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ABSTRACT

Telomeres are the specialized structures at the ends of eukaryotic chromosomes and are
composed of short T/G-rich DNA repeats and the proteins that interact with them. Internal to
telomeres are subtelomeric regions that are species-specific and often repetitive. The yeast
Kluyveromyces lactis has telomeric tracts of 10-20 copies of a 25-bp repeat, but the subtelomeric
regions have not previously been characterized in detail. Here we have cloned and characterized
subtelomeric regions from ten of the twelve chromosome ends. The amount of sequence
examined ranged 0.7-10 kb for each subtelomeric region. We have idenkfi¢acas
subtelomeric element, the R element, which has a purine/pyrimidine strand bias and extends for
about 2 kb. Internal to the R element, we found extensive homology among half of the

chromosome ends reported here. This homology appears to include three putative gene families.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Introduction

The DNA of chromosome ends has two regions—telomeres and subtelomeric domains.
While telomeres can usually be clearly defined (see below), the region called subterminal,
subtelomeric, or telomere-associated sequence does not lend itself to such clear delineation.
Subtelomeric regions in many organisms have a basic structure of homologous sequences at
multiple chromosome ends, but there are no specific sequence similarities seen across species
(Pryde et al., 1997). While the lack of conservation of subtelomeric DNA has previously led
some to dismiss some or all of it as “junk” DNA, there are many examples, described below, that
illustrate how this DNA provides advantages to particular species.

No definition of subtelomeric DNA appears well suited to all organisms. It is, therefore,
useful to consider different ways of characterizing these regions. All of these, of course, are at
least partly positional in nature; subtelomeric sequences must reside next to a telomere. Some
possible decriptions of subtelomeric DNA are wholly positional in nature while others include
functional characteristics of the sequences or repetitive structure. A usage of the word
“subtelomeric” commonly seen in medical literature refers to any sequence relatively near the
telomeres when viewing chromosomal karyotypes. This ad hoc description is not very useful for
characterization at the molecular level. A simple molecular definition of subtelomeric DNA

would be the region between the telomere and the closest gene (Figure 1.1A). This may prove to



be useful for organisms like. elegans where the subtelomeric DNA is unique on each telomere
(Wicky et al., 1996) but may be less useful in organisms with repetitive DNA near telomeres.

In principle, functional characteristics might also be used to define subtelomeric DNA.
Sequences adjacent to telomeres that are somehow influenced by telomeres could be considered
subtelomeric (Figure 1.1B). A well established example of this is transcriptional silencing of
genes that are located near telomeres (Gottschling et al., 1990). Alternatively, sequences
adjacent to telomeres that influence telomeric endssioould be defined as subtelomeric
(Figure 1.1C). There is an example of thiSicerevisiae, where subtelomeric sequences play a
role in telomere length regulation (Craven and Petes, 1999). These definitions, while potentially
useful, are impossible to apply in any but the best studied genetic model organisms. Even in
cerevisiae, where they might best be used, the borders of the regions affected by telomeres or
affecting telomere function have yet to be determined.

Perhaps the most useful definition of subtelomeric DNA, the definition that will usually
be used in this work, is the region of a chromosome between telomeric DNA and the first single-
copy gene (Wellinger and Sen, 1997) (Figure 1.1D). Repetititve DNA next to telomeres is one
of the most common characteristics of chromosome ends across species. Furthermore, these
repetitive sequences often have unusual characteristics. Thus, a more precise term for the
sequences that will be discussed here would be ‘subtelomeric repetitive DNA’. As should
become apparent by reading this work, subtelomeric DNA is more than just repetitive DNA that
happens to be next to telomeres. Rather, it is repetitive DNA that has evolved special functions

and characteristics because of its proximity to telomeres.



Telomere structure and function

Telomeres are the DNA-protein complexes at the ends of linear chromosomes. In most
eukaryotes, the DNA component consists of tandem copies of a short sequence (typically 5-8 bp)
and is maintained by the enzyme telomerase (Blackburn, 1992). The other proteins that are part
of this complex are recruited to these ends before and after new DNA synthesis to maintain
functional telomeres. Telomeres preserve the chromosome structure in two ways; one, the
telomerase prevents loss of non-telomeric sequence since a small amount of DNA from the
chromosome tip is lost at each division due to the end-replication problem, and two, they “cap”
chromosome ends so that they will not be recognized as broken ends in need of repair (Zakian,
1995; Shore, 1998; McEachern et al., 2000)

Typical telomeric DNA is G-rich on the strand running 5' to 3' toward the end and exists
as an array of identical or variant tandem repeats. These arrays vary widely in length between
different organisms. In the great majority of eukaryotes, telomeric repeats are relatively uniform
in size at 5-8 bp in length (reviewed in (Wellinger and Sen, 1997). However, in a group of
budding yeasts that was studied, the repeats are 8-26 bp in length and usually comprise arrays of
a few hundred bp per end (McEachern and Blackburn, 1994; Cohn et al., 1998). Most of the
DNA in a telomere is double-stranded, but the very ends have 3' overhangs (Henderson and
Blackburn, 1989; Wellinger et al., 1993; Makarov et al., 1997; Wright et al., 1997). Well-
characterized structures observed that involve this overhang include the ‘t-loop’structure
(Griffith et al., 1999) and the G-quadruplex structure (Williamson, 1994). The t-loop is a large
loop that has been observed at the ends of mammalian and protozoan tellomeeandin
vivo (Griffith et al., 1999; Munoz-Jordan et al., 2001). It is thought to be due to a D-loop

forming between the 3' single strand end and a more internal region of the telomere (Figure



1.2A). The G-quadruplex is an intramolecular, four-stranded structure involving planar guanine
guartets and has been seen with a variety of short telomeric repeat sequetceg-igure
1.2B).

These DNA ends are maintained by telomerase, a ribonucleoprotein of which the
catalytic subunit is a reverse transcriptase (Blackburn, 1992). It uses a portion of an RNA
subunit as a template to synthesize Déiéxovo onto chromosome ends (Greider and
Blackburn, 1989). Its association with the telomeric end is dependent on interactions with
telomeric proteins and on base pairing between the sequence at the very telomeric end and the
template region of the RNA subunit. Studiesitro andin vivo from a variety of species have
indicated that it can act processively or not, depending on the species (Greider, 1991; Cohn and
Blackburn, 1995).

A number of proteins besides telomerase are necessary to keep the telomeres fully
functional (reviewed in McEachern et al., 2000). There are double-stranded and single-stranded
DNA binding proteins among those known. Telomeric 3' single-stranded overhangs serve as the
binding site for the single-stranded proteins and as the location of telomerase activity. Other
proteins are associated via interactions with the DNA-bound proteins. Specific functions of the
proteins binding to double-stranded DNA and those recruited by these proteins include negative
regulation of telomere length, recruitment of other proteins, and telomere positioning within the
nucleus (Palladino et al., 1993; Shore, 1997; Laroche et al., 1998). Functions of single-strand
binding proteins include protection of the overhangs and recruitment of telomerase (Nugent et
al., 1996).

A notable exception in telomere structure is thddiadsophila melanogaster. These

ends consist of tandem arrays of non-LTR retrotransposons (Levis et al., 1993). Two types of



these elements are actively transposed to the ends, which prevents shortening in the same way
that telomerase action prevents shorteniDgmelanogaster lacks the typical sequence-

dependent capping, as capping has been separated from the presence of the terminal
retrotransposons (Biessmann et al., 1990). The protein HP1 (heterochromatin protein 1) has
been shown to prevent telomere fusionBimelanogaster with and without the presence of
telomeric HeT-A and TART (Fanti et al., 1998). It has been suggested that HP1 is recruited by
another protein not yet identified.

In humans, telomerase is active in germline and stem cells but typically inactive in other
cells (Broccoli et al., 1995; Counter et al., 1995). It follows that in most somatic cells, over time,
the ends shorten with each cell division (Harley et al., 1990). After about 50 generations in cell
culture, normal somatic cells will reach replicative senescence due largely to effects of critically
short telomeres (Harley et al., 1992; Hayflick, 1997; Karlseder et al., 2002; Wright and Shay,
2002). Replicative senescence is a permanent state in which vertebrate cells no longer divide
despite lack of contact inhibition. This “life span” of human cells serves as one defense against
the formation of immortal cancerous cells. Restoration of telomere maintenance is one means of
bypassing replicative senescence and one of the key properties of immortal human cell lines and
cancers. In most human cancers, telomeres are maintained by telomerase that is thought to have
been transcriptionally activated during carcinogenesis (Kim et al., 1994; Shay and Bacchetti,
1997). In a minority of human cancers, telomerase is absent and telomeres are thought to be

maintained by recombination (Bryan et al., 1997; Dunham et al., 2000).



Saccharomyces cerevisiae subtelomeric regions

The subtelomeric regions &f cerevisiae are the best characterized of any organism to
date (Figure 1.3) (Pryde et al., 1997). Internal to the ~350 bp of telomeric repeats, the Y'
elements are commonly located. These elements are highly conserved (commonly 99% within
strains and 98% between strains) and are restricte&déoevisiae and its close relative.
paradoxus. The two most common types are classified as Y' long (6.7 kb) and Y' short (5.4 kb);
this size difference results from insertions and deletions. These elements are present in 1-4
tandem copies per telomere and are present at a number of different chromosome ends that vary
from strain to strain; in S288C, the fully sequenced strain, Y' elements are located at 17 of the 32
ends (Louis, 1995).

These Y' elements contain two open reading frames (ORFs). One of these ORFs has
been shown to be a DNA helicase by sequence homology (Louis and Haber, 1992) and
biochemical analysis (Yamada et al., 1998). There is little expression of either ORF during
vegetative growth, but there is more during meiosis. There are also repetitive sequences in these
elements, chiefly in the form of minisatellites (Horowitz and Haber, 1984) and repeats that have
degenerate telomeric repeats. Y' elements also contain autonomously replicating sequences
(ARS) (Louis and Haber, 1992).

The X element is the other major subtelomeric eleme8tdarevisiae. It is a mosaic
element that is more variable than the Y' elements. There is a 475-bp consensus, the ‘core’ X,
which contains an ARS and Abflp (ARS binding factor) binding site. This core element is
present in some form at all 32 endsSircerevisiae at positions internal to the Y' element (Figure
1.3) (Louis et al., 1994). The variable outer portion of this element, which is not always present,

is composed of families of tandem degenerate repeats. The four common characterized groups



of repetitive elements are designasattelomericrepeat A (STR-A), STR-B, STR-C, and STR-
D. These elements range 30-150 bp in length and are fairly well conserved (around 90%
identical in pairwise comparisons). Presence and copy-number of these repeats vary among
chromosome ends, resulting in the X element's mosaic nature.

The SUC andRTM gene families are associated with the X element (Carlson et al., 1985;
Ness and Aigle, 1995). TI®JC genes encode copies of an invertase involved in sucrose
utilization (3-fructofuranosidase), and thM gene encodes a protein that, when overexpressed,
confers resistance to molasses. The specific functi&df proteins has not been identified.

Internal to the X element, there is varying homology among the ends extending for 2-30
kb in S288C. The larger blocks of homology that make up the proximal domains exist in ten
groups with common blocks of genes being shared between two to three ends
(http://www.le.ac.uk/genetics/ejl12/research/telostruc/ClustersSmall.html, Ed Louis, personal
communication). This is where other gene families sudWiAls MEL andFLO are often found.
MAL genes are necessary for maltose catabobsgiycosidase), anMEL genes are necessary
in melibiose catabolisnofgalactosidase) (Pryde and Louis, 1997).O genes encode copies of
the surface protein flocculin necessary for flocculation (cell surface adhesion) (Teunissen and
Steensma, 1995). The presence, location, and copy number of these genes vary greatly from
strain to strain. Typically, a given strain will have eitBEIC or MEL genes but not both,
suggesting there is competition between these two families (Naumov et al., 1996). Southern data
show thatSUC genes are found in bakers’ and molasses alcohol distillers’ strains at several
positions and higher copy number than other industrial strains (Codon et al., 1998). Most natural
strains contain more than oML locus in their genomes (Naumov et al., 1994). These

differences seen across strains appear to correlate to the industrial use and environment of the



strains, so it seems that this region has been used by yeast populations in adapting to the
specialized environments of industry (Codon et al., 1998).

One or more copies of the yeast retrotransposé@nsiglso found in the subtelomeric
regionsof S. cerevisiae andS. paradoxus. This LTR-transposon is variable in copy number (0-8)
and location within and between strains. The endogendusl&nents found i cerevisiae
are not transposition competent (Zou et al., 1996b). An active elemens.fpanadoxus has
been shown to have a preference for insertion near the X elentemeadvisiae (Zou et al.,

1995; Zou et al., 1996a).

Subtelomeric regions of other organisms

A common description of subtelomeric sequences is that they can be divided into two
general zones or domains: a distal domain, adjacent to the telomere, that is homologous among a
relatively large number of telomeres and a proximal domain that is homologous among fewer
telomeres. Another feature seen in different species is variability in the dosage and location of
some subtelomeric genes such as is seen i8i8eMAL, andMEL gene families of industrial
yeasts discussed above.

Human subtelomeric domains share structural similarities to thédeakvisiae
(Figure 1.3) (Flint et al., 1997). These subtelomeric regions are commonly thought to extend for
100-300 kb (Brown et al., 1990; Martin et al., 2002). Comparison of 60 kb of sequence from 4q
to the other ends showed that 17 other ends have non-contiguous similarities of >90% in the
distal 15 kb of non-telomeric sequence of that arm. In the 45 kb proximal to that region, only
four other arms showed matches (Flint et al., 1997). Human subtelomeric regions can also

contain areas of degenerate telomeric repeats near the telomere that appear to separate the distal



region from the proximal region. As & cerevisiae, duplicated gene families also exist in this
proximal region. For example, copies of a characterized block including three ORFs similar to
the olfactory receptor genes have been seen on at least 14 different ends (Mefford et al., 2001)
and vary in number, location, and transcriptional activity (Trask et al., 1998; Linardopoulou et
al., 2001)

The eukaryotic parasitic protozoaPlssmodium fal ciparum andTrypanosoma brucei,
also have a general subtelomeric structure reminiscent of yeast and humans (Figure 1.3). Along
with repetitive elements that are shared among ends, these organisms have their surface antigen
genes in this region (Rubio et al., 1996; Borst and Ulbert, 2001). This is discussed further below.

In Drosophila melanogaster, chromosome ends are maintained by transpositions of non-
LTR retrotransposons Het-A and TART instead of telomerase-mediated elongation (Levis et al.,
1993). Despite this difference in telomere function and maintenance from most eukaryotes, its
subtelomeric structure is similar to that of other eukaryotes that use telomerase (Figure 1.3) in
that they contain several kilobases of tandem repeats (Mason and Biessmann, 1995). These
repeats are not identical and can have subrepeats within them. Some ends are known to cross-
hybridize with each other iy situ hybridization indicating a degree of homology among these
ends.

The generally conserved structure for subtelomeric regions testifies to its important role
in genome organization. However, not all organisms fit into this general description.
Caenorhabditis elegans does not appear to have the traditional type of subtelomeric region.
There are repetitive sequences next to telomeres, but there is no homology between any of the

ends (Wicky et al., 1996).



Functions and properties of subtelomeric regions

In studying subtelomeric regions of many organisms, the plasticity found here has
become a major theme for investigation. Plasticity can manifest itself in a variety of ways. In
such regions of a genome, one would expect to observe trends such as higher rates of
recombination and rearrangements which would not be practical in “less plastic” regions.
Examples of such observations are described below.

The general structure of subtelomeric homology between many telomeres, which
emerges from many studies, has been suggested to confer an ability to use recombination at
much higher rates than is typical for the rest of the chromosome (Pryde et al., 1997). In the
malaria parasit®. falciparum, genes for surface antigens are found in subtelomeric regions;
antigenic variations of PfEMP-1 (erythrocyte membrane protein 1), the major variable parasite
protein, are encoded by thar genes. There are 50 to 150 members of this family, most of
which are located near the ends of the chromosomes. A typical haploid genome contains 50
members. It has been shown that ectopic recombination, homologous recombination between
non-homologous chromosomes, can occur at a high rate during meiBsfalgiparum to create
newvar genes, which would enable efficient evasion of hosts' immune systems (Freitas-Junior et
al., 2000). This rate is higher than ectopic rates betwaregenes not located near telomeres.
Subtelomeric regions also appear to be necessary in forming the telomeric clusters during which
these ectopic exchanges take place (Figueiredo et al., 2002). Clearly, the organization and
interaction of subtelomeric regions is advantageous to this organism.

Recombination in subtelomeric regions has also been shown to play a role in telomere
maintenance in cells that lack a functional telomerase (McEachern and Blackburn, 1996). The

effects of loss of telomere function have been studied by deleting genes encoding subunits of
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telomerase including the telomerase RNA gene. In the budding feeatavisiae andK.

lactis, deletion of telomerase leads to telomere shortening and growth senescence (Lundblad and
Szostak, 1989; McEachern and Blackburn, 1996). However, surviving telomerase-deficient cells
will restore substantially elongated telomeres (Lundblad and Blackburn, 1993). This act of
survival has been shown to employ homologous recombination as a means of restoring telomere
length. Recombination events that would restore telomeres can occur within telomeres
themselves or in the subtelomeric region.

In S. cerevisiae, there are two types of post-senescence survivors seen in telomerase
deletion strains. They can be classified according to the behavior of the Y' elements and of the
telomeric repeat arrays. In Type 1 survivors, Y' elements have undergone amplification while
telomeres remain short; in Type 2 survivors, Y' amplification is not seen and instead the
telomeric repeat arrays have been elongated (Teng and Zakian, 1999).

Genomic DNA fromK. lactis telomerase-RNA templat@ER1) mutants with short
telomeres that were followed over many generations shows that changes commonly occur in the
subtelomeric regions of the chromosomes (McEachern and lyer, 2001). With little subtelomeric
sequence information, these changes could only be seen as altered restriction pattéacsof
genomic DNA

The previous examples deal with relatively minor or routine changes of chromosome
ends. Perhaps the most dramatic change a chromosome end can undergo is a complete deletion
of its telomeric repeat tract. It is likely that subtelomeric sequences would be intimately
involved in the repair of this end, which would act as a double strand break (DSB). DSBs have
three possible mechanisms of repair. One is simply adding telomeric repeats to the broken end,

which is known as chromosome healing. This is regularly seen in organisms such as
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Tetrahymena thermophila (Fan and Yao, 1996[Euplotes crassus (Roth and Prescott, 1985),
Paramecium tetaurelia (Forney and Blackburn, 198&)ryptococcus neoformans (Edman,

1992), andPlasmodium falciparum (Pologe and Ravetch, 1988). This method of repairing a

DNA end lacking telomeric repeats is uncommon in other organisnis.cénevisiae, one study

reports that in a strain deficient in homologous recombination, experimentally generated DSBs
were healed by new telomere addition 1% of the time (Kramer and Haber, 1993). Also, in
humans chromosome healing has been observed connected with the subtelomeric truncation that
causes the genetic diseaséhalassemia (Wilkie et al., 1990; Flint et al., 1996).

Usually, DSB repair is accomplished by either nonhomologous end-joining (NHEJ) or by
recombinational repair that uses a sister chromatid or a homolog (Lundblad, 2000). The more
common pathway in yeast, recombinational repair, can affect subtelomeric structure by
eventually homogenizing regions near all of the ends (McEachern and lyer, 2001).

Another interesting property of subtelomeric regions that has been studied is telomere
position effect (TPE), which involves the silencing of genes in this region of the geno®e. In
cerevisiae andK. lactis, reporter genes that are part of cassettes replacing sequence next to the
telomeres are commonly silenced (Gottschling et al., 1990; Gurevich et al., 2003). In these
cases, the closer to the telomere the reporter gene is, the higher the rate of repression (Renauld et
al., 1993). However, a larger range of repression is seen in natural telomeres (Pryde and Louis,
1999). This difference among ends is tentatively attributed to the mosaic nature of the
subtelomeric regions (Tham and Zakian, 2002). Humans also exhibit TPE that appears to be
affected by telomere length. Genes near the telomere are expressed at a tenth of the normal

level, and expression can be restored with treatment of a histone deacetylase inhibitor (Baur et
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al., 2001). Human TPE has implications worth notice since human telomeres shorten with

replicative age and possibly could have effects on expression of genes near telomeres.

Potential uses of subtelomeric sequences

Subtelomeric sequences can serve as valuable tools. It is often useful to identify specific
chromosome ends. For a particular strain, polymorphisms and other chromosome-specific
features can be identified and used to follow chromosomes over time. This can offer a way of
identifying subtelomeric rearrangements or tracing these rearrangements back to their ancestral
sequence. The latter of these two would prove useful in examining the adaptations that are
facilitated by subtelomeric structure.

In humans, the high level of change in subtelomeric regions can have deleterious effects.
The etiology of a portion of cases of idiopathic mental retardation can be traced to chromosomal
rearrangements in subtelomeric sequences (Wilkie, 1993; Flint et al., 1995). In familial cases,
rearrangements that segregate with phenotypes are observed. Groups are moving to establish the
clinical use of subtelomeric probes in these cases and other disorders associated with
abnormalities at chromosome ends (Knight and Flint, 2000).

Subtelomeric sequences have been known to affect and be affected by telomeres;
therefore, in organisms of telomere/telomerase studies, detailed knowledge of these regions
would be useful in exploring this relationship. For example, telomere studesattis often
involve recombinational telomere elongation, which appears to bring about alterations of
subtelomeric sequences. This study reports efforts to characterize the subtelomeric régions of
lactis that included searches for genes, analysis of homology between different chromosome

ends, and searches for atylactis-specific subtelomeric motifs.
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Figure 1.1: Possible definitions of subtelomeric regions. Blocks on the right represent

telomeric repeats, and all other blocks represent genes — each pattern represents a different gene.
Dashed lines in each panel show the region that would be the subtelomere for that defipition.
region internal to the telomere with no genB3.adjacent sequence that is influenced by
telomeres.C) adjacent sequence that influences the telom@jeegion between telomeric

repeats and first single copy gene.
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Figure 1.2: Examplesof structuresthat involve telomeric G-overhang. A) Overhang shown
straight and as part of a duplex loop known as a t-loop. The pink strand runs 5' to 3', and the blue
runs 3'to 5'.B) Example of a G-quadruplex of four different strands is shown. Each color
represents a different molecule in the structure, and solid and dashed green lines represent

hydrogen bonds.
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Figure 1.3: Subtelomeric regions discussed throughout introduction. Adapted from (Pryde

et al., 1997). Circles throughout represent respective telomeres or telomere-like repeats as
labeled; in thédD. melanogaster panel the white rectangles represent the retrotransposon ends.
General positions of selected subtelomeric genes and repeats are labeled. Solid lines show unique

sequence or uncharacterized segments.
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CHAPTER 2

SUBTELOMERIC REGIONS OKLUYVEROMYCESLACTIS

! Nickles, K.P. and M.J. McEachern. To be submittedesst.
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Abstract

Telomeres are the specialized structures at the ends of eukaryotic chromosomes and are
composed of short T/G-rich DNA repeats and the proteins that interact with them. Internal to
telomeres are subtelomeric regions that are species-specific and often repetitive. The yeast
Kluyveromyces lactis has telomeric tracts of 10-20 copies of a 25-bp repeat, but the subtelomeric
regions have not previously been characterized in detail. Here we have cloned and characterized
subtelomeric regions from ten of the twelve chromosome ends. The amount of sequence
examined ranged 0.7-10 kb for each subtelomeric region. We have idenkfi¢acas
subtelomeric element, the R element, which has a purine/pyrimidine strand bias and extends for
about 2 kb. Internal to the R element, we found extensive homology among half of the

chromosome ends reported here. This homology appears to include three putative gene families.

Introduction

Telomeres are the DNA-protein complexes at the ends of linear chromosomes. In most
eukaryotes, the DNA component consists of tandem copies of a short T/G-rich sequence
(typically 5-8 bp) and is maintained by the enzyme telomerase (Wellinger and Sen, 1997;
Weilbaecher and Lundblad, 1999). Many proteins are part of the telomere complex and function
to regulate telomerase’s access to the end and to preserve the protective capping function of
telomeres (Zakian, 1995; Shore, 1998; McEachern et al., 2000)

Subtelomeric regions, or telomere-associated sequences, are the regions immediately
adjacent to the telomeric repeat arrays (Pryde et al., 1997; Wellinger and Sen, 1997).
Subtelomeric regions are often similar among multiple chromosome ends, and many aspects of

structure and function of these regions have been subjects of study in a variety of organisms
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including repetitive elements, degenerate telomeric repeats, gene families, gene silencing, and
retrotransposons that show affinity for chromosome ends.

The subtelomeric regions &f cerevisiae are the best characterized of any organism to
date (Pryde et al., 1997). Two highly repetitive subtelomeric elements are known. Internal to
the ~350 bp of telomeric repeats, Y' elements are commonly found at about half of all
chromosome ends. These elements are highly conserved, typically 5.4-6.7 kb in size, and are
present in 1-4 tandem copies per telomere (Louis, 1995). Internal to the Y' element is the X
element, a mosaic element that is more variable than the Y' element. Itis composed of a 475-bp
consensus core and a variable outer portion composed of families of tandem degenerate repeats
(Louis et al., 1994). Internal to the X element, there is often a proximal subtelomeric domain of
varying homology among the ends extending for 2-30 kb in strain S288C. A number of different
proximal domains are present, each shared between two or three telomeres.

A function that commonly has been attributed to subtelomeric regions is providing a
genomic area of greater plasticity. Subtelomeric regions often contain ‘contingency genes’,
genes that have high mutation rates and function in adapting the host to changes in
environmental conditions (Barry et al., 2003). In the malaria palRdigci parum, genes for
surface antigens are found in subtelomeric regions. There are 50 to 150 members of this family,
most of which are located near the ends of the chromosomes. It has been shown that
recombination between non-homologous chromosomes (ectopic recombination) can occur at a
high rate during meiosis iR. falciparum to create newar genes, which would enable efficient
evasion of hosts' immune systems (Freitas-Junior et al., 2000). Subtelomeric gene families
involved in host immune evasion are also found in a number of other pathogens (reviewed in

Barry et al., 2003). Even in non-pathogens such emrevisiae, large and variable subtelomeric
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gene families are important for growth under particular conditions (Carlson et al., 1985; Naumov
et al., 1994; Naumov et al., 1995; Ness and Aigle, 1995; Codon et al., 1998). In humans, genes
for olfactory receptors are often subtelomeric and highly variable between different individuals
in the chromosome ends in which they reside (Trask et al., 1998; Mefford et al., 2001).

Subtelomeric regions have also been shown to be prone to changes when telomere
function is compromised. Recombination in subtelomeric regions can be greatly incrdésed in
lactis cells that lack a functional telomerase (McEachern and Blackburn, 1996). Similarly,
deletions that include subtelomeric sequences are comn$ndrevisiae when telomerase is
absent and telomeres become critically short (Hackett et al., 2001). In humans, mutations in
subtelomeric regions are associated with certain diseases including facioscapulohumeral
muscular dystrophy (van Overveld et al., 2000) astdalassemia (Flint et al., 1996).

In this study, we have cloned and characterized subtelomeric regions from ten of twelve
K. lactistelomeres. Our results show tiatlactis subtelomeric sequences are unique but share

many similarities to those from other organisms.

Material and Methods
Strains

All cloning of subtelomeric sequences was done fioractis strain 7B520 (Wray et al.,
1987). The comparative hybridization study was performed using strains from the Spanish Type
Culture Collection (CECT) and other available strains. See Table 2.1 for details.
Constructing pKN2

A 1.5 kbBamHI-Bglll fragment, from pMH3-Tel NoST, containirf) cerevisiae URA3

and 11.%. lactis telomeric repeats (Natarajan et al., 2003) was cloned in®athEl| site of
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low-copy plasmid, pWSK29 (Wang and Kushner, 1991). The resulting plasmid, pKN2 (Figure
2.1), had low-copy number in order to improve the stability of large, repetitive sequeBces in
coli. The insert was positioned in a way that facilitated cloning of subtelomeric sequence once

the plasmid integrated intoka lactis telomere.

Yeast transformation

Uncut pKN2 plasmid was transformed ir€olactis using a protocol similar to
established ones f& cerevisiae. A culture of cells in 1 ml of YPD was grown, and after
overnight growth, an additional 1 ml of YPD was added, and the cells were grown for 1 hour
more. This culture was pelleted and washed with B@dId water. After pelleting and
resuspending in 80l water, 10ul each of 10X TE buffer (pH 7.5) and 1 M lithium acetate (pH
7.5) was added to the cells. This suspension then was incubated at 30° C for 1 hour with and
addition of 2.5ul 1 M DTT after 45 minutes. Four hundrgtof cold water was added before
pelleting the cells at 4° C. The cells were then washed two times j 262l water and once
in 100pul cold 1 M sorbitol with pelleting at 4° C between washes. Cells were suspended in 30
pl cold 1 M sorbitol, before adding 1 pg pKN2 DNA and electroporated at 1500V (using an
Eppendorf electroporator 2510). Five hunduéd M sorbitol was added, and the cell
suspension was plated onto synthetic defined (SD) plates lacking uracil and containing 1 M

sorbitol.

Screening and hybridizations

Two single digestsHcoRI andPwull) of yeast genomic DNA were performed to

determine the location of the integrated plasmid. Digests were run on 0.8% agarose gels and
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stained with ethidium bromide. Southern blotting was performed using HybomeéNbrane
(Amersham Pharmacia, Piscataway, NJ). Hybidizations were carried oyHR®aand SDS
(Church and Gilbert, 1984). Washes were carried out in 200 mMRN@ and 2% SDS for the
oligo probe and in 100 mM NAPQO, and 2% SDS for all other probes. Membranes were
stripped for one hour with 0.4 N NaOH between hybridizations.

TheK. lactis telomeric oligo Klac 1-25 (ACGGATTTGATTAGGTATGTGG
TGT) was used in all telomeric hybridizations. Temperatures of hybridizations and washes were
between 50° C and 55° C. The vector-specific probe KN2-220 was a purified P2dlIbfacl
fragment from pBLUESCRIPT S®. This probe was hybridized at 55° C.

The 0.7-kbEcoRI-Xbal subtelomeric probe was isolated frémnlactis telomeric clone
KL11B (McEachern and Blackburn, 1994) and hybridized at 55° C. The specific-subtelomeric
probe fragments described in Table 2.2 were gel-purified from the rescued low-copy plasmids
after digestion with appropriate enzymes then ligated into prepared pBLUESCRIRT SK
(digested and treated with (shrimp alkaline phosphatase (Boehringer Mannheim, Indianapolis,
IN)) to enable efficient purification for probes. These ligations were transformed into XL-1
supercompetert. coli (Stratagene, La Jolla, CA), and resulting colonies were screened for
interruption of thg-galactosidase gene of the vector (blue-white screening) and checked for
inserts. Inserts of positive subclones were gel-purified for probes. These were hybridized at 65°
C then 50° C or 55° C, if no hybridization was observed at 65° C. All probes except the
telomeric probe were prepared using PRIMEIT Il labeling kit as recommended by the

manufacturer (Stratagene, La Jolla, CA).
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Plasmid Rescue

Genomic DNA from each type of telomeric insert was digested with each restriction
enzyme with a site in the polylinker of pKN2 upstream ofulliRA3-tel insert (see Figure 2.1 and
Table 2.2). Hybridization data from these digests were used to determine the enzyme that would
allow the cloning of the largest amount of subtelomeric sequence. Genomic DNA froK. each
lactis clone with integrated pKN2 was digested with the enzyme chosen for that clone. After
inactivation of the restriction enzyme, approximately O igIDNA from the digest was ligated
overnight at 15° C.

A portion of each ligation was transformed into XL-1 supercompé&ectli (Stratagene,
La Jolla, CA). Plasmids from transformants were verified by size of insert and by hybridization

to theK. lactis EcoRI-Xbal subtelomeric probe described above.

Sequencing and analysis

Automated fluorescent dideoxy sequencing was performed by the Molecular Genetics
Instrumentation Facility at the University of Georgia. Primers ranging from 18-20 nucleotides
were used in primer walking to obtain all sequence reported here.

Sequences were assembled and open reading frames were identified using Sequencher™
4.1 (Gene Codes Corporation, Ann Arbor, Ml). Sequences were subjected to BLASTN and
BLASTX analysis (http://www.ncbi.nlm.nih.gov:80/BLAST/) (Altschul et al., 1997) against
databases to discover homologs or other features. Multiple alignments were performed using the
Clustalw tool provided by the European Bioinformatics Institute (EBI- http://www.ebi.ac.uk) and

adjusted by sight and use of BLAST2 pairwise alignments.
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Results
CloningK. lactis subtelomeric regions

To cloneK. lactis subtelomeric sequences, pKN2, a plasmid containirty eenevisiae
URA3 gene and 287 bp #f. lactis telomeric sequence was first constructed. This plasmid
contained only 3 bp df. lactis subtelomeric DNA other than the telomere so that it would
integrate via recombination within the telomere, enabling cloning of adjacent subtelomeric
sequences. This technique was similar to that used previously in cloning subtelomeric regions of
S cerevisiae (Louis and Borts, 1995).

Seven independent transformations of pKN2 Kittactis 7B520 were performed in an
attempt to recover at least one integration event at telomeres of each of the twelve telomeres
present on the six chromosomes of the haploid genome. A total of 41 transformants of pKN2
into 7B520 were recovered and analyzed by Southern blotting. DigestioBaoth andPvull
was used to determine whether transformants contained the expected inseRsulTdigest
was especially helpful since it separated the twelve telomeric restriction fragments into ten
different-sized bands, the greatest number seen with any of a large number of different restriction
enzymes (data not shown). Transformants were not identified by chromosome of integration, so
the names for the chromosome ends used in this study were derived fievalthgattern, with
P1 referring to the smalleBtull telomeric fragment and P12 referring to the largest. The P2
and P3 telomeric fragments migrate together as a doublet, and the P8 and P9 telomeres run
together as a second doublet. HoeRI digests confirmed results of tReull digest and
resolved the P2/P3 doublet in theull pattern. The P8 and P9 telomeres migrated as a doublet

in both digests.
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Southern blots of pKN2 transformants were analyzed by hybridizing telomere and vector-
specific probes to genomic DNA of transformants that was digested separatdigoftirand
with Pvull. Our results showed that all of the transformants had the expected restriction patterns
for inserts at native telomeres. Figure 2.1 shows Southern blewsibidigested DNA
hybridized to a telomeric probe (panel B) or to a 220-bp vector-specific probe (referred to as
KN2-220; panel C) as well &coRI-digested DNA hybridized to the telomeric probe (panel D).
The position within the plasmid vector of the sequence used as the KN2-220 probe is indicated
by the thick black box in Figure 2.1A. This region of the vector is the only vector-derived
sequence that remained attached to subtelomeric sequences after digestwnlirattd
therefore detected the particular subtelomeric DNA fragment from a transformant that had
integrated pKN2 (see PS and ES fragments in Figure 2.1A). A shift of one band in the telomeric
restriction pattern results from the integration of the plasmid into a telorReud.digestion
was expected to cut off most of the vector sequence leaving about 0.2 kb connected to the
chromosome end whereasEroRI digest leaves 5 kb of vector sequence attached to the
subtelomeric fragment. This accounts for the different shifts seen in the two digests. These
shifted bands are also often expected to be sharper than true telomeric bands since they are
internal fragments as opposed to telomeric ends that are heterogeneous in length due to
differences in length of telomeric DNA. This was clearly seen for smaller fragments such as the
P2 and P3 inserts (Figure 2.1B). Another novel fragment expected in transformants is the
terminal fragment (PT and ET FPwvull and EcoRI digests, respectively; Figure 2.1A) that
contains the telomere attRA3. This is a 1.5 kb band in both tReull digest and thé&coRl
digest. In théecoRI digest (Figure 2.2D) it is obscured by other telomeric fragments, but it was

seen clearly with &RA3 probe (data not shown).
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Hybridization with telomeric and KN2-220 probes also revealed the presence of tandem
copies of pKN2 sequence at telomeres in most of the transformant®vdH digest, extra
copies of pKN2 were detected as a band at 2 kb (Pl band marked with arrow in Figure 2.1B, C)
and inEcoRI digests as a band at ~6 kb (El band in Figure 2.1D). This second band was present
in 38 of the 41 transformants. Figure 2.1A shows the expected structure of a dimeric integration
of pKN2. We have not determined whether the tandem inserts represent dimers or higher order
multimers. However, the varied relative intensity of Pl and PS bands between different
transformants (Figure 2.1C) suggests that multimeric inserts were likely present.

Characterization of the transformants showed that 25 of them had pKN2 inserted in one
of the six telomeres found in the smallest grougeaRI fragments (P2, P4, P7, P10, P11, or
P12). Inserts into other telomeres included one at P6, nine at P3, two at P5, and two at P1. None
of these transformants showed plasmid integration at the telomeric band P12. Only two were at
the P8-9 doublet (labeled as P9 throughout this work). Sequence data from the telomeric end to
the EcoRl site as well as restriction data using 12 restriction enzymes suggested that these two
transformants were either the same end or two indistinguishable ends.

To clone subtelomeric sequence from the transformants, ten restriction enzymes were
considered for use. Each of these enzymes cuts once within the polylinker of an integrated
pKN2 and permits excision of subtelomeric sequence still attached to the plasmid vector (Figure
2.1A). Such fragments could then be circularized by ligation and transformdsl culo. The
choice of enzyme(s) to use for cloning of each end was based on Southern data (data not shown);
transformants were digested by all ten enzymes and hybridized to the KN2-220 probe. For each
digest, the anticipated size of the extra band that resulted from the additional copy of the vector

was calculated. The sizes differed for each digest due to restriction sitesWiRkn This left
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the other band resulting from each digest to be used to estimate the amount of sequence that
would be cloned using that digest.

The tandem integration of pKN2 in most transformants was of special concern in the
plasmid rescue procedure. During plasmid rescue many circles may be created, but only those
derived from the vector plasmid pKN2 would enableoli to grow in presence of ampicillin.
However, with two or more copies of vector sequence at a given end, a functional plasmid may
be either one that contails lactis subtelomeric sequence (e.g., the ES fragment shown in
Figure 2.1A) or simply a recircularized copy of the original pKN2 plasmid (e.qg., the El fragment
shown in Figure 2.1A), both of which would yield white colonies in a blue-Vflagalactosidase
screen. Although producing an undesirable background of unwiantetl transformants, this
situation was of some use since the tandem copy could serve as a positive internal control for the
plasmid rescue conditions. Recovery of pKN2 without successful recovery of the expected
plasmid with a particular piece of subtelomeric DNA frol. dactis transformant could be
taken as indicating that the latter plasmid might not be recoverable.

A number of plasmids from each end (P6, 6 plasmids, fewest — P1, 70 plasmids, most)
was examined before recovering one from each transformant that appeared correct based on size
of insert and hybridization to a subtelomeric probe that is known to hybridize to eleven of the
twelve telomeres in 7B52(EcoR| was used successfully as a recovery enzyme for all ends
tested. The P1 clone contained an ektieRI fragment that later proved to not be subtelomeric
in origin. EcoRI telomere fragments ranged 0.7-3 kb, which likely contributed to the consistent
recovery of plasmids that contained subtelomeric sequence. An average of 35% of plasmids
recovered after cleavage of genomic DNA vittoR| were found to contain the expected

subtelomeric DNA (with the remainder being recircularized pKN2).

37



For nine of the ten telomeres for which we had obtained pKN2 integrations, we were also
able to recover substantially larger subtelomeric pieces using other restriction enzymes. Six
telomeres have been recovered as fragments ranging 9-18 kb, and the other four had 0.7-4 kb of
subtelomeric sequence cloned. For P2, a plasmid larger theodiReplasmid was not
recovered even after screening 193 plasmids using the enBamel, Clal, andXmal. Our
results with subtelomeric cloning are summarized in Appendix A. In all cases described in this
work, recovered subtelomeric sequences were found to match the sizes of the corresponding
native terminal restriction fragments. This indicates that gross rearrangements in the cloned

sequences are unlikely.

Structure oK. lactis subtelomeric regions

The four 7B520 telomeres from which we recovered 0.7-4 kb of subtelomeric sequence
were completely sequenced. The six telomeres recovered with much larger regions of
subtelomeric DNA were in most cases just partially sequenced. However, at least 1.2 kb of the
sequence immediately adjacent to the telomeric repeats was sequenced from each. One of these
large telomeric clones, P10, was sequenced over its entire 9.8 kb length. The regions sequenced
in our subtelomeric clones are shown in Figure 2.2.

Previous hybridization experiments have shown that all but one telomer&fitantis
7B520 (the P1 telomere) share close sequence similarity in the region ~ 0.6 kb immediately
adjacent to the telomeric repeats (McEachern and Blackburn, 1996). Our results here confirm
and extend those results. The homology shared between subtelomeric regions of at least two
telomeres is shown in Figure 2.2 as colored boxes. At least 8 of the 12 telomeres share >85%

homology extending at least 1.5 kb from the telomeric repeats. This number may be as high as
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11 of 12 as the P8 and P12 telomeres were not cloned, and the P2 telomere was recovered only
as a fragment with ~0.7 kb of subtelomeric DNA.

A number of theK. lactis telomeres share subtelomeric homology that extends multiple
kilobases from the telomeres. Of five telomeres with at least some sequence information from
positions 8-18 kb internal from the telomeric repeats, three have highly homologous sequence
that is shared with at least one of the others and extends to the internal end of the sequenced
region. The telomere clone with the most available sequence, P10, contains little or no unique
DNA sequence in its 9.8 kb length.

Five of the ten cloned telomeres, P1, P3, P4, P5, and P11, had appreciable lengths of
sequence that are not shared with other cloned telomeres of this study. These sequences are
shown as plain black lines in Figure 2.2. In each case, this sequence extends to the internal
border of the sequenced region and represents potentially unique sequence. The P1 subtelomeric
region, is unique in that it lacks strong homology to subtelomeric regions from any of the other
telomeres.

Subtelomeric sequences located within 1.5-2 kb from the base of the telomeric repeat
arrays were distinguishable from more internal subtelomeric sequence in a number of respects.
As noted above, they are homologous among a greater number of chromosome ends than are
more internal subtelomeric regions. They also show little or no sign of containing genes as
ORFs tend to be short and have no significant homology to regions from other organisms. An
especially notable characteristic of these immediate subtelomeric regions is a very pronounced
strand bias in the content of pyrimidines and purines. As shown in Figure 2.3, the strand running
5' to 3' toward the telomere averages 70% purine over a 1.6 kb region next to the telomeric

repeats. The strand bias is nearly 80% purine in the region within 400 bp from the telomere and
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gradually declines at more internal positions. The unique P1 telomere exhibits a very similar
pattern of strand bias to other telomeres despite having very limited homology to them (Figure
2.3). Among the four types of subtelomeric regions we identified that were non-homologous to
each other beyond ~1.6-2 kb from the telomere (represented by the P1, P3, P5, and P10
telomeres), regions more internal than this invariably lack appreciable strand bias in purine
content (Figure 2.3).

The sequences of the immediate subtelomeric sequence for each of the ten telomeres we
have cloned are shown aligned with one another in Figure 2.4. The sequences are aligned with
the telomeric repeats at the start (top left of Figure 2.4). Numbering of the subtelomeric
sequences begins with position “1” as the first base pair that does not match the sequence of the
telomeric repeat. The sequences shown in Figure 2.4 are the pyrimidine-rich strands. Sequence
features present in this region include three families of short, irregular tandem repeats. A series
of 8-9-bp repeats is centered ~70 bp from the telomere, and a second series of similar repeats is
present ~180 bp from the telomere. Several copies of an unrelated 14-bp direct repeat are
present near position 580. Each of these repeat families showed the same pronounced
purine/pyrimidine strand bias that characterize the region in general. Most of the larger gaps that
occur in the alignment of the subtelomeric regions (excluding P1) are due to variations in the
numbers of these repeats. The P1 telomere lacks the short tandem repeats present at other
telomeres. Interestingly, although the P1 subtelomere is highly dissimilar from all other cloned
subtelomeric regions, it does appear to have weak homology in places to them. The region in P1
from position 280 to 704 (Figure 2.4) has 59% identity to the corresponding regions of other
subtelomeres. The DNA in P1 located between this region and the telomere also has small

patches of identity. Sequence that is ~0.4 kb internal to the end of the homology between P1
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and the other subtelomeres was hybridized to 7B520 genomic DNA. The resulting Southern blot
of Figure 2.5A supports the claim that the P1 sequence reported in this study is unique within the
7B520 genome. A single fragment hybridized to the probe in each of eight different restriction
digests that were examined.

We have named the ~1.5 kb subtelomeric region adjacent to mostofi Ho s
telomeres the R element due to its purine-rich nature on the telomeric G-strand. This element is
present in conserved form in 11 of 12 telomeres of 7B520. Hybridization using ~600 bp of the R
element as a probe to 7B520 DNA cut with multiple restriction enzymes is seen in Figure 2.5B.
The P1 telomere can be said to have a smaller, highly degenerate version of the R element.

In addition to recovering subtelomeric sequences from different telomeres, our cloning
experiments also recovered the adjacent telomeric repeats. Because of our cloning strategy, it
was expected that some of the recovered telomeric repeats would be derived from pKN2. Those
nearest to the subtelomeric sequence, however, are likely to be the native repeats as they were
present in the cell prior to pKN2 integration. Among 92 native telomeric repeats cloned from ten
subtelomeres, all but one had the wild type 25 bp sequence. The single variant repeat observed
was a 26-bp repeat resulting from a single-bp insertion within three consecutive T residues
(TTTTGATTAGGTATGTGGT GTACGGA with extra base underlined). This type of rare
variant repeat has been noted befor.itactis (Tzfati et al., 2000).

Subtelomeric sequence from four of the cloned ends shows sequence matéh to the
lactis retrotransposon Tkl1.1, a Tylike element (Neuveglise et al., 2002). Figure 2.6 shows a
schematic of the alignment of Tkl1.1 with the sequences present in the different subtelomeric
regions. P3 has the greatest amount of similarity: an ~2 kb stretch of 96% identity with the pol

region of the element. On either end of this alignment, the homology ends, indicating that the P3
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Tkl1.1 sequence is an incomplete element. A probe made from the P3 subtelomere (described in
Appendix A and mapped in Figure 2.2), located completely within this pol homology is shown
hybridized to 7B520 DNA cut with each of multiple restriction enzymes in Figure 2.5C. Most of
these enzymes produced only one band that hybridized Rstihgkl1.1fragment probe. As the
nearest sites for these enzymes reside outside of Tkl1.1 sequence on one or both sides of the
element, inserts at positions other than the specific site mapped in the P3 telomere were expected
to produce additional bands on the gel. The single enzien {hat produced two bands has a

site within the fragment used as a probe. Our results therefore indicate that the full length of the
sequence used as probe is present in the 7B520 genome only at the P3 subtelomeric location we
have identified.

The other telomeres with Tkl1.1 sequence only have LTR sequences. P10 and P9 have
an approximately 400-bp stretch of 86% identity to the 3' LTR of the element, P4 has a 142-bp
stretch at 95% identity to the 5' LTR, and P5 has a 182-bp stretch of 78% identity to the 3' LTR.
The two LTRs of the originally reported Tki1.1 element are only 93% identical to each other and
can therefore be distinguished from one another. A hybridization probe made from an ~1kb
EcoRI fragment from P7 (Figure 2.2 and Appendix A), which includes the Tkl1.1 LTR,
produced multiple bands when hybridized to 7B520 DNA (Figure 2.5B). These bands represent
at least three subtelomeric sequences and indicate that either the LTR or the other subtelomeric

sequence present in the probe is present at a number of other sites in the genome.

ORFs found irK. lactis subtelomeric regions

There are multiple regions in the lactis subtelomeric regions we have sequenced that

have homology to genes from other organisms. Figure 2.2 shows positions of ORFs of >100
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amino acids and of regions with homology to ORFs fBierevisiae or from other organisms.
An ~2 kb region on P1 has amino acid homology with three related der@%, FLO5, and
FLO9, a subtelomeric family db. cerevisiae genes involved in cell adhesion known as
flocculation. This similarity appears to be chiefly to the region containing copies of flocculin
repeat A, a 45-amino acid repeat. There are one, eight, and eighteen copies of this repeat in the
threeS. cerevisiae genes (Teunissen and Steensma, 1995), and at least nine are fourd in the
lactis FLO gene. Because our sequence ends within the flocculin repeat region, the total number
of repeats is not known. Of the nine we have sequenced, six complete repeats ranging from 44-
47 amino acids in length, and three are partial repeats of 16, 24 and 27 amino acids. The
lactis flocculin repeats are generally about 50% identical to Shemrevisiae counterparts.
Downstream of the flocculin A repeats in theerevisiae FLOL, 5, and9 genes, there are
several serine-rich repeats (Teunissen and Steensma, 1995). In this regidf tddiregene,
there is also serine-rich sequence similarity that continues through the end of the alignment.

There are regions on P10 and P7 nearly 10 kb from the telomere that share amino acid
homology with the putative arsenite transport protein Arr3p. These P10 and P7 sequences are
99% identical with each other on the nucleotide level. On the protein level there is 67% identity
and 81% similarity between tl& cerevisiae andK. lactis copies and 63% identity at the
nucleotide level. The availablé lactis sequence ends at a point in the alignment 20 amino
acids from the 3' end of ti& cerevisiae gene.

There are fouK. lactis subtelomeric sequences that appear to encode proteins with
homology toS. cerevisiae Mch2p, a protein of unknown function (Figure 2.2). These
homologies are present on P6, P7, P9, and P10. Three of the four are in regions of incomplete

sequence. Pairwise comparisons between each translated sequenc&asatlahaae Mch2p
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show ~45% homology. The fou. lactis sequences show 98-99% identity with each other at
the nucleotide level.

BLASTX analysis of P11 internal sequence showed a 55-amino acid alignment (50%
identity/ 69% similarity) containing a 27-amino acid protein kinase C-terminal domain (InterPro
Accession Number IPRO00961E). This domain is present in twelve yeast cCAMP-dependent
kinases such as Tpklp and in kinases of other organisms including humans. The homology in
P11 is close to an end of available sequence.

BLASTX analysis also showed that five of thelactis subtelomeric sequences have
regions with homology to hypothetical oxidoreductase proteins from several organisms. These
hypothetical proteins are believed to be oxidoreductases based on their homology to members of
a dioxygenase superfamily (Aravind and Koonin, 2001). The highest score was assigned to the
alignment with hypothetical protein 15E6.100 froleurospora crassa. Two of the fiveK.
lactis ORFs (in the P4 and P7 sequences) have internal 250-bp deletions (shown with double
asterisks in Figure 2.2).

There are four other open reading frames throughout the recovered sequence that would
yield peptides of at least 100 amino acids (Figure 2.2). None of these have significant
alignments to any known sequences when analyzed with BLASTX. The ORF within the R
element in P7 is not present as an ORF of >100 amino acids in the other homologous regions due

to base pair changes that generate stop codons.

Probing otheKluyveromyces strains for homology to subtelomeric sequences from 7B520

A selection of strains, many from the Spanish Type Culture Collection (CECT), has been

used to assess whether subtelomeric sequenceKfraatis 7B520 identified in this study are
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present in otheKluyveromyces strains and species. The positions of the DNA fragment probes
made from 7B520 DNA are indicated in Figure 2.2. The P1 probe, 1012 bp located 1.2-2.2 kb
from the telomere, hybridized to all but one of kheactis strains, to one of thi€. marxianus

strains, and to thk. wickerhamii strain (Figure 2.7A)EcoRI-digested DNA from five of the six

K. lactis strains showed hybridization to an ~3.5 kb band identical in size to theoR1

fragment of 7B520. The remainitkg lactis strain showed no hybridization to this probe.
Additionally, one of twdK. marxianus strains showed hybridization to the same ~3.5 kb band as
well as to two additional bands above 10 kb. The hybridization of the P1 probe to genomic DNA
from at least somK. marxianus strains is consistent with Génolevures BLAST data; the P1
sequence shows homology to three telomigrimarxianus RSTs (data not shown). The 932-bp
Pstl fragment probe from P3, located about 3 kb from the telomere, hybridized to a single band
in all K. lactis strains and to three bands in #edobzhanskii strain (Figure 2.7B).

A telomere-adjacent probe (R1E60RI-Xbal) from the R element was also used in
examining these strains (Figure 2.7C). This hybridization showed a series of diffuse bands
recognizable as telomeric bands in echactis strain examined exceft lactisvar.
drosophilarum 10390 which showed a series of faint and generally larger b&nhdiebzhanskii
showed several bands that hybridized well to the probe that were different in size tkan the
lactis bands. Thé&. wickerhamii strain and botk. marxianus strains showed no hybridizing
bands. Two DNA fragments from P10 (Appendix A) were also used as hybridization probes to
the various strains. These hybridized to the same or very similar pattern of at least five bands
ranging from 1 kb to about 8 kb in 7B520 and inkallactis strains exceX. lactis var.

drosophilarum 10390 which showed no hybridization (data not shown).
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The overall picture from the hybridizations of 7B520 subtelomeric probes to other strains
is consistent with the 5.8S rRNA phylogeny study previously performed using 39 CECT strains
including the eight used in this study (Belloch et al., 20B62)dobzhanskii appears to be the

most closely related t€. lactis in both studies ani. wickerhamii the most distantly related.

Discussion

TheK. lactis subtelomeric regions presented in this study contain several features that are
shared with subtelomeric regions of other organisms. One such characteristic is the presence of
two general zones of homology that are shared between multiple ends (Pryde et al., 1997).
Distal domains are generally shorter, can lack functional genes, and are present at a large
percentage of telomeres. Proximal domains of homology are usually longer, contain genes, and
are present at fewer ends. Multiple unrelated proximal domains can be present within a given
organism.

An example of two zones of homology in humans is seen in hybridization analysis using
4q subtelomeric sequence. A 15-kb region just proximal to the 4q telomere is shared with 17
other ends, and sequence internal to this region (15-60 kb from the end) was only shared with
four other ends (Flint et al., 1997). The distal subdomain contains a high density of ESTs and
short sequences that match other ends in a patchwork fashion (Der-Sarkissian et al., 2002).

In S. cerevisiae a related picture is seen on a smaller scale. The distal domain of
homology includes the X and Y' elements. The X element is present in some for@ at all
cerevisiae ends and consists of a core sequence of 472 bp and up to several hundred base pairs of
families of variable repeats (Louis et al., 1994). The Y' element, often present at about half of

telomeres, consists of a 5-6 kb sequence that is sometimes present in more than one copy per
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telomere (Pryde and Louis, 1997). The larger blocks of homology that make up the proximal
domains ofS. cerevisiae subtelomeres exist in ten distinct sequence groups with common blocks
of genes shared between two to three telomeres
(http://www.le.ac.uk/genetics/ejl12/research/telostruc/ClustersSmall.html, Ed Louis, personal
communication). Twenty-three of 32 telomeric ends are part of these proximal domain groups in
S cerevisiae S288C.

K. lactis 7B520 can also be described as having two zones of homology among its
telomeric ends. The R element, which lacks detectable homology to the X and Y' elerents of
cerevisiae, comprises the distal domain and is present on eleven of twelve telomeres in
conserved form and on the twelth in degenerate from. In this study, proximal domains of
homology, consisting minimally of a putative oxidoreductase gene, have been observed to be
present on at least five telomeres. The limited sequencing done in this study prevents us from
determining the full extent of proximal domains of homology at telomeres in 7B520. However,
it does appear likely thdt. lactis will differ from S cerevisiae in some respect. lactisis
unlikely to have as many different types of proximal homology domaiSscasevisiae. Thus
far, not more than a single type of proximal domain can be said with certainty to exist in the
7B520 strain.K. lactis also has a higher percentage of telomeres with the same proximal domain
(at least 5 of 12 telomeres) than is seen in the sequé&ncar@visiae strain.

Another feature in the subtelomeric sequences of many organisms is the presence of
smaller repetitive elements. A variety of such repeats has been observed in different organisms.
A well-studied example i cerevisiae is the family of subtelomeric repeats (STRs) found in the
distal part of the X element. Four types of STR elements have been characterized. They vary in

length (35-150 bp), but all are made up of short degenerate repeats.|attie R element lacks
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homology to the STRs @& cerevisiae, but it does have its own small repeats in the distal ~650

bp of the R element. These are similar in size (~6-14 bp) to those @itarevisiae STRs and
occupy a similar relative position in the distal part of their respective element. Human
subtelomeric regions have been observed to be an area where minisatellite sequences are
clustered (Royle et al., 1988; Wells et al., 1989; Vergnaud et al., 1991). Due to the observations
of major clusters at several chromosome ends and of the suspected transposition of sequence
containing a minisatellite from a terminal region to an internal region (Wong et al., 1990), it has
been suggested that this region even serves as an origin for these minisatellites, which are then
spread to other areas of the genome (Amarger et al., 1998).

Telomere-like repeats have also been observed in subtelomeric DNA. In human cells, the
human telomeric repeat, TTAGGG and degenerate copies of it, are often located at the border
between the two zones of homology described earlier (Flint et al., 19%&.evisiae
subtelomeres can contain two types of telomere-like sequences: tracts of sequence matching its
own variable telomeric repeats and short tracts of the vertebrate telomeric repeat (TTAGGG).
TTAGGG sequences, both single and multiple copy, have been shown to be bindimgsites,
(Koering et al., 2000) aniah vitro (Brigati et al., 1993), for the essential yeast protein Thflp and
can function as a telomere $cerevisiae (Henning et al., 1998; Alexander and Zakian, 2003).

In K. lactis, no tandem blocks of TTAGGG repeats were found in any of the sequenced
subtelomeric DNA (data not shown). Single TTAGGG sequences were found at the same
location (~900 bp from the telomere) in eight of the ten ends reported. At one telomere (P1) a
TTAGGG sequence was at a different position and in the opposite orientation of the others, and

in the cloned P2 subtelomere, the sequence was not present.
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Strand bias in base composition is another characterisficcefevisiae subtelomeric
sequences that we have observel.itactis. In S cerevisiag, on the strand reading 5' to 3'
toward the telomere, X elements have a high G/C ratio and a somewhat low A/T ratio and Y'
elements have relatively high G/C and A/T ratios. It has been proposed that this strand
asymmetry in base composition is a result of replication-associated mutation (Gierlik et al.,
2000). DNA replication has been implicated in the bias that is observed in the base composition
in many bacteria as all bacterial genomes with well-defined replication origins and termini are
asymmetric in the base composition of leading and lagging strands (Lobry, 1996; Grigoriev,
1998). Strand bias in replicative mutagenesis has recently been shown associated with yeast
origins as well (Pavlov et al., 2002). Eukaryotic telomeres may be similar to bacterial
chromosomes since in both cases leading and lagging replication strands are set due to their
positions to the ARS. In support of this, the strand bias that exiStsarevisiae subtelomeric
sequences is diminished internal to positions of ARS elements (Gierlik et al., 2000). This might
predict that the position marking the beginning of strand bias in base composition of the R
element and the degenerate P1 subtelomeric sequelckadiis may indicate the position of an
origin of replication. Alternatively, or in addition, the strand bias in base composition of
lactis subtelomeric sequences might be due to selection for some advantageous property, one
possibility of which is discussed below.

Another feature oK. lactis subtelomeric sequences that has been seen in other organisms
is the presence of transposable elements (Zou et al., 1995; Flint et al., 1996; Mefford et al.,
2001). An extreme example of the association between telomeric ends and transposd@ns is the
melanogaster chromosome end, which is composed of, and maintained by, active

retrotransposons instead of DNA synthesis by telomeiaserevisiae has a retrotransposon
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associated with its ends; 3ys an element that is typically found near the X element. Active
copies of this element have been shown to have a preference for insertion at this region of the
genome (Zou et al., 1996). Fragments of a charactefizedtis LTR-retrotransposon (TkI1.1)
are found near at least four telomeres of 7B520. Tkl1.1 is an incomplei&kdelement that
has a truncated gag element (Neuveglise et al., 2002). LTR fragments from this element and
from a truncated version (TkI1.2) are believed to be present in the genome in at least 30 copies
based on random sequence tags from the Génolevures project (Neuveglise et al., 2002). Our
comparisons of Génolevures BLAST data ¢f.dactis telomere search and a Tki1.1 LTR search
showed that at least four of the 30+ copies in strain CLIB 210 are subtelomerically located (data
not shown). Three of these sequences appear to correspond to inserts reported in this study.

Subtelomeric regions have been described as the most plastic of the genome (Pryde et al.,
1997). Manifestations of this include a lack of sequence conservation between species, allelic
variability within species, and the flexible nature of many of the resident genes. Genes located in
subtelomeric regions often fit the definition of contingency genes, genes that have a high
mutation rates and can help the host organism adapt to a changed environment (Moxon et al.,
1994; Barry et al., 2003).

The subtelomeric surface antigen geneB.délciparum, T. brucei (Borst and Ulbert,
2001) and other parasites are well known examples of eukaryotic contingency genes (Barry et
al., 2003). In human cells, variation is prominent among the subtelomeric members of the
olfactory receptor (OR) gene family. In light of these results and known properties of
subtelomeric regions, this region of the human genome has been put forth as a “nursery” for new

olfactory receptor proteins (Mefford et al., 2001).
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Some gene families near telomereSinerevisiae are clear candidates for being
contingency genes (Barry et al., 2003). In industries such as brewing, baking, and wine-making,
specific properties such as ability to ferment particular sugars, tolerance to molasses, and
flocculation, have undergone strong selection for centuries (Codon et al., 1998; Dequin, 2001).
Substantial variation in subtelomeric genes controlling some of these traits has been observed.
Many industrialS. cerevisiae strains encode subtelome8dC andRTM genes, which are
involved in the ability to utilize sucrose and resistance to molasses, respectively (Carlson et al.,
1985; Ness and Aigle, 1995). These genes vary in copy number and telomere of location
between strains, and they are completely lacking from some lab and industry strains (Naumov et
al., 1996; Denayrolles et al., 1997). Similarly, the subtelonM#ic andMEL gene families are
involved in utilization of other sugars, and they too, vary in number between strains (Naumov et
al., 1994; Naumov et al., 1995).

S cerevisiae andK. lactis have similarities in genes that are found in subtelomeric DNA
asFLO, ARR3 andMCH2 family genes are present there in both yeasts. FLkeandARR3
genes have characteristics suggesting they could be contingency genes. Both genes are expected
to participate in processes, flocculation and arsenite resistance, respectively, that would affect the
cell's response to its environment. Flocculatio.inerevisiae is known to involve=LO gene
family members and appears to be a variable and often unstable trait (Dequin, 2001; Verstrepen
et al., 2003). The function MCH2 is unclear. It is homologous to monocarboxylic acid
transporters but does not appear to play that rdederevisiae (Makuc et al., 2001).

Subtelomeric gene families likely arise as a result of recombination between chromosome
ends. New forms of thi. falciparum subtelomeriwar gene copies have been observed

resulting from increased ectopic recombination (Freitas-Junior et al., 2008)cetevisiae, a
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constitutive mutant form of the subtelomeM@L63 gene was derived via gene conversion

(Wang and Needleman, 1996). Also, subtelomeric recombination clearly occurs between Y’
elements in wild type strains (Louis and Haber, 1990). This likely contributes to the
homogenization of sequence within these elementK. lactis, homogenization of subtelomeric
sequence also has occurred, given the extensive homology that exists between the ends. The P1
telomere of 7B520, with its poor sequence match to the other ends, may be an example of a
sequence that has escaped the homogenization and diverged over time to become a quite distinct
sequence.

Recombinational telomere maintenance provides an extreme example of how
recombination can rapidly alter regions in and around telomeres. This process has been observed
in the absence of telomerase activity in human cell lines (Bryan et al., 1997; Dunham et al.,
2000),S. cerevisiae (Lundblad and Blackburn, 1993; Teng and Zakian, 1999)Kalattis
(McEachern and Blackburn, 1996). The mechanisms involved in maintaining telomeres through
recombination have not been fully resolved, but they are believed to include homologous
recombination as a means of spreading telomeric sequences to other ends in th&cell. In
cerevisiae, Type 1 survivors show greatly amplified arrays of subtelomeric Y' elements. In Type
2 survivors ofS. cerevisiae and allK. lactis survivors examined, the amplification seen is that of
telomeric sequence (McEachern and Blackburn, 1996; Teng and Zakian, 1989)actrs, the
multiple lengthened telomeres within a given survivor appear to arise from a single source,
suggesting widespread sequence homogenization (Natarajan, RO@2)is survivors also often
showed spreading of a subtelomeric marker gene from one telomere to most or all other

telomeres in the cell (McEachern and lyer, 2001).
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As mentioned above, the extent of common sequence found at multiple ¢qdiaatis
7B520 implies that there has been homogenization of these ends over time. The question arises
of how a cell determines which chromosome end to use as a donor in subtelomeric gene
conversion events. It seems likely that certain sequence features would perform better
mechanistically as a recombination donor than othiersitro assays with RecA, a prokaryotic
DNA strand exchange protein, and its yeast equivalent, Rad51p, show a preference for both
binding GT-rich DNA and promoting strand invasion with GT-rich DNA (Dixon and
Kowalczykowski, 1991; Tracy et al., 1997). Itis possible that sequence feature&ofattes
R element, such as its strand bias in base composition and its families of short repeats, might
favor its ability to spread to other telomeres through recombinational processes.

The availability ofK. lactis subtelomeric sequence will be useful in many future studies.
Interesting questions that could be examined include the extent of subtelomeric variation in
natural populations and mutants affecting telomere function, the evolutionary roles of

subtelomeric genes, and possible functions of the R element.
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Table2.1: Strainsused in thisstudy.

Strain Source or reference
K. lactis
7B520 (Wray et d., 1987)
GG1935 (Zonneveld and van der Zanden, 1995)
CECT 1121 From the Spanish Type Culture Collection (CECT)
CECT 10361 (Belloch et al., 2002)

K. lactis var. drosophilarum
CECT 11397
CECT 10390
K. dobzhanskii
CECT 10180
K. marxianus
CECT 10315
CECT 1442
K. wickerhamii

CECT 1966T
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Figure2.1: Structureand integration of pKN2 at K. lactistelomeres. A) Scheme for

integration. Blue boxes represéhtiactis telomeric sequence, both native and integrated. The
thick black bar shows the location of the vector-specific probe KN2-220 used to identify
transformants. Asterisks show the locations of vector restriction sites used for cloning (including
EcoRl), and P’s represeRwull sites. Integration scenarios showing single or double inserts are
presented. Bracketed regions shown with dashed lines indicate fragments that would be cloned
after restriction digestion and ligation. Bands freooRI andPwvull digests that are visible with

probes in this study are indicated at the bottom of the panel and labeled in the following
Southerns. B) Southern blotBfull-digested genomic DNA from pKN2-transformed cells is

shown hybridized to a telomeric probe. The position of the Pl band is indicated by the arrow, and
PT is the smear below PI. C) Filter of panel B is shown after hybridization with the KN2-220
probe (black box in panel A). D) DNA from several pKN2 transformants digestedtgaRl is

shown hybridized with a telomeric probe. The bands visible between 6 and 8 kb are the
subtelomeric bands (ES) that have been shifted by the integrated plasmid and the additional copy
of the plasmid that has integrated (the lower band — El marked by an arrow). ES and El migrated
together in lanes P2, P7, and P6. ET (~2 kb) is not labeled as it is obscured by the other bands in
that size range. Lanes in all panels are labeled accordingReutiéelomeric fragment that

contains the integrated plasmid. The lanes labeled U show DNA from an untransformed sample.
Size markers are shown in kilobases. E) Shown is a diagram Bd¢dRé (black bar) andPvull

(gray bar) sites closest to the telomere for each of the twelve chromosome ends of 7B520.
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Figure2.2: Overall view of cloned sequence from ten K. lactistelomeres. Black lines

represent sequence that has been cloned and sequenced. Dashed gray lines represent sequence
that has been cloned but not sequenced. Blue tips are telomeric sequences (250 bp shown).
Colored features labeled with gene names in parentheses are sections homologd@is to the
cerevisiae gene indicated. Those labeled Hyp OR are homologous to several
oxidoreductases—the highest BLASTX score was from a hypothetical proteicriassa.

Other ORFs that encodd 00 aa peptides are open, unlabeled rectangles with black outline.

Lightly colored rectangles in backgrounds are used to show sequences that share homology with
at least one other region in this study. The darker regions of this shading next to telomeres
represent locations of the R element described in text. Double asterisks on P4, P7, and P6 show
where gaps exist in sequence relative to other subtelomeric regions (250 bp in P4 and P7 and 480
bp in P6), and vertical orange bars on P4 and P7 show regions of poor alignment to other
subtelomeres. Black vertical bars represent restriction sites (unma8aed8Al, B= BsrBI, X=

Xbal, E= EcoRI, P=Pwull). The left-most restriction enzyme on each end is the enzyme used to
clone that particular end. On P1, P3, P7, and P10, probes used in hybridization studies are

shown with open rectangles labeled with restriction enzyme used in subcloning (see Table 2.2).
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Figure 2.3: Purine strand biasin the immediate subtelomeric regions of K. lactis. Each
point shows (G + A)% for the preceding 400-bp interval. The zero position indicates the junction
of telomeric and subtelomeric sequences. Subtelomeric regions from four telomeres that contain

some potentially unique DNA are shown.
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P2 CTGCTTCTCTTCACCTGCTTCTCTTCACTTTCATTTTTCATCCCTTCTCATTCTACCTTTCTTTCC]
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Figure 2.4: Alignment of immediately subtelomeric sequences from ten K. lactis
chromosome ends. This alignment includes 50 bp of telomeric sequence (upper left)
and about 800 bp just internal to the telomere. Conserved bases are highlighted black.
Features are labeled above. Sequences are in order according to EcoRI restriction
pattern (see Figure 2.1). The available P2 sequence ends at the EcoRlI site, and P6 has

a large deletion beginning at position 713 that extends beyond the end point shown.

69



A B

CRIRVHK N P S RVH KNP S

o

15

SR

R1-6 EcoRI —Xbal P3 Pstl probe P7 EcoRlI probe
probe

P1 Hindlll probe

Figure2.5: Hybridization of subtelomeric probesto 7B520 genomic DNA. Shown are Southern blots of 7B520 DNA
digested with eight different restriction enzymes and hybridized to four different subtelomeric probes asindicated. Probes are

mapped in Figure 2.2. C, Clal; RI, EcoRI; RV, EcoRV; H, Hindlll; K, Kpnl; N, Nsil; P, Pstl; S, Sall.
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Figure 2.6: Retrotransposon Tkl1.1 homology in 7B520 subtelomeric regions. Tkl1.1 islabeled according to GenBank
annotations (Accession number AJ439548). Regions of Tkl1.1 that are present in different subtelomeric regions are indicated as

labeled black bars. Marked region in the P3 fragment shows the location of the Pstl probe used in this study (Figure 2.2). See text for

details of the alignments.
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Figure2.7: Hybridization of subtelomeric probesto other Kluyveromyces yeasts. Southern blots show genomic DNA from
several Kluyveromyces yeasts digested with EcoRI hybridized to the subtelomeric probes discussed in this study. Three of these
hybridizations are shown above. Strainsin each lane are asfollows: 1, CECT 1121, 2, CECT 1442; 3, CECT 1966T; 4, CECT 10180;

5, CECT 10315; 6, CECT 10361, 7, CECT 10390; 8, CECT 11397, 9, GG1935; 10, 7B520
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CHAPTER 3
CONCLUSIONS AND FUTURE DIRECTIONS

Subtelomeric regions of several organisms are subjects of investigation because of the
generally dynamic structure of these regions, the adaptive importance genes sometimes found
there, and their various effects on chromosomes, particularly on telomeres. Knowledge from a
number of species may facilitate the proposal of models of how subtelomeric ends adapted to
become so potentially versatile yet specific for each species.

There are a number of questions that can be addressed and projects that can be pursued
using theK. lactis sequences reported here. One step would be to complete the sequencing and
characterization of the available cloned subtelomeric sequences for 7B520. This would include
cloning the other two telomere regions and pulsed-field gel analysis to identify the chromosome
arm on which each subtelomere is located.

The genome of a different strainkflactis (CBS 2359) is currently being sequenced and
annotated (Ozier-Kalogeropoulos et al., 1998; Feldmann, 2000). The information from our work
could be of use to this genome project as telomeric fragments of a library might be difficult to
assign to a particular chromosome end due to the extensive subtelomeric homology. With the
degree of similarity that appears to exist between strains, the sequence from these marked
telomere transformants would be useful in organizing the end sequences. If the variation is such
that sequence comparison does not resolve all ends, this sequenced strain’s ends may have to be
cloned as was done in our study. The sequences from both strains can then be used to get a first

look at the extent of variation amoKglactis subtelomeres.
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Also, subtelomeric sequences from 7B520 and CBS 2359 along with subtelomeric
sequences that are available from other species, incl&doegevisiae and otheKluyveromyces
yeasts, can be used in comparing many “related” subtelomeric regions in variation and copy
number of subtelomeric genes and other elements. Having such closely related sequences to
examine is already being used to study genomic evolution. A study of the plastic subtelomeric
regions of these organisms is clearly an interesting one to pursue.

Another potential line of investigation using subtelomeric sequences from the 7B520
strain ofK. lactis is examination of the subtelomeric recombination that occurs in various
telomerase-template mutants in this strain. Previously, highly elevated recombination rates have
been measured in short-telomere mutants using los8BA3 gene inserted about 120 bp from
a telomere as the measurement and observed by IBssRf bands in the restriction pattern
(McEachern and lyer, 2001). These experiments give only information regarding genetic
exchange in the regions largely less than 1 kb from the telomere. The subtelomeric sequences of
7B520 can be used in studies to ascertain the extent of this exchange and provide clues about
mechanisms by which it occurs..

Two models of such exchange are localized non-reciprocal exchange and break-induced
replication (Figure 3-1). Localized non-reciprocal exchange refers to gene conversion for which
the end of the exchange occurs before the end of the chromosome is reached. The replaced
sequence therefore constitutes a relatively small region. Break-induced replication is when a
broken end invades another chromosome to use as a template, and the template strand is copied
until its end potentially resulting in the copy of a very long sequence (Malkova et al., 1996).

Evidence is accumulating that these two categories of events are different in how they arise.
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To resolve these two models experimentalliKimactis, a telomeric tract composed of
only mutant repeats can aid as a marker in discerning between these two models (Underwood
and McEachern, 2001). If internal sequence, or an internal marker gene sliR\3as
connected to a marked mutant telomere has been lost or duplicated in conjunction with loss or
duplication of the marked telomere, the mechanism of this exchange is break-induced replication
as it extends from the internal point to the end of the chromosome (Figure 3Slierkevisiae,
recombinational repair of chromosomal breaks in subtelomeric regions was break-induced
replication in 75% of cases observed (Ricchetti et al., 2003 lbctis, initial studies have
been done using an assay placing3heerevisiae URA3 cassette 120 bp upstream of the mutant
telomere. When loss &fRA3 was selected, the mutant telomeric repeats were lost as well
indicating that loss dJRA3 resulted from a mechanism like BIR (Natarajan, 2002). However,
this only gives information regarding sequence less than 1.2 kb from the telomere. The available
sequence would enable a more exhaustive study of this issue by studying positions further from
the telomeres. This would contribute to the study of recombinational telomere maintenance in
the absence of telomeraseKinlactis.

K. lactis subtelomeric sequence, especially potential coding regions, may be useful in
exploring adaptation and change in these regions. Determining functions of putative genes
encoded there would facilitate using them to examine adaptability in these regions. Two putative
genes in these regiorfd, 01 andARR3, have assigned functions $cerevisiae (flocculation
and arsenite resistance, respectively); this gives a starting point in choosing environments that
would favor these genes in order to monitor subtelomeric adaptations. Flocculation is a desirable
feature in brewing yeasts because the cell adhesion results in clear separation of yeast from the

media, and industrial strains are known to have different flocculation profiles due to genetic
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variability (Verstrepen et al., 2003). Putting 7B520 under selection for these genes could be
useful in providing examples in the formation and alteration of subtelomeric gene families.

Along the same lines, experiments can be designed that would reveal any bias in
subtelomeric gene conversion. This may involve investigation using the compositional bias
found in these regions. One possibility for doing this would be to collaborate with a lab studying
recombinationn vitro and examine whetht. lactis R element sequences are better at strand
invasion, using the purine-rich strand, than other sequences including the R element’s
pyrimidine-rich strand. Recombination studies involving bias have shown that gene conversion
could favor GC base pairs over AT (Marais, 2003) and that Rad51p, the yeast homolog of the
RecA protein, has a preference for GT-rich DNA (Tracy et al., 1997). These considerations
cannot be applied to our sequence at this time, but they may be used in designing experiments or
models in studying subtelomeric gene conversion on this level.

It has been suggested, using sequence data, thatarevisiae replication-associated
mutational pressure is more easily observed in subtelomeric regions due to the fixed roles of
leading and lagging strands (Gierlik et al., 2000). More recently, it has been established that
strand bias in replicational mutagenesis associated with active replication origins o&urs in
cerevisiae (Pavlov et al., 2002). It would be useful to test whetheKthactis R element is
subject to such biased mutation and if the border of the R element occurs at an ARS element.
Efforts are underway to identify subtelomeric ARS elements irktHiactis sequence. If
present, a similar approach to thaBoterevisiae may be used to study such strand bias tith
lactis ARSes.

Transcriptional silencing at native telomeres has been demonstrated to d€dactis

(Gurevich et al., 2003). Since there are ORFs located close enough to telomeres to be candidates
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for silenced genes, our subtelomeric sequence can aid in this line of investigation askvell. If
lactis subtelomeric ORFs prove to encode functional proteins, they would be very interesting to
examine whether natural silencing occurs at these genes.

The subtelomere cloning project described in this work will serve mainly as a tool in
recombinational studies. Yet, the information it will provide to the field of subtelomeric study
cannot be foreseen fully at this time. Once this sequence undergoes more intense bioinformatic
analysis and comparison with appropriate sequences, there will likely be much more information

gained from the results of this labor than is reported here.
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Figure 3-1: Possible Models of Subtelomeric Gene Conversion. The two model s discussed

and how they would be discerned from one another are shown above. Segemented blocks on the
ends represent telomeres (white = wild-type and gray = mutant repeats). Solid black lines
represent subtelomeric sequence with the black box representing a subtelomeric marker gene.
(A) Localized subtelomeric gene conversion: spread of a subtelomeric marker not linked to
spread of the marked telomere. B) Subtelomeric gene conversion via break-induced replication:

spread of the subtelomeric marker and marked telomeres are linked.
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APPENDIX A
pKN2 TRANSFORMANTS AND DERIVED PLASMIDS

Transformants in this study were assigned long term names based on the order in which
they were picked from transformation plates. For example, the seventeenth transformant picked
has been named MT17 (marked telomere strain 17). A plasmid derived from a transformant is
named using three identifiers: the transformant from which it is derived, its number in the screen
of plasmids, and the restriction enzyme used to rescue the plasmid. For example, the plasmid
17-7Sall was derived from MT17, the seventh plasmid prep of that particular plasmid screen,
and rescued usingll. An exception is that any plasmids rescuedebgRI do not have the
enzyme name incorporated into its name in any of the records.

Some plasmids were used as sources of fragments for use as subtelomeric probes in this
study. To facilitate the long-term use of these probes, the fragments used as probes were
subcloned into the high copy plasmid pBLUESCRIPT&KThe name of such a plasmid was
derived from the transformant used and the restriction enzyme(s) used in subcloning the
fragment. The plasmid p17H, for example, contaiksralll fragment from the clone 17-7
Sall.

Table A.1 lists all plasmids used in this study. Phall band number was how we
named the chromosome ends; this was described in more detail in the Results. The sizes given
for the pKN2-based plasmids refer to the sizes of the subtelomeric insert& (tatdils insert
size minus telomeric DNA). Exact numbers are based on sequence recovered (Figure 2.2), and

the approximated sizes are based on Southern data (not shown).
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Two of the plasmids are not pure in that additional restriction fragments were ligated into
the resulting clone. These are indicated by the asterisks in Table A.1. 17-13 has one additional
EcoRI fragment, and 43-Bstl has two additiondPstl fragments. Sequence from 1%&4ll was
used to confirm that the extra fragment in 17-13 was not contiguous to the tdfoaRal
fragment (i.e. not the result of a part&oRI digestion). No such verification can be made for
the 43-1Pstl plasmid at this time, but only the sequence distal to the terigtiaiestriction site

was used in this study and in estimating size of insert in Table A.1.

Table A.1: pKN2 transformantsand plasmidsused in thisstudy.

Pwull  Transformant EcoRl Large recovered Plasmids with fragments
band number recovered plasmid and enzyme for specific probes and
plasmid + size used + size size of probe
1 17 17-13* 17-7 Sall p17H — Hindlll fragment
2598 bp 4160 bp 1012 bp
2 15 15-11 N/A
703 bp
3 10 10-5 10-28Accl p10OPst Pstl fragment
1790 bp 3959 bp 932 bp
4 6 6-5 6-60 Hindlll
694 bp 3930 bp
5 43 43-31 43-1 Pstl*
2151 bp ~ 7000 bp
6 19 19-36 19-32 Clal
952 bp > 12 kb
7 16 16-4 16-84 Clal p16RI —EcoRI fragment
770 bp ~ 10 kb 1057 bp
8/9 61 61-13 61-54 Clal
1423 bp ~9 kb
10 18 18-16 18-6 Clal p18RI —EcoRI fragment
685 bp 9815 bp 1057 bp
p18H —Hindlll fragment
440 bp
11 14 14-10 14-20 EcoRV
699 bp ~ 12 kb
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