in the Ncol site of pUIN1 plasmid
producing pUIN3. To restore the complete coding sequence of the Yltl, Bspl120I-BspTI
fragment of pECH3 was replaced with the corresponding sequence from pUIN3, resulting in the
creation of pUINS. Finally, to place the whole Ylt1 element expressing tagged integrase on a
replicative plasmid, Bsul51-BspTI fragment of pUINS was joined with pEICL11, also cleaved
with Bsul5I and BspTI. The final construct received a name pUIN7. It expresses HA-tagged
integrase under the control of native LTR promoter.

On the other hand, a plasmid bearing HA-tagged integrase expressed under the control of /CL/
promoter was created. First, /CLI promoter was cut out from pICG1 with Xbal and Xhol and
produced fragment was inserted in the pUINS digested in the same way. The product named
pUIN1S was further cleaved with Xbal and BspTI. The obtained fragment was inserted in the
Nhel- and BspTI-cleaved pINA-ter. The produced final construct was named pUIN17.

2.6.12.3 Construction of the plasmids bearing ScSUC2-marked Ylt1 element

A set of plasmids containing Yltl element marked with SUC2 gene of S. cerevisiae were
constructed in the course of this work. These plasmids were created to monitor the
transpositional activity of Ylt1 retrotransposon in vivo.

The S. cerevisiae SUC2 gene expressed under the control of Y. lipolytica XPR2 promoter
[Nicaud et al., 1989] was amplified from pINA302 plasmid [Barth and Gaillardin, 1996] with
primers pSL3 and pSL4. Next, LTR of YItl was produced from pECH3 plasmid with primers
pSL1 and pSL2, and both fragments (XPR2p-SUC2 and LTR) were joined together through the
overlap PCR reaction with primers pSL1 and pSL4. Created fusion product was cloned in
pUCBM21 vector digested with BspTI and Nofl giving pSUC-LTR plasmid. The functionality
of the amplified SUC2 gene was tested directly in Y. lipolytica cells. With this aim, EcoRI-Pael
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fragment of pSUC-LTR was cloned in pINA443 vector. The obtained plasmid pSUC21 was
introduced in the Y. lipolytica strain H222-41 (Suc’) and the ability of transformants to grow on
glucose as a sole carbon source was confirmed.

At the same time, Yltl element was placed on an autonomously replicating plasmid with URA3
marker gene. Namely, pECH3 was partially digested with Bsul51 and BamHI and obtained
fragment was inserted in the Bsul51- and BamHI-digested pINA443 vector. Produced plasmid
was named pLE11. Then SUC?2 gene together with LTR was cut out from pSUC-LTR with Mlul
and Notl enzymes and inserted in the pLE11 cleaved with the same endonucleases resulting in
the construction of pYItS1. Finally, polypurine tract (PPT) of YIt1 was amplified from pSUC21
plasmid with primers PPT1 and pIGAseq5, treated with M/ul and inserted in M/ul-digested
pY1tS1 plasmid giving pYItS3 construct. The last one is a plasmid replicating autonomously in
Y. lipolytica cells and bearing completeYIt] element marked with S. cerevisiae SUC2 gene.
Further on, a similar construct with marked Y1t1 expressed under the control of /CL/ promoter
was created. First, regulatory sequences of /CLI gene (promoter and terminator) were cut out
from p67PT with enzymes BamHI and Nhel and introduced in the pINA237 cleaved with the
same endonucleases producing in this way plasmid pICL3. Next, transcribed portion of LTR
was amplified from pUC-gagl with primers LTR-F1 and LTR-F2, treated with BamHI and
Bsp681 enzymes and then inserted in the correspondingly cleaved pICL3 plasmid so that it
replaced the transcribed part of /CLIgene. The obtained /CLI-LTR fusion was cut out from the
plasmid pILTR1 with Bsul5I and Bsp68l. Then it was used to replace the corresponding
fragment of the pUC-gagl producing pILTR3. Next, this fusion was joined with the full-length
Ylt1 element by replacing of Bsul5I-Xhol fragment of pECH3 with the Bsu151-X#hol fragment of
pILTR3 giving pILTRS. Finally, this /CL/-regulated Ylt1 element was cut out from pILTRS
with Bsul51 and Notl and then cloned in the pYI1tS3 plasmid to be connected with SUC2. The

final construct was named pYHRES3.

2.6.13 DNA sequencing

All DNA fragments obtained by PCR were sequenced to ensure an absence of PCR-introduced
mutations. Furthermore, certain regions of Ylt1 were resequenced in the course of this work to
correct existed sequence errors or uncertainties. DNA sequencing was performed by the
modified dideoxy-mediated chain termination method [Sanger et al., 1977]. CEQ DTCS Quick
Start Kit (Beckman Coulter) was used in sequencing reactions according to manufacture’s
instructions. Sequencing itself was done with CEQ™ 2000XL DNA Analysis System (Beckman
Coulter).
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2.7 Protein techniques

2.7.1 Preparation of cell-free extracts by cell disruption using glass beads

Cell-free extracts were prepared from yeast cultures at ODgoo between 1 and 5. Cells were
harvested by centrifugation at 3,000 rpm for 5 min, washed once with 1 volume of the ice-cold
potassium phosphate buffer (pH 7.5) and resuspended in 300 pl of the ice-cold phosphate buffer
with Complete Protease Inhibitor Cocktail (Roche). All subsequent steps were performed at 4°C.
The equal volume of acid-washed glass beads (0.25-0.5 mm, Roth) was added to the cells, and
they were vortexed 4-5 times at maximum speed for 1 min. The tubes were chilled on ice for
I min in between the vortexing steps. Then the supernatant was collected, and the beads were
washed once with phosphate buffer containing Complete Protease Inhibitor Cocktail. Again, the
supernatant was collected. Both supernatants were pooled together and centrifuged at 3,000 x g

for 10 min, and the supernatant (the crude extract) was used in further experiments.

2.7.2 Determination of protein concentration by the Lowry method

This method was first proposed by Lowry ef al. [1951].

To determine the protein concentration, the samples were diluted 50-fold and 100-fold with
0.1 M NaOH. 1 ml of solution D was added to 0.2 ml of the diluted probe; the tube was mixed
and allowed to stand for 10 min at room temperature. Then 0.1 ml of solution E was added, the
probe was immediately vigorously mixed and allowed to stand for the next 30 min at room
temperature. The probe extinction was measured at A=720 nm against empty probe (0.1 M
NaOH instead of protein sample). Finally, the protein concentration was determined by the
comparison of the extinction values with the ones of the standard curve obtained using BSA

(Merck) dissolved in 0.1 M NaOH (0.01-0.4 mg/ml).

Solution A 2 % (w/v) NayCOs in 0.1 M NaOH

Solution B 1 % (w/v) CuSO4-5H,0

Solution C 2 % (w/v) Na-K-tartrate

Solution D 49 ml of solution A mixed with 0.5 ml of solution B
and 0.5 ml of solution C

Solution E IN Folin-Ciocalteu reagent

2.7.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Electrophoretic separation of proteins was carried out under denaturing conditions (i.e., in the
presence of SDS) in discontinuous gel system [Laemmli, 1970]. Electrophoresis was performed
in PROT-RESOLV MINI-LC vertical gel electrophoresis system (Phase). The concentration of

separating gels varied from 7 to 10 % depending on the size of proteins of interest, whereas
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5 % stacking gel was used in all experiments. The recipes for commonly used 8 % separating gel

and 5 % stacking gel are given in the Table 5.

Table 2.5 Composition of polyacrylamide separating and stacking gels.

8 % separating gel (10 ml) 5 % stacking gel (5 ml)

H,O 4.6 ml 3.40 ml
Rotiphorese gel 30 (Roth) 2.7ml 0.83 ml

1.5 M Tris-HCI pH 8.8 2.5ml -

0.5 M Tris-HCI pH 6.8 - 0.63 ml

10 % SDS 100 pl 50 pl
TEMED 5ul S5ul

10 % APS 100 pl 50 ul

First, the separation gel was poured and layered with distilled water. It was allowed to
polymerize for 30 min at room temperature. Then water was removed, the stacking gel was
poured, and a comb was inserted into the layer of stacking gel solution. Again, it was left for
30 min to polymerize. Afterwards, the gel was placed in the electrophoresis apparatus, it was
filled with 1x electrophoresis buffer, and the comb was removed carefully.

Crude extracts prepared as described in the chapter 2.7.1 were mixed with 1/5 volume of
6x sample buffer and heated at 95°C for 5 min prior the electrophoresis. The probes’ volumes
containing 25-50 pg of total protein were loaded on the gel. The electrophoresis was performed

at the current of 25-30 mA for 2-3 h.

Electrophoresis buffer pH 8.3 (10x) 0.25 M Tris
1.92 M glycine
1 % SDS

Sample buffer (6x) 0.35 M Tris-HCI pH 6.8
30 % (v/v) glycerol
10 % (w/v) SDS
0.6 M DTT
0.012 % bromphenol blue

2.7.4 Western blotting

Proteins separated in SDS-polyacrylamide gel were transferred to membrane to enable the
following immunodetection. PVDF membrane Immobilon P (Millipore) was used in this work.
The protein transfer was done using so-called semidry blotting. Prior the blotting, membrane was
immersed in methanol for 1 min, rinsed with distilled water and then equilibrated in transfer

buffer for 15 min. Stacking gel was removed from separating gel and discarded. Separating gel
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was also equilibrated in transfer buffer for 15 min. Afterwards the gel and membrane were
placed between buffer-saturated blotting paper in the blotting apparatus. The Panther™ semidry
electroblotter HEP-1 (PeqLab) was used in this work. The transfer was performed at 0.8 mA/cm?
for 1-2 h. Then the membrane was stained with 1x Ponceau S solution for 5 min and destained in
water for the next 2 min to visualize protein bands. Finally, the membrane was left in blocking

buffer (see chapter 2.7.5) overnight.

Transfer buffer 25 mM Tris
192 mM glycine
5 % methanol
0.001 % SDS

10x Ponceau S solution 2 % (w/v) Ponceau S
30 % (w/v) trichloracetic acid
30 % (w/v) 5-sulfosalicylic acid

2.7.5 Immunodetection of blotted proteins

Following the transfer of proteins from gel to membrane, the membrane was incubated in
blocking buffer at 4°C overnight. Then it was washed briefly with washing buffer and incubated
for 1 h with primary antibodies diluted in blocking buffer as indicated in the chapter 2.2.3. Next,
the membrane was washed three times by agitating with washing buffer and incubated for the
next 1 h with secondary antibodies diluted in blocking buffer. The membrane was again washed
three times with washing buffer. Finally, the detection of membrane was performed using ECL
Plus Western blotting detection reagents (Amersham Pharmacia Biotech) according to the

manufacture’s instructions.

Washing buffer 20 mM Tris-HCI pH 7.6
137 mM NaCl
0.1 % Tween 20
Blocking buffer 5 % nonfat dry milk in washing buffer

2.7.6 Gel staining with Coomassie blue
SDS-polyacrylamide gels were stained with Coomassie staining solution for 30 min. The
destaining was done with destaining solution until blue bands and a clear background were

obtained.
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Coomassie staining solution 42 % (v/v) methanol
17 % (v/v) acetic acid
0.05 % Coomassie Brilliant Blue G-250

Destaining solution 5 % (v/v) methanol
5 % (v/v) acetic acid

2.8 Bioinformatics analysis

2.8.1 Sequence analysis

Functional protein domains in amino acid sequences were identified with ProfileScan program
[Falquet et al., 2002] and NCBI Conserved Domain (CD) search [Marchler-Bauer and Bryant,
2004]. Putative regulatory elements were predicted with Hamming Clustering method for signals
prediction [Milanesi et al., 1996] and AUG_EVALUATOR tool [Rogozin ef al., 2001] located at
the WebGene site (http://www.itba.mi.cnr.it/webgene/) as well as with BCM search launcher
tools for promoter prediction [Smith ez al., 1996; http://searchlauncher.bcm.tmc.edu]. Sequence
alignments were obtained using ClustalX 1.81 [Thompson ef al., 1997] and then further adjusted
with GeneDoc [Nicholas et al., 1997]. Nucleotide-nucleotide (blastn), protein-protein (blastp),
and translated (blastx and tblastn) BLAST searches [Altschul et al., 1997] against the non-
redundant database of the National Center for Biotechnology Information were performed to find

the homologous sequences.

2.8.2 Phylogenetic analysis

For the analysis of phylogenetic relationship of Y. lipolytica retroelements with LTR
retrotransposons, the most conserved residues of reverse transcriptase domain were selected
[Xiong and Eickbush, 1990]. They were first aligned with ClustalX [Thompson et al., 1997], and
then phylogenetic trees were generated using the programs SEQBOOT, PROTDIST,
NEIGHBOR and CONSENSE from program package PHYLIP3.57c [Felsenstein, 1993].
Obtained trees were visualized with TreeView, Version 1.5.2 [Page, 1996]. Accession numbers

of the sequences used in the phylogenetic analysis are present in the table 6.
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Table 2.6 The retroelements included in the phylogenetic analysis.

Retroelement Organism NCBI accession Reference
number
17.6 Drosophila melanogaster X01472 Saigo et al., 1984
297 D. melanogaster X03431 Inouye et al., 1986
412 D. melanogaster X04132 Yuki ef al., 1986
Athila Arabidopsis thaliana X81801 Pelissier et al., 1995
Blastopia D. melanogaster 727119 Frommer et al., 1994
BLV Bovine leukemia virus K02120 Sagata et al., 1985
Cerl Caenorhabditis elegans U15406 Wilson et al., 1994
CfT-1 Cladosporium fulvum 711866 McHale et al., 1992
copia D. melanogaster X04456 Mount and Rubin, 1985
Cyclops Pisum sativum AJ000640 Chavanne et al., 1998
deal Ananas comosus Y12432 Thomson et al., 1998
dell Lilium henryi 1510387A Smyth et al., 1989
FeLV Feline leukemia virus AF052723 Chen et al., 1998
Gimli A. thaliana AB007727 Marin and Llorens, 2000
Grasshopper Magnaporthe grisea M77661 Dobinson et al., 1993
Gypsy D. melanogaster M12927 Marlor et al., 1986
HFV Human foamy virus YO07725 Schmidt et al., unpubl
HIV-1 Human immunodeficiency virus 1 NC 001802 Martoglio et al., 1997
Mag Bombyx mori X17219 Michaille et al., 1990
Maggy M. grisea L35053 Farman et al., 1996
mdgl D. melanogaster X59545 Avedisov et al., 1990
mdg3 D. melanogaster X95908 Dzhumgaliev et al., 1986
Micropia D. melanogaster X14037 Lankenau et al., 1988
Osvaldo Drosophila buzzatii AJ133521 Pantazidis ef al., 1999
Petra Hordeum vulgare Y14573 Panstruga et al., 1998
Reina Zea mays U69258 Avramova et al., 1996
RSV Rous sarcoma virus NC 001407 Schwarz et al., 1983
Skipper Dictyostelium discoideum AF017040 Leng et al., 1998
Skippy Fusarium oxysporum L34658 Anaya and Roncero, 1995
suchi-ichi Takifugu rubripes AF030881 Poulter and Butler, 1998
SURL Tripneustes gratilla M75723 Springer et al., 1991
Tca3 Candida albicans AF510498 Goodwin et al., 2003
Tecd3 Candida dubliniensis AF499464 Goodwin et al., 2003
Tenl Cryptococcus neoformans Retrobase' Goodwin and Poulter, 2001
Ten2 C. neoformans Retrobase' Goodwin and Poulter, 2001
Tcen3 C. neoformans Retrobase' Goodwin and Poulter, 2001
Tend C. neoformans Retrobase' Goodwin and Poulter, 2001
T2 Schizosaccharomyces pombe L10324 Weaver et al., 1993
Tmal-1 A. thaliana AC002534 Wright and Voytas, 1998
Tom Drosophila ananassae 724451 Tanda et al., 1994
Tse3 Saccharomyces exiguus AJ439555 Neuveglise et al., 2002
Ty3 Saccharomyces cerevisiae M23367 Hansen et al., 1988
Ty3-1p Saccharomyces paradoxus AY198186 Fingerman et al., 2003
Ty4 S. cerevisiae X67284 Janetzky and Lehle, 1992
Ulysses Drosophila virilis X56645 Evgen’ev et al., 1992
Woot Tribolium castaneum U09586 Beeman et al., 1996
yoyo Ceratitis capitata U60529 Zhou and Haymer, 1997

! The sequences of Cryptococcus neoformans retrotransposons are deposited in the Retrobase

maintained by the University of Otago (http://biocadmin.otago.ac.nz/retrobase/home.htm)
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3 Results
3.1 Detection of the Gag protein encoded by the retrotransposon Ylt1

The retrotransposon Yltl was described from the Y. lipolytica genome [Schmid-Berger et al.,
1994] more than ten years ago. The following sequence analysis [Senam, 2004] revealed several
unusual properties of YIt1. On the other hand, little has been known about the life cycle and the
activity of Ylt1 in the host genome. The aim of this work was to clarify some of the unknown
aspects of the biology of Ylt1.

The first part of the work was devoted to the study of proteins encoded by Yltl. Performed
sequence analysis showed that protein-coding sequences of Yltl are arranged in a single ORF
and, thus, the corresponding proteins should be expressed as a single polyprotein and then
processed by retroelement’s protease. This conclusion raised several question. First, the
recognition sequences of proteases of retroelements are characterized by a low degree of
conservation. So, the size of the encoded proteins could not be estimated directly from the
translated nucleotide sequence of YItl. Further on, Yltl is the largest of the known fungal
retrotransposons, and it was interesting whether its unusual length is reflected in the size of
encoded proteins. Finally, a molar excess of Gag protein is required for the normal replication of
LTR retrotransposons, and it is unclear how the proper ratio is achieved in the case of Yltl,
which is proposed to express all its proteins as a single polyprotein, i.e., in equimolar amounts.
Structural Gag protein is known to be the most abundant among proteins expressed by LTR
retrotransposons. So, it was decided to tag the Gag protein of Ylt1 with three tandemly repeated
HA epitopes ((HA)3). The fragment encoding for these epitopes was amplified from YEP351-
3HA plasmid. Then it was introduced in the Sal/l recognition site at the position 1069
(numeration in all cases is started from the 1% base of 5" LTR of the full-length Ylt1) (Fig. 3.1).
This position corresponds to the N-terminal region of the predicted Gag protein. The proteins of
the most studied retroelements are only poorly expressed under normal conditions. Thus, the
sequence encoding for the tagged Gag protein was placed under the control of the native LTR
promoter (plasmid pLEI3) and the strong inducible /CL/ promoter of Y. lipolytica (plasmid
pIET3) (see also the chapter 2.6.11.1 for details) (Fig. 3.1). It was reported previously that some
Y. lipolytica strains lack Ylt1 elements altogether. So, it was interesting to find out whether some
differences in the YItl expression exist between Yltl-containing and Yltl-lacking strains.
Therefore, two Y. lipolytica strains, B204-12C-20 (bearing Yltl) and PO1d (Yltl-free), were

transformed with the constructed plasmids.
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Figure 3.1 Tagging of the Gag protein of Y1tl with the HA epitope. The constructs expressed under
the control of /CLI promoter and of LTR promoter are shown. Positions of the start
codon (ATG) and of the sequence encoding for the three tandemly repeated HA
epitopes (HA);) are indicated.

Further on, it was examined whether the tagged Gag protein could be detected in Y. lipolytica
transformants. First, the constructs bearing Gag-encoding sequence under the control of /CL!
promoter were tested. /CLI promoter of Y. lipolytica is known to be induced among others by
acetate and ethanol, reaching the maximum of its activity between 9 and 12 h after the cell
transfer to the medium with corresponding carbon source. So, both B204-12C-20 and PO1d
transformants containing autonomously replicating pIET3 plasmid (strains BI32 and PI31,
correspondingly) were pre-cultured in minimal medium with glucose and then transferred to
minimal medium with acetate as sole carbon source. It was reported that the activity of Y/ICL]
promoter reaches its maximum in acetate-grown cells after 10 - 12 h of induction [Juretzek ef al.,
2001]. Therefore, the samples were taken just before cell transfer and after 9 h and 12 h of
growth in acetate medium. Crude cell-free extracts were prepared from the samples. Tagged Gag
proteins were detected in the extracts by Western analysis using anti-HA antibodies.

Essentially the same results were obtained with Ylt1-containing (B204-12C-20) and Ylt1-lacking
(PO1d) strains. In both cases the strong signals corresponding to the proteins with molecular
weight of approximately 80 and 82 kDa were observed (Fig. 3.2). These values correspond well
with the predicted size of the Gag protein, 83 kDa. Furthermore, additional high-molecular bands
(about 140 and 170 kDa) were present in the samples taken before the cell transfer to the acetate
medium. Notably, the second one (170 kDa) was less intensive in the B204-12C-20 strain. These
data indicate that the HA-tagged Gag protein of YIt1 can be successfully detected in Y. lipolytica
cells. Several explanations of the multiple bands observed on the blots may be proposed. First, it

is known that Gag proteins of retroviruses and LTR retrotransposons are processed by their own
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Figure 3.2 Expression of HA-tagged Gag protein of Yltl under the control of /CLI promoter.

Y. lipolytica PO1d strain was transformed with the autonomously replicating

plasmid pIET3. Three randomly selected transformants were pre-cultured in

minimal medium with glucose (lanes 2-4) and then transferred to minimal medium

with acetate. The probes were taken after 9h (lanes 6-8) and 12h (lanes 10-12) of

acetate growth. The PO1d strain transformed with the vector pINA237 was used as a

negative control (lanes 1, 5 and 9). Two main bands with apparent molecular weight

of 80 and 82 kDa are indicated by arrows.
protease. Generally, CA (capsid) and NC (nucleocapsid) proteins arose in the course of Gag
processing. Interestingly, in the case of the Tyl element of S. cerevisiae the resulting C-terminal
peptide has a size of just 4 kDa. It has never been observed directly and is currently believed to
have no functional role. So, the presence of two forms of Gag protein may be explained either by
proteolytic processing or by other post-translational modifications. Similarly, high-molecular
bands of 140 and 170 kDa may correspond to the intermediate products of proteolytic processing
of the whole Yltl polyprotein. The size of these peptides suggests that they consist of Gag
protein and protease. Interestingly, these bands were not observed in cell extracts prepared after
9 h and 12 h of acetate growth. Their disappearance may be explained by the increase of the
processing rate due to the accumulation of protease in the course of incubation.
Alternatively, the appearance of a number of additional bands on the blots may be due to the
overexpression of Yltl proteins. The increased production of Yltl polyprotein may affect its
processing resulting in the formation of the products of abnormal size. So, the next stage of the
work was devoted to the study of Gag expression under the control of native LTR promoter.
Transformants obtained after the transformation of B204-12C-20 and PO1d strains with pLEI3
plasmid (BL31/BL32 and PL31/PL32, respectively) were analyzed. It was reported previously
[Schmid-Berger et al., 1994] that Ylt1 mobility can be observed in cells grown in acetate-
containing medium. So, both strains were pre-cultured in minimal medium with glucose and then
transferred to minimal medium with acetate. The samples were taken prior to cell transfer and

after the 9 h and 12 h of acetate growth. The tagged Gag protein was detected in prepared cell-
free extracts by Western analysis using anti-HA antibodies (Fig. 3.3).
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The apparent size of the tagged Gag protein was the same as in the previous experiment. It was
again estimated to be approximately 82 kDa. Some weaker bands were observed at 80 and 140
kDa as well (Fig. 3.3). Despite the general similarity, there were some important differences
between the patterns of Gag protein expressed from /CL/ and LTR promoters. First, the band
with an apparent size of 80 kDa was as intensive as the 82 kDa band in the case of p/CL-driven
Gag expression, but it had much lower intensity and disappeared completely after 12 h of growth
in acetate medium when LTR promoter was used. Next, the band corresponding to the putative
Gag precursor with an apparent molecular weight of 170 kDa was weakly expressed comparing
with the one at 140 kDa. Notably, both precursors completely disappeared after 9 h of growth in
acetate medium. Further on, clear differences in the amount of Gag protein between Yltl-
containing and Yltl-lacking strains were noted. Gag protein was more abundant in both tested
transformants of B204-12C-20 strain than in the transformants of PO1d strain. It is unclear
whether these differences are due to the different expression rate of the Gag protein or its
different stability in tested strains. Regardless of these strain differences, an obvious increase of

Gag protein amount in both strains was observed after the cells were transferred from glucose to
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Figure 3.3 LTR-driven expression of HA-tagged Gag protein of Yltl.

(@) Y. lipohtica strains B204-12C-20 (Yltl-containing) and POIld (Yltl-free) were
transformed with the autonomously replicating plasmid pLEI3. Two randomly selected
transformants of each strain were pre-grown in minimal medium with glucose and then
transferred to minimal medium with acetate. Y. lipolytica PO1d strain transformed with
the vector pINA237 was used as a negative control. Lanes 1-2, 6-7 and 11-12:
transformants B204-12C-20/pLEI3; lanes 3, 8 and 13: PO1d/pINA237; lanes 4-5, 9-10
and 14-15: PO1d/pLEI3.

(b) Scheme showing the estimated sizes of the proteins detected with anti-HA antibodies in
the comparison with the single ORF of YItl. Conserved motifs for Gag protein, protease
(PR), reverse transcriptase (RT), RNaseH (RH) and integrase (IN) are indicated.
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acetate medium. These data demonstrate that LTR-driven expression occurs in cells grown in
acetate medium.

The results of both experiments show that HA-tagged Gag protein can be detected in
Y. lipolytica cells. Expression from both /CL/ promoter and native LTR promoter results in the
production of the main protein of approximately 82 kDa. Some putative precursors of Gag
protein were observed as well. The HA-tagged Gag protein expressed under the control of the
LTR promoter can be further used as a suitable tool to monitor its activity. On the other hand, an
overexpression driven by the /CLI promoter may be useful for the production of larger amounts

of Gag protein.

3.2 LTR-driven expression of Gag protein on different carbon sources

Y. lipolytica strains transformed with the autonomously replicating plasmid pLEI3 express HA-
tagged Gag protein under the control of LTR promoter. The presence of the Gag protein during
the growth in acetate medium was confirmed in the previous experiments. The next point of
interest was the regulation of the LTR-driven expression of Gag protein in these transformants.
Therefore, the presence of Gag protein during the growth on different carbon sources was
studied by Western blot analyses. The experiments were performed as follows. Cells were pre-
cultured in minimal medium with glucose, washed once with minimal medium without carbon
source and then transferred to the medium with a carbon source of interest. The samples were
taken just prior to the cell transfer and then after 3, 6, 9 and 24 h of incubation. Then crude cell-
free extracts were prepared, and HA-tagged Gag protein was detected in Western blots with anti-
HA antibodies. After the detection, the blots were stripped and processed with anti-actin
antibodies to control the amount of loaded protein.

Notably, Gag protein was expressed during cell growth on all tested carbon sources, namely,
glucose, glycerol, acetate and ethanol (Fig. 3.4). Corresponding bands were observed in all
samples taken between 0 and 9 h of incubation. Interestingly, these bands disappeared from all
samples except ethanol-grown cells after 24 h of incubation. The amount of produced Gag
protein only slightly depends on the provided carbon source. So, some excess of Gag protein in
glucose- and glycerol-growth cells was observed after 3 h and 6 h. These differences, however,
were noticeably reduced after 9 h of growth. Next, the amount of Gag protein gradually
increased in all cultures reaching its maximum after 9 h. The following decrease resulted in its
disappearance after 24 h of growth. As mentioned before, the only exceptions were ethanol-
grown cultures. In this case, the comparable amounts of Gag protein were observed after 9 and

24 h of incubation.
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Figure 3.4 LTR-driven expression of Gag protein of Yltl on different carbon sources.
Transformants of Y. lipolytica strain B204-12C-20 bearing pLEI3 plasmid were
pre-grown in minimal medium with glucose and then transferred to the minimal
media with acetate (A), ethanol (E), glucose (G) or glycerol (Y). The samples
were taken after 3, 6, 9 and 24 h of growth.

(a) Detection of the HA-tagged Gag protein with anti-HA antibodies

(b) Detection of the actin with anti/actin antibodies (loading standard)

Taking into account the obtained results, it is suggested that expression of YItl driven by its
native LTR promoter takes place during cell growth on a variety of carbon sources. The kind of
provided carbon source has only a limited effect on the amount of produced Gag protein. Further
on, its level is proposed to be dependent rather on the growth phase of the culture than on a
certain carbon source. Hence, an accumulation of Gag protein was observed in the first 9 h of
growth, i.e. during the lag phase and logarithmic phase. Conversely, Gag protein was detected
only in ethanol-grown cultures after 24 h of growth. Previous experiments showed that cells of
this strain reach the stationary phase in glucose and glycerol minimal media after 18 h of growth,
in acetate medium — after 20-21 h of growth, and in ethanol medium — after 27-30 h of growth.
Therefore, it is suggested that the observed degradation of the produced Gag protein is caused by
transition to stationary phase.

The effect of heavy metal ions on Gag expression was studied as well. The experiment was
performed as follows. The cells were pre-cultured in minimal medium with glucose and
transferred to the minimal medium with glucose containing 0.1 mM CuSO,. The samples were
taken after 4 h, 8 h and 10 h of incubation and analyzed as described before. Notably, a poor
expression of the tagged Gag protein was observed compared to cultures grown in glucose
medium without copper ions (Fig. 3.5). It was clearly detectable only after 10 h of growth.
Therefore, it is suggested that LTR promoter of Yltl is primarily active during the active cell
growth, namely, in the logarithmic growth phase. It is also proposed that the availability of
nutrients may play a certain role in its activation. The transition to stationary phase was
accompanied by the decrease in the LTR promoter activity. Furthermore, presence of heavy

metal ions had a negative effect on the LTR-driven expression.
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Figure 3.5 Effect of copper (II) ions on LTR-driven expression of HA-tagged Gag protein of Yltl.
Transformants of Y. lipolytica strains B204-12C-20 (Yltl-containing) and PO1d (YItl-
free) bearing the autonomously replicating plasmid pLEI3 were tested in this experiment.
They were pre-grown in minimal medium with glucose and then transferred to the
minimal glucose medium containing 0.1mM CuSO,. Lanes 1-8: transformants B204-
12C-20/pLEI3; lanes 9-16: PO1d/pLEI3.

3.3 Detection of the integrase encoded by the retrotransposon Ylt1

All coding sequences of the retrotransposon Yltl are arranged in a single ORF. Thus, the
translation of the predicted mRNA should result in the production of Gag protein, protease,
reverse transcriptase and integrase in equimolar amounts. At the same time, the molar excess of
the structural Gag protein is required for normal replication of LTR retroelements. So, it was
decided to investigate the expression of the integrase encoded by Ylt1.

The sequence coding for three tandemly repeated HA tags was introduced into the Ncol
recognition site located at the position 7407 of YIt1 (see chapter 2.6.11.2 for further details). The
resulted construct was placed under the control of LTR and /CL/ promoters. Plasmids containing
corresponding constructions were named pUIN7 and pUIN17, respectively. One Ylt1-containing
(B204-12C-20) and one Yltl-lacking (PO1d) strain were transformed with these plasmids. The
obtained transformants were used for the expression of the HA-tagged integrase.

First, the p/CLI-driven integrase expression was investigated. The transformants bearing
pUIN17 plasmid were pre-grown in minimal medium with glucose and then transferred to the
minimal medium with acetate to induce the /CL/ promoter. The samples were taken after 9 h of
growth. The detection of Western blots with anti-HA antibodies revealed the presence of a
specific band with an apparent molecular weight about 140 kDa (Fig. 3.6). It is suggested that
this band correspond to the polyprotein containing reverse transcripatse, RNaseH and integrase
of Ylt1 with a predicted size of 136 kDa. Surprisingly, no specific bands with a size of integrase
alone (55-58 kDa) were observed on the blots.



Results 67

pI/CL1 (HA); ICL1t

3 =

HHCC DDE GPY/F
GAG PR RT RH IN

b 1 2 T
kDa ~ 135-140 kDa ~ 55-58 kDa
200 -
- <
100 - Lane 1: B204-12C-20/pINA237

85 = (negative control)
70 - Lane 2: B204-12C-20/pUIN17

20 - (transformant with HA-tagged
0 — e i (corase)

Figure 3.6 Detection of the HA-tagged integrase protein of Yltl. Y. lipolytica B204-12C-20 strain
transformed with the autonomously replicating plasmid pUIN17 was used in this
experiment. The plasmid pUIN17 contains Yltl element with HA-tagged integrase
expressed under the control of /CLI promoter (a). The B204-12C-20 strain transformed
with the vector pINA237 was used as a negative control. Both strains were pre-cultured
in minimal medium with glucose and then transferred to minimal medium with acetate
to induce the ICLI promoter. The samples were taken after 9 h of cultivation and
analyzed by Western blotting (b). Position of specific band is indicated by an arrow.

The transformants bearing pUIN7 plasmid were tested for the presence of tagged integrase, too.
They were incubated in acetate and glycerol minimal media, and the expression of tagged
integrase was again analyzed on Western blots with anti-HA antibodies. No specific bands were
detected in these experiments.

So, the HA-tagged integrase was observed only in the cells expressing it under the control of
strong /CLI promoter. No specific signals were detected in the case of LTR-driven expression.
Both Gag- and integrase-encoding sequences are arranged in a single ORF, so their expression in
equimolar amounts would be expected. The following explanations for the differences in Gag
and integrase detection are proposed. First, the structural features of integrase may be
responsible for the poor HA-epitope accessibility. The impact of this effect, however, should not
be so significant because the proteins were separated in denaturing conditions. Second, as
mentioned already, the molar excess of Gag protein is required for the normal assembly of virus-
like particles. Although the mechanism of the regulation of the Gag:Pol ratio in the case of Ylt1
is currently unknown, it may involve either the poor expression or rapid degradation of the
proteins located downstream from Gag. The existence of such mechanisms would explain the

observed low content of Ylt1 integrase in Y. lipolytica cells.
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3.4 Transposition of the marked YlItl element

Data suggesting the transpositional activity of Yltl in Y. lipolytica genome were collected
previously [Schmid-Berger ef al., 1994; Senam, 2004]. A novel in vivo retrotransposition assay
that should allow direct observation of YItl transposition was developed in the course of this
work. Its main components were the plasmids pYIltS3 and pYItES3, whose construction is
described in the chapter 2.6.11.3. These two plasmids bear an Yltl element marked with the
SUC?2 gene of S. cerevisiae. It should be noted here that natural isolates of Y. lipolytica do not
produce invertase and that they can not grow on sucrose as a sole carbon source. Thus, the
ScSUC?2 gene can be used as a selective marker in Y. lipolytica strains. ScSUC2 gene expressed
under the control of Y. lipolytica XPR2 promoter [Nicaud et al., 1989] was used in this work.
The expression of the marked Ylt1 element is driven by the LTR promoter in the case of pYItS3
and by the Y. lipolytica ICLI promoter in the case of pYItES3. So, the plasmid pYIES3 was
used as a positive control in our experiments. Both plasmids contain ARS and centromere
sequences of Y. lipolytica and they replicate autonomously in Y. lipolytica cells. Another
important feature of both plasmids is the presence of Y. lipolytica URA3 gene, which allows
selection of yeast transformants of an ura3-deficient recipient strain.

The selection for clones with a newly transposed marked Yltl element was performed as
follows. First, the constructed plasmids pYItS3 and pYItES3 were introduced in the wura3-
mutated Y. lipolytica strain H222-41. Obtained transformants were named HY31 and HE31,
respectively. Then the retrotransposition of the marked Ylt1 elements was induced by cultivation
of both strains in minimal medium with acetate (MA) and minimal medium with glycerol (MY)
at 24°C or at 28°C for 96 h. After the induction, the cells were either directly plated out on a
selective medium or they were transferred to YPD medium to induce plasmid loss first.
However, it turned out during the work that plasmid loss occured efficiently on selective medium
with FOA, so no additional steps including an incubation in YPD medium were required.

A selective medium MSPPUF with sucrose as a sole carbon source was used in these
experiments. The medium contained 50 mM phosphate buffer (pH 6.8) and 0.05 % peptone to
induce XPR2-driven expression of ScSUC2 gene. Further on, uracil and 5-fluoroorotic acid
(FOA) were added to the medium at the concentration 15 mg/l and 1.5 g/l, respectively.
Approximately 10° cells were plated on each plate, because higher cell densities on media with
FOA result in high background growth [Barth and Gaillardin, 1996].

The MSPPUF medium was used to select for the clones with newly transposed ScSUC2-marked
Ylt1 elements. Only cells with a Suc ' FOA" phenotype should grow on this medium. It is known

that the ura3 mutation confers resistance to the FOA, so the ura3 clones containing ScSUC2
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gene are expected to grow on the MSPPUF medium. The initial transformants HY31 and HE31
care wild type copy of URA3 gene on the pYItS3 or pYIES3 plasmid, respectively, so their
growth on MSPPUF medium is inhibited by the fluoroorotic acid. The plasmid loss by these
strains would result in an inability of cells to utilize sucrose. On the other hand, the
retrotransposition of the marked Ylt1 element would lead to the transfer of SeSUC2 gene to the
nuclear genome. In this case, the plasmid loss would lead to the appearance of invertase-
producing ura3 clones. These clones, which exhibit Suc Ura” phenotype, would survive on the
MSPPUF medium.

There are some alternative mechanisms which would allow the cells to grow on the selective
medium. For instance, spontaneous FOA-resistant clones would grow on this medium, too. So,
the colonies grown on MSPPUF medium were proved for their Ura” phenotype. They were
picked up and transferred on plates with MSPPU medium (without FOA). Then they were
replica-plated on MSPPU and MSPP (without uracil) plates. Only clones which were unable to
grow on medium without uracil were chosen for further work.

The results of the selection for Suc Ura clones are shown in the table 7.

Table 3.1 The results of the selection for the clones with newly transposed marked Ylt1 element

using in vivo retrotransposition assay.

Strain ~ Carbon Induction Number of Number of Frequency of
source temperature Suc'FOA' clones Suc'Ura clones Suc'Ura clones
HY31 24°C 55 42 1.4-107
Acetate
28°C 8 0 <3.3-107
24°C 20 6 2.0-10°
Glycerol
28°C 18 0 <3.3-10”7
HE31 24°C 95 81 2.7-10°
Acetate
28°C 15 2 6.7-107
24°C 12 4 1.3-10°
Glycerol
28°C 11 0 <3.3-107

Striking differences were observed between cultures grown at 24°C and at 28°C during the
induction phase. In contrast to 24°C, where 133 clones with the Suc'Ura™ phenotype were
obtained, only two clones exhibiting this phenotype were found when cells were cultivated at

28°C. Both derived from HE31 strain, where the expression of the marked Ylt1 element was
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regulated by the strong /CLI promoter. Obtained data suggest that the transposition of Ylt1 is a
temperature-dependent process and that the transposition rate dramatically increases at higher
temperatures.

In the performed experiments, Suc Ura’ clones were obtained both from HY31 and HE31 strains.
However, the number of HE31-derived clones is significantly higher than the number of HY31-
derived ones. The strong /CLI promoter drives the expression of the marked Ylt1 element in
HE31 strain. Thus, the higher number of HE31-derived Suc Ura clones may be explained by the
higher level of the expression of marked Yltl element in HE31 strain. The dependence of the
number of Suc' Ura” clones on the expression of the marked Yltl element is confirmed by the
fact that the number of HE31-derived Suc'Ura™ clones obtained after growth on acetate and on
glycerol differs more than 20-fold. The observed difference reflects the induction of the /CL/
promoter during the growth on acetate, whereas its activity on glycerol is repressed to a basal
level.

The majority of the HY31-derived Suc'Ura” clones was obtained after the induction of
transposition on acetate, too. These results agree with the previous observation suggesting the
activation of Ylt1 during the growth on acetate [Schmid-Berger et al., 1994; Senam, 2004].
Obtained Suc Ura” clones were further analyzed to confirm that the acquisition of the Suc'Ura’
phenotype was caused by the transposition of the marked Yltl element. A BspTI-Ps¢I fragment
of the pSUC-LTR plasmid containing a part of the LTR of Yltl was used as a probe for the
Southern analysis. In this analysis, the initial strain H222-41 was shown to be free from LTRs of
Yltl. At the same time, the presence of LTRs of Yltl in the genome of the strains HE31 and
HY31 and the selected Suc'Ura strains was confirmed in this experiment. Differences between
the initial transformants (HY31 and HE31) and analyzed Suc'Ura clones in the sizes of the
bands corresponding to the LTR fragments suggest the different localization of the marked Ylt1
element, i.e., that it was transposed from the autonomous pY1ltS3/pYIES3 plasmids into the
nuclear genome (Fig. 3.7).

Two Suc Ura clones obtained from HE31 strain after the incubation at 28°C and designed as E1-
52 and E1-72 were analyzed in more details (Fig. 3.8). First of all, the Southern analysis with an
URA3-containing Sall fragment of the pINA443 plasmid as a probe confirmed that both strains
have lost the plasmid pYItES3. Further on, the presence of YItl element in the genome of the
strains was confirmed by the hybridization with the fragments of LTR and gag region of Ylt1. A
BspTI-Pstl fragment from the plasmid pSUC-LTR was used as a LTR probe, and a Hincll
fragment from the plasmid pUC-gagl was taken as a gag probe. Surprisingly, the Southern

analysis showed the presence of two gag fragments and two LTR fragments in the genome of
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Figure 3.7 Southern analysis of Suc'Ura™ clones obtained in the in vivo retrotransposition assay.
Genomic DNA was isolated from Y. lipolytica strain H222-41 (lane 2), its transformants
HY31 (lane 3) and HE31 (lane 11) and from 14 randomly selected Suc'Ura” clones.
Seven of these clones (lanes 4-10) were obtained from the strain HY31 and remaining
ones (lanes 12-18) — from the strain HE31. DNA samples were digested with the
endonuclease Ncol. A BspTI-Pstl fragment of the plasmid pSUC-LTR was used as a
LTR probe in a following Southern analysis. DNA of phage A digested with the
endonuclease Pstl was used as a molecular weight marker (lanes 1 and 19):

both strains, whereas the 2:1 ratio of LTR and gag fragments was expected. Therefore, it was
decided to amplify the insertion site of the marked Ylt1 element by the “reverse PCR” technique.
The genomic DNA isolated from both strains was digested with the restriction endonuclease
Paul, which has no recognition sites inside the marked YlIt1 element. The digest was treated with
T4 DNA ligase to circularize the fragments of genomic DNA. Then both the untreated digest and
the digest treated with DNA ligase were used as a template in a PCR reaction. The divergent
primers (Yipl and Yip2) were used in the PCR reaction, so the amplification of a specific
product only after the circularization of the genomic DNA was expected. However, the products
of the same size were amplified from both the untreated and ligase-treated digests. The
sequencing of these products showed that the insertions of marked YlItl element in both strains
were arranged in tandem repeats separated by a single LTR. It is suggested that this abnormal
integration was caused either by the increased induction temperature or by the overexpression of

the marked Ylt1 element from the strong /CL/ promoter.
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Figure 3.8 Analysis of Suc Ura clones E1-52 and E1-72 obtained from HE31 strain in the in vivo
retrotransposition assay.

(a) Southern analysis. Y. lipolytica strains H222-41 (lane 2), HE31 (lane 3), E1-52 (lane 4)
and E1-72 (lane 5) were included in the analysis. Genomic DNA samples were digested
with the endonucleases Sall (the first blot) or Hindlll (the second and the third blots).
The blots were hybridized with URA3-, LTR- or Gag-specific probes. DNA of phage A
digested with the endonuclease PsfI was used as a molecular weight marker (lane 1).

(b) A scheme illustrating the “reverse PCR”-based analysis of the clones of interest.
Divergent primers Yipl and Yip2 used to amplify the insertion site are shown as small
black arrows, and LTRs — as black triangles. The product obtained in both PCR
reactions is indicated. GeneRuler 1 kb DNA ladder (Fermentas) was used as a molecular
weight standard in DNA electrophoresis.



Results 73

3.5 Genome wide analysis of the integration preferences of the retrotransposon Ylt1
The complete sequencing of the genome of the Y. lipolytica strain E150 carried out by the
Genolevures consortium was finished in 2004. Obtained data allowed the analysis of the Ylt1
distribution in the Y. lipolytica genome.

Most LTR retrotransposons generate so-called target site duplication (TSD) upon their
integration. These short duplications (4-5 bp) can be used to derive a target site consensus
sequence of retroelements. The genome sequence of the Y. lipolytica E150 strain contains
11 full-length Ylt1 elements and 18 solo LTR, all of them are flanked by perfect 4-bp target site

duplications. Thus, 29 TSDs were analyzed. Obtained results are shown in the tables 3.2 and 3.3.

Table 3.2 Target site duplications produced by Ylt1 in the genome of Y. lipolytica E150

TSD  Number Frequency, %
TATG 8 28
CATG 7 25
CATA 6 21
TATA 3 10
GATG 3 10
AATG 1 3
TATC 1 3
Total 29 -

These data demonstrate that Ylt1 indeed has some integration preferences. The first position of
its target site is occupied predominantly by pyrimidine residues (T in 12 cases and C in 13 cases
out of 29). At the same, purine residues (G and A) were found in all but one case in the fourth
position. Finally, A and T were invariantly present in the second and in the third position,

respectively.

Table 3.3 Target site consensus sequence of Ylt1

Position (%)
1 2 3 4

A 3 100 O 31
T 42 0 100 0
G 10 0 0 66
C 45 0 0 3
Consensus C/T A T G/A
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Next, the integration preferences of YItl in the genomic context were investigated. All but one
from the 29 analyzed insertions were not associated with tRNA genes, i.e., no tRNA genes were
found within 750 bp window upstream and downstream of insertion sites. Further on, the single
insertion of Yltl associated with tRNA®Y gene was found downstream from tRNA gene,
whereas insertions of the S. cerevisiae retrotransposons Tyl and Ty3 are located mostly
upstream of tRNA genes.

The majority of the analyzed Ylt1 insertions (28 out of 29) were associated with the intergenic
regions instead. Only five of them were found between convergent genes, suggesting some bias
for the regions upstream of RNA polymerase II (Pol II) promoters. Majority of the remaining
23 insertions (16) were located within regions 500-3000 bp upstream of the predicted ORFs.
Further on, five insertions were found at the distances of <500 bp to the next ORF, and in three
cases the distances between insertion point and the next ORF exceeded 3000 bp.

Obtained results suggest that YIt1 has no strict insertion preferences. The whole-length elements
and solo LTRs of Yltl are located mainly in the intergenic regions of Pol II transcribed genes.
The distances between insertion points and neighboring ORFs vary widely, from 22 bp to more
than 3000 bp. At the same time, insertions of Yltl are characterized by significant sequence
specificity, as more than 82 % of the analyzed target size duplications fit the consensus sequence

C/T-A-T-G/A.

3.6 A novel Ty3/gypsy retrotransposon Tyl6 from the genome of Y. lipolytica

The results obtained in the course of the study of the retrotransposon Yltl indicate that it
occupies an isolated position among known retroelements. The combination of properties
demonstrated by Yltl is quite unusual and suggests its ancient origin. So, the attempts to find
related elements in the complete genome of the Y. lipolytica strain E150 were done. First,

BLAST searches against the genome database of Y. lipolytica maintained by the Genolevures

consortium [Dujon et al., 2004; http://cbi.labri.fr/Genolevures/] were performed. Predicted
amino acid sequences of the reverse transcriptases and integrases of Yltl, Ty3 and Tyl3
retrotransposons were used as a query in these searches. No Ylt1-related elements were found in
the genome of Y. lipolytica E150. However, the BLAST searches revealed a novel retroelement
belonging to the Ty3/gypsy group. Further on, the complete sequence of the novel

retrotransposon was identified.
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Table 3.4 Analysis of Ylt1 insertions in the genome of Y. lipolytica E150
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The novel element was named Tyl6 (for the Transposon of Yarrowia lipolytica 6). This name

follows the systematic nomenclature proposed by Neuveglise et al. [2002]. The nomenclature

uses the first letters of the generic and species names of the host organism in the combination

with the T letter (for Transposon). Further on, it takes into account the similarity of novel

retroelements with the reference retrotransposons of S. cerevisiae and C. albicans (Tyl, Tca2,

Ty3, Ty4 and Ty5). Each of the reference elements defines a distinct family of yeast LTR

retrotransposons. Thus, the newly identified Y. /ipolytica retrotransposon should be named Tyl3

as it belongs to the Ty3/gypsy family of retroelements. However, the retrotransposon Tyl3 has
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been described from the genome of the Y. lipolytica W29 strain before [Neuveglise et al., 2002],

and it is clearly different from the novel element. Thus, the name Tyl6 was chosen.

3.6.1 Analysis of the nucleotide sequence of Tyl6

3.6.1.1 Regulatory elements

The entire element Tyl6 is 5108 bp long. It is flanked by two identical LTRs each of 276 bp
(Fig. 3.9). Tyl6 was detected as a single copy element located at the chromosome E. This copy is
flanked by 5 bp target site duplications TCTTA...TCTTA. The LTRs are bordered by 5 bp long
inverted repeats TGTAA...TTACA, which are characteristic for retrotransposons and retroviral
genomes. Searches for transcription-regulating elements in the LTR sequence were carried out.
A putative TATA box was identified at the position 134-138 (numeration in all cases is started
from the 1% bp of 5" LTR). A polyadenylation signal is not clearly defined in the LTR of Tyl6,

but a sequence, that resembles it, is located at the position 156-161.

5-LTR 3-LTR
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Figure 3.9 The structural organization of the retrotransposon Tyl6. LTRs are presented as boxes
with black triangles. Striped boxes indicate the localization of conserved motifs for Gag
protein (Zn-finger domain of Gag protein is shown as nucleocapsid motif (NC)),
protease (PR), reverse transcriptase (RT), RNaseH (RH) and three domains of integrase
(IN) (see text for details). Rectangles represent schematically the organization of coding
sequences and a translational —1 frame-shift.

A putative primer-binding site (PBS) of Tyl6 is located 2 bp downstream from the 5° LTR
(Fig. 3.10). The identified PBS sequence is characteristic for retrotransposons whose reverse
transcription is primed by host-encoded tRNAs as it contains the trinucleotide TGG, which is
complementary to the universal CCA of the acceptor stem of tRNA. First 8 nucleotides of the
proposed PBS of Tyl6 are identical to the PBS of the S. cerevisiae retrotransposon Ty3. The Ty3
element is known to use the initiator tRNA™® as a primer for its reverse transcription. Further
on, it turned out that the identified copy of Tyl6 is integrated 15 bp upstream of a putative
tRNA™® gene of Y. lipolytica (for more details, see below), and that first 12 nt of the PBS are
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ACCATCGCTACG. .. tRNA™ (V. lipolytica)
__________________________ R R R I I I 3
'TGTAA. ... TTACA?CGTGGTAGCGATGC . .. Primer-binding site of Tyl6
e * ok ok ok k ok ok ok * *
S-LTR ACCATCGCGGCG. .. tRNAM (8. cerevisiae)

Figure 3.10 Scheme showing the complementarity of a putative primer-binding site of Tyl6 to
the cytoplasmic tRNA™ from Y. lipolytica and S. cerevisiae.

complementary to the 3" acceptor stem of a tRNA encoded by the predicted gene (Fig. 3.9).
Notably, the closely related Tse3 element from the genome of Saccharomyces exiguus also has a
PBS complementary to tRNA™® and of the same length [Neuveglise e al., 2002]. These
observations strongly suggest that Tyl6 has adopted tRNA™M as a primer for its reverse
transcription.

Another region playing an important role in the life cycle of retroelements — the polypurine tract
— is well defined in the sequence of Tyl6. This relatively small purine-rich sequence is relatively
resistant to RNaseH degradation, thus, it serves as a primer for the (+)-strand cDNA synthesis. It
is located immediately upstream of the 3" LTR. The nucleotide sequence of the polypurine tract

of Tyl6 is AGG GGG GGA GAG.

3.6.1.2 Coding sequences

The organization of coding sequences of Tyl6 is typical for LTR retrotransposons. There are two
ORFs separated by a —1 translational frame-shift. A putative frame-shift promoting sequence
(slippery heptamer) G-GGA-AAT was found at the positions 1093-1099. It agrees well with the
common model for such sequences, which can be defined as X-XXY-YYZ [Farabaugh, 1996].
Further on, the ribosomal frame-shifting is known to be stimulated by the secondary structures of
mRNA (pseudoknot or even a simple hairpin loop), commonly occurring 6 nt downstream of the
slippery heptamer. The distance between the heptamer and the pseudoknot is critical and its
changing by as little as 2 nt eliminates stimulation [Farabaugh, 1996]. Indeed, a putative stem-
loop structure between residues 1107 to 1136, i.e. exactly 6 nt downstream of the heptamer G-
GGA-AAT, and a deduced pseudoknot interaction between bases 1120-1124 and 1150-1154

were detected during the sequence analysis (Fig. 3.11).
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Figure 3.11 Stem-loop structure and a pseudoknot located downstream from the frame-shift
promoting heptamer G-GGA-AAT. The slippery heptamer is underlined, and the
nucleotides involved in the formation of the putative pseudoknot are double
underlined.

The first ORF of Tyl6 encodes a deduced Gag protein consisting of 252 amino acid residues. The
predicted product of the second ORF includes regions of homology to protease, reverse
transcriptase and integrase of known retrotransposons. The observed arrangement Gag — PR —
RT — IN is characteristic for most described members of the Ty3/gypsy group. The length of a
predicted fusion polyprotein (Gag+Pol) resulting from a —1 frame-shift during translation is 1488
aa. Interestingly, Tyl6 is the first example of a retrotransposon from ascomycetous yeasts
utilizing -1 translational frame-shifting, although this type of the translational recoding
commonly occurs in retroelements of filamentous ascomycetes [Gao et al., 03]. Notably, the
retrotransposon Tcnl from the genome of the basidiomycetous yeast species Cryptococcus
neoformans [Goodwin and Poulter, 2001b] has two ORFs separated by -1 frame-shift.

Gag proteins of various retroelements often show only a limited level of sequence similarity.
Nevertheless, two characteristic regions were identified in a deduced sequence of a Gag protein
of Tyl6. The first one is encoded by the nucleotides 357-633 of Tyl6. It displays homology with
the corresponding regions of some previously described Gag proteins. The second conserved
domain present in virtually all Gag proteins is the so-called Zn-finger motif CX,CX4HX4C (also
named nucleocapsid (NC) region) [Covey, 1986]. It is responsible for the binding of Gag protein
to genomic RNA of a LTR retrotransposon. In the retrotransposon Tyl6 it was identified at the
positions 1014—1056. It has the amino acid sequence CYTCGKIGHLARDC (conserved residues
are underlined) (Fig. 3.12a). Other parts of the putative Gag protein encoded by Tyl6 show no

significant homology with known proteins.
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Figure 3.12 Multiple sequence alignments of conserved sequence motifs from various LTR-

retrotransposons. The alignments of the conserved parts of Gag protein (Zn-finger)
(a), protease (b), reverse transcriptase (¢) and RNaseH (d) are presented. Conserved
residues are shown in white on a black background, residues with moderate similarity
(= 80 %) - on a dark-grey background, and with low similarity level (= 60 %) —on a
grey background. The following retroelements were included in the alignments: Ty3
and Ty4 from S. cerevisiae, Tse3 from S. exiguus, Skippy from Fusarium oxysporum,
Maggy from M. grisea, CfT-1 from Cladosporium fulvum, Skipper from
Dictyostelium discoideum, Tca3 from C. albicans, Tf2 from Sz. pombe, Tyl6 and Ylt1
from Y. lipolytica and gypsy from D. melanogaster. The sources of the sequences are
indicated in Materials and Methods.
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A region with a similarity to aspartic protease was identified at the 5" end of the second ORF of
Tyl6. It encompasses nucleotides 1295-1696. A characteristic protease motif LLDcGASS was
found in the deduced protein (Fig. 3.12b). It is deviated from the consensus protease motif
(hydrophobic residue),-D-S/T-G-A/S, which is found in the large majority of retroelements
[Dunn et al., 2002]. Namely, the active center of the putative Tyl6 aspartic protease has a
cysteine residue (shown in low case) instead of conserved serine/threonine. The next domain in
the deduced polyprotein possesses a strong homology to reverse transcriptase, which is known to
be the most conserved domain among different retroelements [Xiong and Eickbush, 1990]. The
conserved motif of reverse transcriptases, the so-called YXDD box, is encoded by the sequence
located at the positions 2468-2479 (VCVYLDDIIV) (Fig. 3.12c). The TDAS motif of RNaseH
was found in a slightly deviated form (TDAC) downstream from the reverse transcriptase
domain, namely at the positions 2915-2926 of Tyl6 (Fig. 3.12d). The characteristic features of
integrase — the N-terminal Zn-finger domain with HHCC motif involved in the binding to LTR
sequences, the core domain containing the catalytic D,Dss-E motif and the C-terminal GPY/F
module [Khan et al, 1991; Malik and Eickbush, 1999] — are identified in the deduced
polyprotein at the positions 3526-3664, 3751-4051 and 4369-4480, respectively.

The amino acid sequence of reverse transcriptase and the presence of the GPY/F module in the

integrase sequence indicate that Tyl6 clearly belongs to the Ty3/gypsy group of retroelements.

3.6.2 Distribution of Tyl6 among Y. lipolytica strains

Y. lipolytica strains of different origin can vary significantly in their genetic structure and
chromosome lengths. Differences in the genome size between various isolates were also reported
[Barth and Gaillardin, 1996]. Further on, the retrotransposon Ylt1 was shown to be unequally
distributed among Y. lipolytica strains [Juretzek et al., 2001; Senam, 2004]. Therefore, it was
decided to study the distribution of the newly detected Tyl6 element as well. The genomic DNA
isolated from selected strains was analyzed by Southern blot hybridization with several Tyl6-
specific probes (Fig. 3.12). The following strains were taken for the study. First, two wild type
isolates of independent origin were chosen, YB423-12 [Wickerham et al., 1969] and H222
(isolated from German soil). The strain YB423-12 is one of the ancestors of the majority of
commonly used laboratory strains [Barth and Gaillardin, 1996]. A third strain PO1d is derived
directly from W29, a wild type isolate from French sewage. Representatives of two inbreeding
lines widely used in a laboratory practice were taken as well. They were B204-12C (German
inbreeding line) [Barth and Gaillardin, 1996], and E129 and E150 (both derived from French
inbreeding line) [Barth and Gaillardin, 1996]. It should be noted here that the last strain (E150)
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was used in the genome sequencing project performed by the Genolevures consortium [Dujon ef
al., 2004].

The genomic DNA samples were digested with a restriction endonuclease Sa/l. The enzyme Sa/l
has a single recognition site in Tyl6 at the position 2060 (Fig. 3.13a). The following fragments of
Tyl6 were used as probes for hybridization (Fig. 3.13): the complete LTR sequence, a fragment
of the gag region located between unique PsfI and Bg/II recognition sites (669-1147 bp) and an
EcoRI-EcoRV fragment of the pol region (3047-3903 bp).

Hybridization of these fragments of Tyl6 with genomic DNA isolated from different strains of
Y. lipolytica brought following results (Fig. 3.13). First of all, it turned out that Tyl6 is not
equally distributed among Y. lipolytica strains. It is present in the genome of the wild type isolate
YB423-12 and in the genome of strains from both French and German inbreeding lines (Fig.
3.13b). Since YB423-12 was used in both of these inbreeding programs as one of the ancestor
strains, it is suggested to be an original host of Tyl6. This is also supported by the fact that
strains of independent origin (H222 and PO1d) were shown to be Tyl6-free.

Some differences were detected in the hybridization patterns obtained with different probes.
Hybridization with the gag probe gave no non-specific signals (Fig. 3.13c), confirming the
unequal distribution of Tyl6 and the presence of its single copy in Tyl6-harboring strains. At the
same time, additional weak signals were observed when the LTR or the pol probe was used (Fig.
3.12b and 3.12d). The nature of these signals was further investigated. A BLAST search against
Y. lipolytica genome database was performed using the nucleotide sequences of both the LTR
and the pol probes as a query.

Two sequences of interest located on chromosomes C and E were found when the sequence of
the LTR probe was used as a query. Both identified sequences have a common region (73 bp,
87% identity to Tyl6 LTR), which could be recognized by the LTR probe. The expected sizes of
bands on Southern blots, which should be obtained if the LTR probe indeed recognizes both
identified fragments, are 4.76 kb and 4.46 kb, respectively. First value agrees well with the size
of the smaller unspecific band observed on blots. However, the size of second band (>5.1 kb)
differs significantly from the predicted value (4.46 kb). These differences may be partially
explained by the errors in the available sequence of Y. lipolytica genome, especially taking into
account a presence of numerous undetermined nucleotides in corresponding region of the
chromosome E (positions 2388970-2389080 in the sequence deposited to GenBank). Further on,
a distribution of this second weak band (about 5.1 kb) among Y. lipolytica strains provides
additional support for the suggestion that it results from the hybridization of LTR probe with the

identified region on the chromosome E. This band was observed only in Tyl6-containing strains,
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Figure 3.13 Detection of Tyl6 by Southern blot hybridization in several strains of Y. lipolytica of
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different origin. Strains B204-12C (1), E129 (2), E150 (3), YB423-12 (4), H222 (5)
and POld (6) were analyzed. Genomic DNA samples were digested with Sall
endonuclease. DNA of phage A digested with the endonuclease PstI was used as
molecular weight marker.

Localization of recognition sites for Sa/l endonuclease in the Tyl6-containing fragment
of chromosome V of Y. lipolytica E150 strain, taken from the Genolevures database.
Positions of probes used for Southern hybridization (LTR, gag and pol) are indicated.
Hybridization of genomic DNA of Y. lipolytica strains with the LTR probe. Two bands
(8.0 and 3.1 kb) corresponding to both 5" and 3" LTRs were observed in Tyl6-
containing strains. Two weak unspecific bands (5.3 and 4.8 kb) were also detected.
Their nature is discussed in the text.

Hybridization of genomic DNA of Y. lipolytica strains with the gag probe. A single
band of predicted size of 3.1 kb was detected in the same strains.

Hybridization of genomic DNA of Y. lipolytica strains with a pol probe. A band of
8.0 kb is observed in Tyl6-harboring strains. A weak unspecific band (5.3 kb) was
present in all tested strains. Its nature is discussed in the text.
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suggesting that both loci are linked genetically, ie., that both Tyl6 and the sequence non-
specifically recognized by LTR probe are located on the chromosome E.

Further on, our analysis showed that the pol probe could recognize a short fragment on
chromosome F (87 bp, 93% identity). The sizes of corresponding band on Southern blots in this
case should be 5.33 kb, what agrees well with the obtained results.

The fragment interacting with the LTR probe showed no significant similarity to any known
retroelement. Further on, no significant homology with other protein-coding sequences could be
detected. On the other hand, the fragment hybridizing with the po/ probe displays very limited
homology to the RT/RH region of some retrotransposons, first of all, of Tyl6. It is unclear,
whether these sequences represent highly degenerated retrotransposons, arised as a result of a

recombination event or whether the observed homology is just a result of coincidence.

3.6.3 Integration specificity of Tyl6

All analyzed Tyl6-harboring strains bear only a single copy of this retrotransposon. Moreover,
the position of the element in the analyzed strains seems to be conserved, as the banding pattern
was essentially the same in all cases (Fig. 3.12). It is not surprising since the Tyl6 was found
only in the strain YB423-12 and its derivatives. The last ones should acquire their copy of Tyl6
from the genome of YB423-12.

The sequences surrounding the insertion site of Tyl6 in the genome of strain E150 were extracted
from the Y. lipolytica genome database. The analysis of these sequences revealed that the Tyl6
element in the Y. lipolytica strain E150 is integrated 15 bp upstream of a putative tRNA™® gene.
This integration pattern resembles those of Tse3 and Ty3 elements, which integrate preferentially
within a narrow “window” 13-19 bp upstream of tRNA genes (Fig. 3.14) [Chalker and
Sandmeyer, 1992; Neuveglise ef al., 2002]. Although the presence of just a single copy of Tyl6
does not allow to make definitive conclusions about its target site specificity, the revealed
location and observed similarity with Ty3 and Tse3 elements strongly suggest that the preferable

target site of Tyl6 integration lays immediately upstream of tRNA genes.

3.6.4 Phylogenetic relationships of Tyl6 with other Ty3/gypsy retrotransposons

Sequence similarity unambiguously placed Tyl6 into the Ty3/gypsy group of retrotransposons. A
detailed phylogenetic analysis was carried out in order to determine its relationships with other
members of this group and with the known Y. lipolytica retrotransposons. The analysis was
based on multiple alignments of the amino acid sequences of reverse transcriptase, which is the

most conserved protein among various groups of retroelements. Seven previously
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Figure 3.14 Integration preferences of the retrotransposons Tyl6, Ty3 and Tse3. Their insertions
are found upstream of Pollll transcribed genes, within 1-2 bp of the transcription
start. Target site duplication flanking the single known copy of Tyl6 is indicated.

identified amino acid domains including 178 residues [Xiong and Eickbush, 1990], which are
common for all reverse transcriptases, were used for this study.

Malik and Eickbush [1999] have defined eight groups of Ty3/gypsy retrotransposons, named
Ty3, mdgl, gypsy, Osvaldo, mag, Athila, Cerl and mdgl. The members of all these lineages
were included in the analysis. The phylogenetic tree was rooted with copia, a member of
Tyl/copia class of retroelements known from the genome D. melanogaster.

The performed analysis grouped Tyl6 together with the Tse3 element of S. exiguus (Fig. 3.15).
Further on, both elements appeared within the Ty3 group on the obtained phylogenetic tree.

The analysis also demonstrates that the two complete Ty3/gypsy retrotransposons found in
Y. lipolytica genome (Y1t1 and Tyl6) are not closely related. The Tyl6 element clearly belongs to
the Ty3-like elements, whereas Yltl was placed in the basal part of the phylogenetic tree of
Ty3/gypsy-like retrotransposons. It is grouped together with Tca3 and Tcd3 retrotranposons of
C. albicans and C. dubliniensis. These results provide a new insight on the phylogenetic position
of the Yltl element, as well. The isolated position of YIt1 in the basal part of the phylogenetic
tree of Ty3/gypsy elements was shown by Goodwin and Poulter [2002]. Next, the relationship
between YItl and Tca3 was mentioned [Senam, 2004]. However, YItl and Tca3 were not well
resolved from the vertebrate retroviruses in the last work. The current analysis places Ylt1/Tca3
elements among the Ty3/gypsy group and clearly separates them from retroviruses. Thus, it
defines a new basal clade of fungal Ty3/gypsy retrotransposons, whose properties suggest their

ancient origin.
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Figure 3.15 The phylogenetic tree based on the multiple alignment of the reverse transcriptase
amino acid sequence. A variety of Ty3/gypsy retrotransposons, some retroviruses and
two members of Tyl/copia class (as an outgroop) were included in the alignment.
Numbers adjoining the branches indicate the bootstrap values from 100 bootstrap trials
(only the values above 50% are shown). Positions of Tyl6 and Yltl are indicated by
arrows. Abbreviations are as follows: RSV, Rous sarcoma virus; HIV-1, human
immunodeficiency virus type 1; BLV, bovine leukemia virus; FeLV, feline leukemia
virus. For the host organisms, see the chapter 2.8.2.
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Unfortunately, the absence of the reverse transcriptase-encoding sequence of the third
Y. lipolytica Ty3/gypsy element, Tyl3, in the public databases does not allow its inclusion into
the analysis. The available Tyl3 sequence contains only the regions encoding for the core region
and the C-terminal part of an integrase [Neuveglise et al., 2002]. However, the corresponding
amino acid sequences of Tyl6 and Tyl3 display significant similarity, and it is suggested that
they may be indeed closely related.

The whole lineage of Ty3-like elements defined by Malik and Eickbush [1999] is often referred
to as chromoviruses due to the presence of the chromodomain in the C-terminal part of integrase
[Marin and Llorens, 2000; Kordis, 2005]. Chromoviruses are characterized by the Eukaryota-
wide distribution. Numerous members of this group were described from fungal genomes as
well, both from ascomycetes and basidiomycetes. Notably, the majority of the ascomycetous
chromoviruses known so far were reported from filamentous fungi [Kordis, 2005]. Further on,
Ty3 elements of the genus Saccharomyces were the only chromoviruses found in the genomes of
hemiascomycetous yeast species. The analysis performed in this work placed both Tyl6 and Tse3
elements among chromoviruses, but at the same time it showed that these elements are not
closely related to Ty3. Further on, Tyl6 and Tse3 show no significant similarity with the fungal
chromoviruses of the Tfl/sushi group. So, Tyl6 and Tse3 have a PBS complementary to
tRNA™® whereas the members of the Tfl/sushi group utilize a self-priming mechanism. The
phylogenetic analysis also confirmed the separation of Tyl6 and Tse3 from Tfl/sushi group.
Therefore, it is suggested that both Tyl6 and Tse3 constitute a novel group of chromoviruses,
specific for hemiascomycetous yeasts. This group appeared in the performed analysis as a
separate branch next to the plant dell-like elements.

It was noted before that dell-like elements display similarities with some fungal retrotransposons
[Wright and Voytas, 1998]. Similar to Tyl6 and Tse3, dell-like elements also have a tRNA™¢
complementary PBS. Further on, some structural properties of retrotransposons from the
neighboring Reina clade resemble those of Tyl6 and Tse3. The sizes of the members of the Reina
clade lie between 5 and 7 kb [Kordis, 2005], whereas Tyl6 and Tse3 are 5108 bp and 6487 bp
long [Neuveglise et al., 2002], correspondingly. Thus, Tyl6 and Tse3 form a novel group of
fungal chromoviruses, whose next relatives are dell-related plant retrotransposons.

The characteristic feature of the chromoviruses is a presence of the chromodomain. This is a 40—
50 amino acids long domain, which is present in various eukaryotic proteins involved in
chromatin remodelling and the regulation of gene expression. It may function as protein-
interacting, RNA-interacting or DNA-binding module [Kordis, 2005]. Searches for

chromodomains in the deduced amino acid sequences of both Tyl6 and Tse3 were performed;
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however, no chromodomain-related sequences were found. Thus, although the phylogenetic
analysis based on the amino acid sequence of the reverse transcriptase placed Tyl6 and Tse3
among chromoviruses, they apparently do not contain chromodomains.

A similar discrepancy was reported for the Ty3 element of S. cerevisiae [Malik and Eickbush,
1999]. Thus, all three retrotransposons of hemiascomycetous yeasts (Ty3, Tse3 and Tyl6)
belonging to the chromoviruses are apparently lacking the chromodomain. However, all these
elements do bear a C-terminal module of the integrase of approximately the same size. The
alignment of these modules was carried out. Ty3-related element of Saccharomyces paradoxus
(SpTy3-1) and the retrotransposon Tyl3 from the genome of Y. lipolytica strain W29 were also
included in this alignment. Despite the fact that Ty3 and SpTy3-1, on one hand, and Tse3 and
Tyl6, on the other hand, are not closely related (Fig. 3.15), a significant degree of similarity
between C-terminal parts of their integrases was observed (Fig. 3.16). It should be noted that
both Tyl3 and Tyl6 bear the amino acid motif TWE, which is present in most of the analyzed
chromodomains [Kordis, 2005]. However, this motif was absent from the sequences of Ty3,
SpTy3-1 and Tse3. Further on, no other conserved amino acid residues of the chromodomain
were detected. Taking into account the striking similarity of the integration preferences of Ty3,
SpTy3-1, Tse3 and Tyl6, these data support the model proposed by Malik and Eickbush [1999].

Namely, they proposed that the C-terminal part of the integrase of retroelements determines their

Ty3 : NWoJR:¥ 4P LLNkgcIsH A K - SGAYMIRY00Q GP F3iV)'l DI
Ty3-1lp : N R%T LLNpgeis/H A K—!GTYM QP GP F3iV)'l DI
Tyl6 : VIOJH VP A D—ﬁAKYA DVYISGPFiZIio] DT
Tyl3 HEAY H%D SVK| A =~ NGEDSIIHD\YIF )P IRAL 10\ YD
Tse3 : YWKKHHAEFE(cI8K A PGYHKGLSAHH GPFPETAADGN

Ty3 YPE: PKNKSTERIKRAHT

: A
Ty3-1p : APEDIIDSHKI NN 0V \Job ARNEIFV YD PRKNK|3 1-/SViR INRAN A4 T
Ty1l6 : VPK)JQUIPYDSTi}: Nk W HISSKIFT Pidl- PE){DINPIIS|IEY SQECS LHpsT
Ty13 : AE PPESAY: 1:Ni 8 WY SRR ME EIR- E)LS QP13 HEENQRAN T HThs
Tse3 : LTLDLPRQRT: K) 8 SLMDERT !\ ATPTAP|3 41PG o|T RQRTN JpiT
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Tyl3 : RFACUBDRENEEVLCT DPEI ATPVPRALLEEC!DPARLEQWMTED\LR
Tse3 : KigYSIiVTOQLNKIEAQ HCEDISLVEPQDLQR- --TPYLER DHEDM

Figure 3.16 Comparison of the C-terminal integrase sequences of yeast retrotransposons,
integrating in the close vicinity of tRNA genes. Presented elements form two
phylogenetic groups (see Fig. 3.14), which are only distantly related, but their GPY/F
module sequences display remarkable similarity, probably due to their integration
specialization (compare with Malik and Eickbush, 1999). The integrase sequence of
Tyl3 retroelement is included in the alignment as well, to show its similarity to Tyl6.
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integration specificity. Further on, they suggested that the chromodomain of Ty3 may have been
replaced or become specialized as a result of an adaptation of Ty3 to the genome of its host. The
observed similarity of the corresponding regions of Ty3, Tse3 and Tyl6 retrotransposons
suggests that this specialization is a general property of the chromoviruses of hemiascomycetous
yeasts, which is linked with their preferred integration within 1-2 bases of Pollll transcription
start site. It is also suggests the common mechanisms of target site choice used by analyzed
elements. Finally, the presence of the TWE motif in the amino acid sequences of the Tyl3 and
Tyl6 supports the model of the chromodomain specialization rather than its replacement in the

chromoviruses of the hemiascomycetous yeasts.
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4 Discussions

The aim of this work was the further characterization of the Y. lipolytica retrotransposon Ylt1.
Proteins encoded by Yltl were detected, and their expression was characterized. An assay
allowing in vivo observation of the YlItl transposition was developed, and the strains obtained in
this assay were examined. Data obtained in the course of the genome sequencing of Y. lipolytica
were analyzed. The insertion preferences of Yltl and its genome localization were specifically
investigated. Also, a novel LTR retrotransposon was found in the genome of Y. lipolytica. Its
structural properties, insertion preferences and distribution among Y. lipolytica strains were

investigated.

4.1 Regulation of the YItl expression

4.1.1 Expression of Gag protein of YIt1

The expression of transposable elements is often tightly regulated in order to control their
propagation. A variety of expression patterns was described for different retrotransposons. Both
transcription and translation steps may be the subject of such regulation. Initiation of
transcription is expected to be a key step limiting the frequency of transposition for many LTR
retrotransposons [Boeke and Stoye, 1997]. On the other hand, the low expression of Tyl proteins
is achieved by means of post-transcriptional regulation, since Tyl-mRNA is highly abundant in
S. cerevisiae cells [Ciriacy, 1995].

In this work, the expression of Yltl was studied using HA-tagged Gag protein, which was
expressed under the control of the LTR promoter of Yltl and under the control of the /CLI
promoter of Y. lipolytica. The presence of the HA-tagged Gag protein in Y. lipolytica cells was
confirmed in both cases. It was easily detectable even when it was expressed under control of the
weak LTR promoter. It was shown that LTR-driven expression of the Gag protein occurs on all
tested carbon sources. Obtained data suggest that its expression occurs preferentially during the
logarithmic growth phase, whereas transition to the stationary phase is accompanied by the
significant reduction of the amount of Gag protein. Further on, addition of copper sulfate has a
negative effect on its expression.

The proteins of other yeast retrotransposons are often poorly expressed, so they have almost
exclusively been investigated by overexpression of individual elements [Garfinkel et al., 1985;
Adams et al., 1987; Hansen et al., 1992; Atwood et al., 1996]. Conversely, the expression of
many retrotransposons is activated by various stress factors, including heavy metals and heat
shock [Strand and McDonald, 1985; Ziarczyk and Best-Belpomme, 1991; Ratner et al., 1992;
Mhiri et al., 1997; Ikeda et al., 2001]. So, the expression pattern of the Gag protein of Ylt1,
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which was revealed in this work, has some unusual features. The Gag protein of Ylt1 is produced
in detectable amounts in log-phase cells. In contrast, it is degraded upon transition to the
stationary phase, and its expression is inhibited by copper sulfate. To our knowledge, such

expression pattern was not reported previously for other LTR retrotransposons.

4.1.2 Expression of integrase and regulation of the Gag:Pol ratio

HA-tagged Gag protein of Ylt1 was readily detected in Y. lipolytica cell extracts even when it
was expressed from the weak LTR promoter. However, no specific signals were observed when
the expression of HA-tagged integrase of YIt1 was analyzed in the same way. On the other hand,
the overexpression of the HA-tagged integrase from the /CLI promoter resulted in the detection
of a putative precursor, whose molecular weight corresponds to a protein containing both reverse
transcriptase and integrase. An integrase alone was not observed in these experiments.

The HA tag used for the labeling of the integrase was readily detected in the case of the HA-
tagged Gag protein. Therefore, obtained results suggest that the integrase of Ylt1 is unstable and
is degraded rapidly. The observed instability may be caused by the introduction of the HA tag.
However, it is also very likely that this instability is a natural property of the Ylt1 integrase, and
that the integrase is degraded in order to achieve an adequate Gag:Pol ratio.

The molar excess of Gag protein is needed for the normal replication of LTR retrotransposons
and vertebrate retroviruses. Usually, they express 10- to 50-fold more Gag than Pol protein.
Different approaches were developed by retroelements to achieve the required Gag:Pol ratio. The
most common ones are the use of rarely occurring ribosomal frame-shift or stop codon read-
through for the expression of Pol protein [Gao ef al., 2003]. On the other hand, the retroelements
expressing Gag and Pol in a single reading frame should have evolved alternative mechanisms,
which allow them achieve a molar excess of Gag.

Little is known about the regulation of Gag:Pol ratio in yeast retroelements with a single ORF.
Ty5 element of S. cerevisiae and Tfl element of Sz. pombe are among few known examples of
such retroelements. It is still not clear whether retrotransposons Tca3 and Tcd3, which are
closely related to Yltl, have a frame-shift between gag and pol/ [Goodwin et al., 2003]. The
mechanism involved in the regulation of Gag:Pol ratio in the case of Tfl was described by
Atwood et al. [1996]. It is completely different from the alternative splicing mechanism used by
the copia element of D. melanogaster [Brierley and Flavell, 1990].

The lower stability of integrase is exploited by the retrotransposon Tfl to achieve the molar
excess of Gag over Pol [Atwood et al., 1996]. Like Ylt1, Tfl expresses its Gag and Pol protein

in a single reading frame, so they are produced in equimolar amounts. Indeed, in the case of Tfl
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equal amounts of Gag and integrase are present during the log-phase [Atwood et al., 1996].
However, integrase of Tfl is rapidly degraded in stationary-phase cells, so that 26-fold excess of
Gag is observed.

A related mechanism of Gag:Pol ratio regulation may be proposed for Yltl. In this case, the
rapid degradation of integrase would explain the difficulties in the detection of this protein.

An important difference between Tfl and YItl expression is the stability of Gag protein. The
amount of Gag protein in the case of Tfl remains at the same level and does not depends on the
growth phase [Atwood ef al., 1996]. In contrast, Gag protein of Ylt1 was degraded in stationary
phase cells. The difference may be partially explained by the kind of promoter used in these
experiments. The strong nmtl promoter was used for the expression of Tfl proteins [Atwood et
al., 1996], whereas the Gag protein of Yltl was expressed under control of the weak LTR
promoter. The nm¢l promoter remains active until thiamine is added to the cell culture, whereas
the activity of the LTR promoter has a well-defined expression maximum [Senam, 2004].
However, the use of the LTR promoter had the important advantage, as LTR-driven expression
better reflects the natural dynamics of Gag production. It remains unclear whether degradation of
Gag in stationary phase cells is a result of cell defense against retroelement’s propagation and

whether this degradation has a certain role in the life cycle of Ylt1.

4.2 YIt1 proteins

Yltl is by far the largest currently known fungal LTR retrotransposon. The most LTR
retrotransposons described from yeasts usually do not exceed 6.0 kb, and only a few, like Tcn2
from Cryptococcus neoformans, have more than 7 kb in length. Thus, YlIt1 is approximately 1.5-
fold as long as an average yeast LTR retrotransposon. A question arose, whether this length
differences are reflected in the size of proteins encoded by Yltl. Analysis of the nucleotide
sequence revealed a huge single ORF, encoding a deduced polyprotein from 2621 aa [Senam,
2004]. However, the sizes of individual proteins could be only roughly estimated, since
recognition sites of proteases of different retroelements show only little conservation. Further on,
proteolytic processing of individual proteins during their maturation could not be excluded.

The apparent size of the HA-tagged Gag protein of Ylt1, as determined in this work, is 82 kDa.
Taking into account that three tandemly repeated HA tags have a molecular weight of 4.5 kDa,
the size of Gag protein alone should be about 78 kDa. Following apparent sizes were reported for
other yeast LTR retrotransposons: 51-55 kDa (Tyl) [Boeke and Sandmeyer, 1991], 26 kDa
(Ty3) [Hansen et al., 1992] and 27 kDa (Tfl) [Atwood et al., 1996]. Thus, the Gag protein of
Yltl is 1.5- to 3-fold larger than other studied Gag proteins from yeasts. The differences are
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especially pronounced if one compares the Gag proteins of Ty3/gypsy elements (YItl vs. Ty3
and Tf1).

Gag proteins are generally proteolitically cleaved by retroelement-encoded proteases, so that C-
terminal peptide is released. It is believed to be degraded in the case of Tyl, since it has never
been directly observed. However, in the case of Ty3 this peptide has homology with retroviral
nucleocapsid (NC) proteins, and it was detected in the virus-like particles produced by Ty3
element. The detection of HA-tagged Gag protein of YItl reveals the presence of two bands
having apparent size of approximately 80 and 82 kDa. This observation suggests that Gag
protein of Ylt1 is proteolytically processed in the same way as Gag proteins of Tyl and Ty3. The
significance of the putative C-terminal fragment for the life cycle of Ylt1 remains unknown.

A weak high-molecular band of 140 kDa seen during the detection of HA-tagged Gag protein is
proposed to be an intermediate product of polyprotein processing. Its size suggests that it
contains both Gag protein and protease. On the other hand, the 140 kDa protein observed during
the detection of HA-tagged integrase may contain both reverse transcriptase and integrase.
Therefore, the following model of proteolytic processing of Ylt1 polyprotein is proposed (Fig.
4.1). The large polyprotein with a predicted molecular weight 289 kDa is cleaved by Yltl
protease, and two fragments of approximately 140 kDa are released. Both these fragments were
observed in this work. The N-terminal one is further processed to give rise to Gag protein (appr.
78-80 kDa) and protease. How the C-terminal fragment is processed is currently unclear. The
Gag protein can be cleaved once again, so that C-terminal peptide will be released. However,
obtained data suggest that such processed proteins constitute only a small fraction of the total

Gag protein.

4.3 Transposition and target site preferences of Ylt1

Insertions of LTR retrotransposons are potentially deleterious to their host cells. This is
especially true for yeast retroelements. Yeast genomes are often compact, they lack large
intragenic and intergenic DNA regions, and many yeast species spend a large part of their life
cycle in the haploid phase. Therefore, both the frequency and the specificity of transposition of
yeast retrotransposons should be precisely adjusted to the genomes of their host organisms.

The copy number of yeast LTR retrotransposons rarely exceeds 30 elements per haploid genome.
Further on, their transposition frequency is tightly regulated. So, the transposition frequency of
Tyl element does not exceed 5-10° even when it is expressed under the control of the strong
GALI promoter [Ciriacy, 1995]. On the other hand, de novo transpositions of Tfl and Ty3
elements were detected in up to 3 % of cells [Hansen et al., 1988; Levin and Boeke, 1992]. The
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Figure 4.1 Scheme illustrating a proposed model of the processing of Yltl polyprotein. Large
polyprotein with a predicted molecular weight of 289 kDa is synthesized during the
translation of YIt1 mRNA. The cleavage by Yltl protease produces two fragments of
approximately 140 kDa. N-terminal fragment is further processed to give rise to Gag
protein and protease. C-terminal fragment contains reverse transcriptase and integrase,
but the size of individual fragments remains unknown.

copy number of transposable elements may play an important role in the regulation of their
transposition. So, the transposition frequency of Tyl decreased in a copy dependent manner over
a 4800-fold range when Tyl copy number was increased from 0 to 20 [Garfinkel ef al., 2003].
The transposition frequency of Ylt1, as determined in this work, reaches 1.4:10” when the LTR
promoter was used for expression of the marked YItl element. It could be increased 2-fold by
overexpression of the marked Yltl element under control of the /CLI promoter. Observed
transposition frequency of the marked YItl element is higher than the frequency of Tyl
transposition, but it is significantly lower than the values reported for Tfl and Ty3. The
following factors may contribute to the relatively low frequency of Yltl transposition. First of
all, reverse transcriptases of LTR retrotransposons and retroviruses are characterized by low
processivity [Huber et al., 1989; Katz and Skalka, 1994], which may result in the inefficient
reverse transcription of such long templates as mRNA of Ylt1. Further on, addition of the SUC2
that was used as a marker gene may affect the level of Ylt1 transposition.

Obtained data indicate that both the available carbon source and the growth temperature have an
effect on the transposition frequency of Yltl. The influence of other factors on the trasnposition
of YItl should be investigated in future experiments. Transposition level of the marked Yltl

element was 7-fold higher in acetate-grown cells than in cells grown on glycerol. The reasons for
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the observed differences remain unclear, because no significant differences in the Gag
expression were observed between acetate- and glycerol-grown cells.

On the other hand, temperature sensitivity of the retrotranspostion process was reported for other
retrotransposons, too. Several authors reported that the transposition rate of Tyl increase 100-
fold when the cells where grown at 15-20°C instead of 30°C [Paquin and Williamson, 1984;
Garfinkel et al., 1985; Boeke et al., 1986]. Temperature sensitivity of reverse transcriptase or
protease and instability of tRNA-PBS duplex are proposed to cause this difference [Garfinkel et
al., 1985; Lauermann and Boeke, 1994; Lawler et al, 2002]. It is currently thought that
reduction of protease activity affects the proteolytic processing of Pol protein and thus influences
the activity of reverse transcriptase. The activity of Tyl protease is largely reduced at the
temperatures above 30°C and is abolished completely at 37°C [Lawler et al., 2002]. At the same
time, the stability of tRNA-PBS duplex preferentially determines the frequency of Tyl
transposition at the temperatures between 20 and 30°C [Lauermann and Boeke, 1997].

Among more than 120 Suc'Ura clones obtained during this work, only two strains were found in
cultures induced at 28°C. Following analysis showed that both strains contained Ylt1 elements
arranged in tandem repeats, which were separated by a single LTR. Such arrangement suggests
that the integration process of Ylt1 elements was affected. Indeed, similar multimeric arrays of
retroelements separated by a single LTR were observed when integrase-mediated integration of
Tyl element was blocked by mutations in the integrase-encoding sequence or in LTR terminal
sequences recognized by integrase [Sharon et al., 1994]. In this case, the integration of Tyl
cDNA was mediated by homologous recombination. Further on, it was shown that the
retrotransposon Tf2 of fission yeast mobilizes primarily through homologous cDNA
recombination independently of a functional Tf2 integrase [Hoff er al, 1998]. Therefore,
homologous recombination can be regarded as an alternative mechanism, which mediates the
integration of retroelement’s cDNA when true integration is blocked.

Genome analysis of Y. lipolytica does not reveal the presence of Ylt1 tandem repeats. Therefore,
the formation of tandem repeats may be an attribute of the developed in vivo transposition assay.
Tandem repeat formation may have been caused by the high induction temperature, suggesting
the temperature sensitivity of Ylt1 integrase. On the other hand, introduction of the marker SUC2
gene may have affected the integration process.

Another prominent feature of yeast retrotransposons is their integration specificity. Disruption of
protein-coding genes in haploid yeast genomes may have a deleterious effect on the host fitness.
Thus, the integration of the majority of known yeast retroelements is targeted to “safe havens”,

i.e. to the loci whose disruption could be well tolerated by host. Many yeast LTR
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retrotransposons are associated with tRNA and other Pollll-transcribed genes [Kim et al., 1998;
Hani and Feldmann, 1998]. However, the analysis of the Y. lipolytica genome sequence
demonstrated that Ylt1 insertions are not grouped together with tRNA genes, as only one of the
29 insertions was found in the vicinity of a tRNA®Y gene. Further on, no association of YItI
insertions with centromeres or telomeres was detected. The YItl copies were evenly distributed
throughout the genome of the Y. lipolytica E150 strain instead. Ylt1 elements were preferentially
found in the intergenic regions, often at a significant distance (500-3000 bp) from coding
regions. Some bias for the regions upstream of Polll promoters was suggested. Thus, the
distribution pattern of Ylt1 resembles to a certain extent the pattern described for Tfl and Tf2
elements of Sz. pombe [Singleton and Levin, 2002; Bowen et al., 2003]. The marked difference
between distributions of Ylt1 and fission yeast elements is the distance between the insertion site
and the downstream coding region. This distance mostly exceeds 500 bp in the case of Yltl,
whereas Tfl and T2 insertions are clustered at distance of 100-400 bp.

A remarkable feature of Yltl is a well-defined sequence specificity of its integration. LTR
retrotransposons produce short duplications of target sequence upon their integration, so-called
target site duplications (TSDs). Therefore, a sequence specificity of a certain retroelement can be
defined based on the analysis of its TSDs. More than 82 % of YIt1 TSDs in Y. lipolytica genome
fit the consensus sequence C/T-A-T-G/A. Furthermore, second and third positions of TSDs were
absolutely invariantly occupied by A and T in all Ylt1 insertions. Integration of other yeast LTR
retrotransposons is usually not sequence-specific, although some bias for A/T bases was
observed [Kim et al., 1998]. The observed sequence specificity of the Yltl integration
emphasizes the isolated position of Ylt1 elements among known yeast retrotransposons.

The consensus sequence of Ylt1 TSDs suggests that the YIt1 integration may occur into the start
codon sequence ATG. However, genome-wide analysis has not revealed any Yltl element
integrated in such position. The most likely explanation for this observation is that, despite well-
defined sequence specificity of Ylt1 integration, other factors also play an important role in the
selection of an integration locus. The nature of these factors was not investigated during this
work, but it is proposed that chromatin structure or interactions of the Yltl integrase with host
proteins may contribute to the choice of integration site. Next, the integration of Yltl into start
codons would often have a deleterious impact on the host fitness, so it is likely that cells with

such insertions were rapidly eliminated from the population.
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4.4 Sequence analysis of Tyl6

4.4.1 General features

The analysis of a nucleotide sequence of a novel LTR retrotransposon may contribute
significantly to understanding of its biology. First of all, LTR retrotransposons are characterized
by the presence of several well-conserved structural elements, which play an essential role in
their life cycle. Further on, retrotransposons rely on a limited number of self-encoded proteins,
whose amino acid sequences can be used to reconstruct the phylogenetic relationships between
different retroelements.

The novel element Tyl6 has a size of 5108 bp, and its LTRs are 276 bp long. A putative TATA
box was identified in the LTR sequence of Tyl6. LTRs of Tyl6 are flanked by inverted repeats
(TGTAA...TTACA), which contain universal dinucleotides (TG...CA).

The structural features of Tyl6 are common for yeast retroelements. Sizes of the full-length
element and its LTRs agree well with the size range reported for the majority of known yeast
LTR retrotransposons (Table 4.1). Tyl6 is flanked by dinucleotides (TG...CA). These short
sequences are ubiquitously present in LTRs of retrotransposons and retroviruses, where they play
an important role in the recognition of newly synthesized cDNA by the integrase [Khan et al.,
1991].

Transcription of LTR retroelements is generally carried out by host RNA polymerase II.
Initiation and termination of the transcription occurs within their LTRs [Boeke and Stoye, 1997].
Thus, LTR elements display many features of promoters recognized by Polll. They contain
TATA box and a set of upstream and downstream activating sequences [Boeke and Sandmeyer,

1991].

Table 4.1 Structural properties of the selected LTR retrotransposons from ascomycetous yeast species.

Element Host Group  Size Copy ORF1 ORF2  Frame-shift LTR Terminal inverted repeats
organism (bp) number size(aa) size (aa) size
(bp)
Tyl S. cerevisiae Tyl/copia 5917 32 435 1321 +1 332 TG..CA
Ty3 S. cerevisiae Ty3/gypsy 5351 2 285 1262 +1 340 TGTTGTAT..ATACAACA
Ty4 S. cerevisiae Tyl/copia 6227 3 363 1440 +1 371 TGTTG..CAACA
Ty5 8. paradoxus Tyl/copia 5376 10-15 - 1698 - 251 TGTTGA..TCAACA
Tca2 C. albicans  Tyl/copia 6426 5-10 324 1576 Stop codon 280 TGTTGG..CCAACA
Tca3 C. albicans Ty3/gypsy 6134 0-5 510 1273 +1 313 TGA..TCA
Tse3 S. exiguus  Ty3/gypsy 6487 10-15 257 1181 +1 945- TGTAAC..GTTACA
947
Tfl Sz. pombe  Ty3/gypsy 4941 20-40 - 1330 - 358 TGT...AGA
Tyl6 Y. lipolytica Ty3/gypsy 5108 1 252 1235 -1 276 TGTAA..TTACA

Yltl Y. lipolytica Ty3/gypsy 9453 30-35 - 2621 - 714 TGT..ACA
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4.4.2 Primer-binding site

One of the key steps in the life cycle of retroelements is an initiation of reverse transcription.
Interestingly, several different modes of the initiation were developed by LTR retrotransposons.
Nevertheless, reverse transcription is always initiated a few bases downstream from 5" LTR, and
the analysis of the structure of the corresponding region allows the prediction of the mode of
initiation used by certain retroelement.

The majority of known retrotransposons and retroviruses rely on specific host tRNA molecules
for the initiation of the reverse transcription. In this case, a short sequence downstream from
5"LTR (primer-binding site, or PBS) is complementary to a part of a certain host tRNA.
However, another mechanism of the reverse transcription initiation was reported for
retrotransposons of the Tfl/sushi group [Levin, 1995; Levin, 1996; Lin and Levin, 1997a]. These
elements initiate their reverse transcription by the unusual self-priming mechanism and do not
require tRNA molecules. The structure of primer-binding sites of some LTR retrotransposons
(e.g., skipper) suggest that the mechanism used by these elements to initiate their reverse
transcription differs from described above ones [Leng et al., 1998], but the nature of this novel
mechanism remains currently unknown.

The primer-binding site of Tyl6 element was found to be complementary to the predicted
Y. lipolytica tRNA™, It contains the characteristic triplet TGG, which interacts with the
universal CCA sequence of a tRNA acceptor stem. The Tyl6 PBS also shows a high degree of
similarity with PBS of other yeast retroelements, whose reverse transcription is primed with the
initiator tRNA™® (Table 4.2). The length of Tyl6 PBS (12 nt) agrees well into the size range
reported for PBS of other yeast LTR retrotransposons [Neuveglise ef al., 2002].

Different yeast LTR retrotransposons use various host tRNA molecules to initiate synthesis of
their cDNA (Table 4.2). PBS complementary to tRNA™® tRNA*E, {RNA®" tRNAM, tRNA"
and tRNA®™ have been reported [Voytas and Boeke, 1993; Goodwin and Poulter, 2000;
Neuveglise et al., 2002]. Interestingly, some of LTR retrotransposons have a PBS, which is
complimentary to an internal fragment of a specific tRNA molecule, so that processing of the
tRNA is required prior to the cDNA synthesis [Voytas and Boeke, 1993; Ke ef al., 1999].
Despite the great diversity of primer tRNA, many yeast LTR retrotransposons rely on the
initiator tRNA™®. They include, for example, Tyl and Ty3 elements of S. cerevisiae, Tse3
element of S. exiguus and a number of related elements [Neuveglise et al., 2002]. Tyl6 also
belongs to this group. However, the use of the same tRNA species does not necessary reflects
close relationships between retroelements. So, both Tyl and Ty3 elements of S. cerevisiae use

the same tRNA™®, but they belong to two distinct, distantly related groups.
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Table 4.2 Primer tRNA and primer-binding sites (PBS) of the selected LTR retrotransposons from
ascomycetous yeast species.

Element Host organism  Group Primer tRNA PBS
Tyl S. cerevisiae  Tyl/copia tRNAM! TGGTAGCGCC
Ty3 S. cerevisiae  Ty3/gypsy tRNAM! TGGTAGCG
Ty4 S. cerevisiae  Tyl/copia tRNAM" TGGCGACCCCAGTGAGGG
Ty5 S. cerevisiae  Tyl/copia tRNA™® (anticodon stem-loop) GGTTATGAGCCCT
Tca2 C. albicans  Tyl/copia tRNA™"® (anticodon stem-loop) GATTAGAAGTC
Tcal3 C. albicans  Ty3/gypsy tRNAM TGGTGGACGAGATGAGAG
Tsel S. exiguus ~ Tyl/copia tRNAM! TGGTAGCGCCGC
Tse3 S. exiguus  Ty3/gypsy tRNAM! TGGTAGCGCCGC
Tyl6 Y. lipolytica  Ty3/gypsy tRNAM! TGGTAGCGATGC
Yltl Y. lipolytica  Ty3/gypsy tRNAM TGGTGGACGACACC

4.4.3 Organization of coding sequences

4.4.3.1 Arrangement of gag and pol reading frames

Most of the known LTR retrotransposons have two coding regions, gag and pol, and there are
several basic modes of their organization. As mentioned above, a molar excess of the gag gene
product is required for the propagation of LTR retrotransposons. Therefore, many retroelements
have gag and pol genes in different reading frames, so that a ribosomal frame-shift is required
for the translation of the pol gene. However, this is not the only way to achieve the required
Gag:Pol ratio. Some retroelements have gag and pol reading frames separated by a stop codon
(ribosomal read-through is required in this case). Alternatively, elements can express gag and
pol in a single reading frame, so that the regulation of Gag:Pol ratio occurs post-translationally.
In the case of Tyl6, gag and pol/ ORFs are separated by a -1 translational frame-shift. This type
of coding sequence arrangement commonly occurs among Ty3/gypsy retrotransposons [Gao et
al., 2003], however, it is the first example of the -1 frame-shift in the retroelements of
ascomycetous yeasts. At the same time, a -1 frame-shift is commonly found in LTR
retrotransposons of ascomycetous filamentous fungi [Gao et al., 2003].

Interestingly, the apparent avoidance of -1 frame-shifting by yeast LTR retrotransposons is not
due to the inability of the yeast translation machinery to perform a -1 frame-shift. Indeed, the
yeast "killer" virus L-A uses a -1 frame-shift [Dinman et al, 1991], and HIV-1 gag-pol
polyprotein, which requires -1 frame-shift for its expression, could be correctly translated in

yeast [Wilson et al., 1988]. Why yeast retrotransposons of the Ty3/gypsy group preferentially
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use a +1 frame-shift remains currently unknown. One of the possible explanations for the
observed bias is a limited number of yeast Ty3/gypsy retrotransposons studied so far. Further on,
many of them are presented in public databases by partial sequences only, so that no conclusions
about organization of their coding sequences could be drawn. The presence of a -1 frame-shift in
Tyl6 indicates that there is no absolute requirement for a +1 frame-shift in yeast retroelements.

Definitely, further work is required to clarify this issue.

4.4.3.2 Proteins encoded by Tyl6

Analysis of the nucleotide sequence of Tyl6 revealed the presence of two reading frames, gag
and pol. The first reading frame encodes a predicted structural Gag protein. Regions showing a
similarity with aspartic protease, reverse transcriptase, RNaseH and integrase were detected in
the deduced polyprotein encoded by the pol gene. Thus, Tyl6 encodes a set of proteins, which is
common for the majority of LTR retrotransposons.

Gag protein is a main structural component of virus-like particles (VLPs), where the replication
of LTR retrotransposons occurs. Further on, its C-terminal fragment, so-called nucleocapsid
protein (NC), is presumably involved in the scaffolding of genomic RNA inside VLPs [Roth,
2000]. Gag proteins of different retroelements often show a limited degree of sequence
conservation, so the only well-conserved region is a zinc-finger motif of NC proteins. However,
even this motif is not necessarily essential for the function of a Gag protein, as it was not found
in the amino acid sequence of the Gag protein of the Tyl element [Clare and Farabaugh, 1985].
The Gag protein of Tyl6 element has a lot in common with known Gag proteins. Its predicted
size (252 aa; 29 kDa) fits well into the size range reported for other Ty3/gypsy retrotransposons
(Table 4.1). Further on, it contains a well-defined C-terminal zinc-finger motif (Fig. 3.12), and a
motif common for Ty3/gypsy Gag proteins was detected in its N-terminal part. These results
confirm that the retrotransposon Tyl6 is closely related to members of Ty3/gypsy group.
However, a low level of sequence conservation among different Gag proteins hampers their use
for the reconstruction of phylogenetic relationships between retroelements.

A further protein encoded by Tyl6 element is an aspartic protease. These enzymes are
characterized by the presence of an aspartate residue in their active center. They perform the
proteolytic processing of polyproteins produced by retroelemets. The processing of the Gag-Pol
fusion protein generally results in the release of structural CA and NC proteins, a protease, an
integrase, and a reverse transcriptase. Aspartic proteases of LTR retrotransposons and
retroviruses have the motif (hydrophobic residue),-D-S/T-G-A/S in common [Dunn et al., 2002].

However, in the case of Tyl6, this conserved motif contains a cysteine residue instead of
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canonical serine/threonine (Fig. 3.12). Interestingly, the same substitution (S — C) was observed
in the conserved motif of RNaseH of Tyl6 (Fig. 3.12). Described motifs of protease and RNaseH
are characterized by a very high level of sequence conservation, so one wonders whether
corresponding enzymes of Tyl6 element retained their enzymatic activity. Notably, conserved
motifs of protease and RNaseH of Yltl, another Ty3/gypsy retrotransposon from Y. lipolytica
genome, do not deviate from the canonical models [Senam, 2004].

Reverse transcriptases are the most conserved proteins encoded by retroelements [Xiong and
Eickbush, 1990]. Hence, a predicted reverse transcriptase (RT) of Tyl6 element is highly similar
to reverse transcriptases of other Ty3/gypsy retrotransposons (Fig. 3.12), supporting the
placement of Tyl6 element into this group. A phylogenetic analysis of Tyl6 relationships was
based on the comparison of RT sequences.

The integrase domain occupies the C-terminal part of the Pol polyprotein. Three integrase
subdomains are generally recognized [Khan ef al., 1991; Malik and Eickbush, 1999]. The N-
terminal subdomain contains a zinc-finger motif HH-CC implicated in binding to LTR
sequences. The central core domain contains the catalytic D,Dss-E motif. The function of the C-
terminal subdomain is less understood, but its possible role in the target specificity of
retroelement's integration was proposed [Malik and Eickbush, 1999]. This domain is the least
conserved of the three subdomains, however, the majority of Ty3/gypsy retrotransposons and
vertebrate retroviruses are characterized by the presence of a GPY/F module in the C-terminal
region of their integrases [Malik and Eickbush, 1999].

All three subdomains were identified in the deduced amino acid sequence of Tyl6 integrase. The
presence of the GPY/F module in the C-terminal subdomain of Tyl6 integrase supports its
position among Ty3/gypsy elements. Performed phylogenetic analysis placed Tyl6 among
chromoviruses, a group of Ty3/gypsy retrotransposons, which are characterized by the presence
of a chromodomain within their integrases [Malik and Eickbush, 1999; Kordis, 2005]. However,
none of the tools used for the prediction of functional domains in protein sequences revealed the
presence of chromodomain in the Tyl6 integrase. Interestingly, other yeast retrotransposons
closely related to chromoviruses (Ty3 and Tse3) lack the chromodomain, too. However, C-
terminal parts of their integrases displays a significant sequence similarity (Fig 3.16). Another
characteristic feature of yeast chromoviruses known so far is a striking specificity of their
integration. All three elements preferentially target genes transcribed by RNA polymerase III,
and their insertions are almost exclusively located within 1-2 bp upstream or downstream of the
transcription start. Therefore, it is proposed that the observed target specificity of yeast

chromoviruses has evolved as a result of their adaptation for the compact genomes of their hosts,
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and this adaptation was accompanied by the specialization of C-terminal domains of their

integrases.

4.5 Distribution of YIt1 and Tyl6 among Y. lipolytica strains

Natural isolates of Y. lipolytica appeared to have widely divergent genetic structure. A
pronounced chromosome length polymorphism and a poor conservation of linkage groups
between different lines were reported [Barth and Gaillardin, 1996]. The differences between
different lineages of Y. lipolytica are reflected in the distribution of the retrotransposon Yltl.
Until now, YItl was detected only in Y. lipolytica strains derived from the Wickerham's isolate
Y. lipolytica YB423 [Juretzek et al., 2001; Senam, 2004]. Y. lipolytica YB423 is a natural diploid
isolate, and its meiotic segregant YB423-12 was widely used in several inbreeding programs.
Therefore, some important laboratory strains of Y. lipolytica (e.g. E150, E129 and B204-12C-20)
also contain Yltl elements in their genomes. No other natural isolates (e.g. H222 and W29)
tested so far contain this element.

Results obtained in the course of this work indicated that Tyl6 has the same distribution pattern
as Yltl, namely, it is present exclusively in YB423-12-derived strains, but not in strains of
independent origin. Further on, this distribution pattern was reported for a novel DNA
transposon found in Y. lipolytica genome, Mutator-like element Mutyl [Neuveglise et al., 2005],
too. On the other hand, the LTR retrotransposon Tyl3 was found in the genome of Y. lipolytica
W29, but it is absent in strain E150. Finally, non-LTR retrotransposon Ylli is ubiquitously
present in all Y. lipolytica strains tested so far (Table 4.3) [Casaregola et al., 2002].

Table 4.3 Distribution of transposable elements among Y. lipolytica strains

Yarrowia lipolytica strains
Element  Type  ypg423. 222 W29, E150 References
12 PO1d
Yitl  Ty3/gypsy + - - + Juretzek et al., 2001; Senam, 2004.
Tyl6  Ty3/gypsy + - - + This work
Tyl3 Ty3/gypsy  n.d. n.d. + - Casaregola et al., 2000
Yl LINE + + + + Casaregola et al., 2002
Mutyl  Mutator + - - + Neuveglise et al., 2005
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Two models of colonization of the Y. lipolytica genome by transposable elements are proposed
here. The first model suggests that different lineages of Y. lipolytica acquired their transposable
elements independently. The only exception constitutes the non-LTR retrotransposon Ylli, which
is present in all Y. lipolytica strains studied so far. Non-LTR retrotransposons are characterized
by a vertical mode of transmission, and they are generally accepted as the most ancient group of
eukaryotic retroelements [Malik et al., 1999]. Therefore it is likely that YIli occupied the
Y. lipolytica genome prior to the divergence of individual lines. On the other hand, independent
invasion of other known transposable elements that occurred after the divergence of modern
Y. lipolytica lineages would explain the existing differences between different isolates.

The second model proposes that divergence of modern Y. lipolytica lineages occurred after
acquisition of transposable elements by the Y. lipolytica genome. The observed differences
between individual isolates in this case may be explained by different rates of "junk DNA"
elimination. A strong argument against this model is a requirement for strikingly different rates
of genome evolution in various strains of the same species. However, most natural isolates of
Y. lipolytica are haploid, whereas Wickerham's isolate YB423 was diploid. A selective pressure
against new insertions of transposable elements in a diploid organism is significantly lower than
in haploid ones. Therefore, it is possible that numerous transposable elements persist in the
genome of diploid strains, whereas they were eliminated from haploid genomes. This model is
also supported by the differences in retrotransposon diversity observed between different yeast
species. Baker's yeast S. cerevisiae exists a larger part of their life cycle in a haploid phase, and it
is characterized by a limited number of transposable elements. For example, this species does not
contain non-LTR retrotransposons or DNA transposons. On the other hand, C. albicans is a
diploid yeast species, which is characterized by a remarkable diversity of transposable elements.
Thus, the C. albicans genome contains 34 LTR families and several families of non-LTR
retrotransposons. These data indicate that the genome ploidy level may contribute significantly
to the diversity of transposable elements in the genome.

The retrotransposons Yltl and Tca3 found in the genomes of Y. lipolytica and C. albicans,
respectively, were placed together on one branch in a phylogenetic tree of Ty3/gypsy elements,
but no related elements were found in the genomes of other studied yeast species. This fact raises
an intriguing possibility that both YItl and Tca3 are remnants of an ancient group of yeast
retrotransposons, whose members were eliminated from the genomes of other species with a
higher rate of genome evolution. If this suggestion is correct, than further elements belonging to

this group should be found in yeast species existing predominantly in a diploid phase.
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Without a doubt, analysis of further natural isolates of Y. lipolytica will be required to clarify the
evolutionary history of transposable elements in the Y. lipolytica genome. Nevertheless, it is
already clear that the diversity of transposable elements in the Y. lipolytica genome is unique for
hemiascomycetous yeasts studied so far. Y. lipolytica is the only currently known yeast species,
whose genome contains DNA transposons. Further on, yeast non-LTR retrotransposons are
currently found only in the genomes of C. albicans and Y. lipolytica. Finally, known LTR
retrotransposons of Y. lipolytica are only distantly related. Tyl3 and Tyl6 elements belong to the
large group of chromoviruses, whereas the unusual element Ylt1 displays some similarity with

C. albicans LTR retrotransposons.
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S Summaries

The genome of the dimorphic fungus Yarrowia lipolytica is characterized by the diversity of
transposable elements, which is unique among hemiascomycetous yeasts. The LTR
retrotransposon Yltl was the first element described from the genome of Y. lipolytica. Its
sequence analysis has demonstrated that YIltl differs significantly from the yeast
retrotransposons characterized previously [Senam et al., 2004]. The aim of this work was the
further characterization of the properties of Yltl, with a focus on the Ylt1 interactions with its

host. Following results were obtained during this work:

1. The HA-tagged Gag protein of Yltl was expressed under control of the strong /CLI
promoter and under control of the weak LTR promoter. Presence of the Gag protein in
Y. lipolytica cells was confirmed in both cases. The tagged Gag protein expressed under the
control of the LTR promoter was used to study the regulation of the LTR promoter activity.
It was shown that the Gag protein is produced in log-phase cells on different carbon
sources, and that it is degraded in stationary phase cells. Such expression pattern was not
previously reported for other yeast retrotransposons.

2. The sizes of the Gag protein of YItl (78-80 kDa) and of its putative precursor (about
140 kDa) were estimated. A putative precursor of the integrase was also observed, but the
integrase alone has not been detected in this work. The model for the processing of the
polyprotein encoded by Ylt1 was created based on the data obtained in these experiments.
Also, it turned out that the Gag protein of Ylt1 is 1.5- to 3-fold larger than Gag proteins of
other yeast retrotransposons. Thus, a size differences between YItl and other yeast
retrotransposons are reflected in the sizes of Gag proteins encoded by these elements.

3. A system allowing the detection of Yltl transposition events in vivo was developed. The
transposition of the marked Ylt1 element from the autonomous plasmid into the genome of
Y. lipolytica was demonstrated. Also, it was shown that the available carbon source and the
growth temperature have an effect on the rate of this transposition. Formation of tandem
repeats by newly inserted Y1t1 elements was observed when the cultivation was performed
at increased temperature. It is suggested that integrase function was affected in this case,
and that the integration was mediated by homologous recombination.

4. Analysis of the Ylt1 insertion specificity and of the Ylt1 distribution in the genome of Y.
lipolytica E150 was done. The remarkable sequence specificity of Ylt1 insertions, which is
unusual for LTR retrotransposons, was revealed during this analysis. The consensus

sequence of the Ylt1 target site (C/T-A-T-G/A) suggested by Schmid-Berger et al. [1994]
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was confirmed. Also, it was shown that Yltl insertions are found mainly in intergenic
regions, often at a significant distance (>500 bp) from the next reading frame. No
association of Ylt1 insertions with tRNA genes was observed.

5. The novel Ty3/gypsy element Tyl6 was found in the genome of Y. lipolytica E150. The
sequence analysis of this element was performed. It was shown that structural properties of
Tyl6 resemble the properties of the Ty3 element of S. cerevisiae. However, two reading
frames of Tyl6 (gag and pol) are separated by -1 frame-shift, which was not previously
reported for retrotransposons of hemiascomycetous yeasts. Phylogenetic analysis placed
Tyl6 within chromoviruses, and the Tse3 element of S. exiguus was shown to be the closest
relative of Tyl6. The distribution of Tyl6 among Y. lipolytica strains was analyzed.
Interestingly, the novel element was found only in strains derived from the strain YB423-
12. The strains of independent origin included in the analysis were shown to be Tyl6-free.
The same distribution was previously reported for the retrotransposon Yltl and for the
DNA transposon Mutyl. Two models of the evolution of transposable elements in
Y. lipolytica genome were proposed based on these results. A significance of the natural
diploid isolate YB423 for the maintenance of transposable elements of Y. lipolytica was

emphasized.
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7.1 Plasmid maps
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Figure 7.1 The plasmid pIET3 used for the expression of the HA-tagged Gag protein of Ylt1 under

control of the /CLI promoter.
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Figure 7.2 The plasmid pLEI3 used for the expression of the HA-tagged Gag protein of Ylt1 under

control of the LTR promoter.
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Figure 7.3 The plasmid pUIN17 used for the expression of the HA-tagged integrase of YItl under
control of the /CLI promoter.
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Figure 7.4 The plasmid pUIN7 used for the expression of the HA-tagged integrase of Yltl under
control of the LTR promoter.
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Figure 7.6 The plasmid pYItS3 used for the exprssion of the SUC2-marked Yltl element under
control of the LTR promoter.

EcoRlI
i Pstl

EcoRlI
Sall

Pstl

{7 LTR
amp®
v

20000

_Hindll
Pstl ..
Pstl ...

~Hindlll
ARSG68/CEN

pYItS3 el
15000 20749 bp “ Hindlll
Sall
\URA3 " BamHI
10000 "~ pstl

psii SALTR pXPR2

\
Suc2
Sall

EcoRlI
BamHI : tsall
Pstl i i ! Sall
: Hindlll
Psti: BamHI
Hindlll

Figure 7.6 The plasmid pYItS3 used for the exprssion of the SUC2-marked Yltl element under
control of the LTR promoter.
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