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Abstract Genome organization into linear chromosomes
likely represents an important evolutionary innovation that
has permitted the development of the sexual life cycle; this
process has consequently advanced nuclear expansion and
increased complexity of eukaryotic genomes. Chromosome
linearity, however, poses a major challenge to the internal
cellular machinery. The need to efficiently recognize and
repair DNA double-strand breaks that occur as a conse-
quence of DNA damage presents a constant threat to native
chromosome ends known as telomeres. In this review, we
present a comparative survey of various solutions to the
end protection problem, maintaining an emphasis on DNA
structure. This begins with telomeric structures derived
from a subset of prokaryotes, mitochondria, and viruses,
and will progress into the typical telomere structure exhib-
ited by higher organisms containing TTAGG-like tandem
sequences. We next examine non-canonical telomeres
from Drosophila melanogaster, which comprise arrays of
retrotransposons. Finally, we discuss telomeric structures
in evolution and possible switches between canonical and
non-canonical solutions to chromosome end protection.
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Introduction

With no exception, eukaryotic nuclear genomes are organ-
ized into a variable number of chromosomes each consist-
ing of a single linear DNA molecule. Linear genome organ-
ization may relate back to primordial protogenes that were
likely formed by short RNA/DNA chains [1, 2]. In contrast,
the genomes of all archaebacteria and the majority of bac-
teria are retained in circular DNA replicons. This difference
in genome configuration may reflect distinct evolutionary
strategies of prokaryotic and eukaryotic lineages. While
the r-selection strategy in prokaryotes favors miniaturiza-
tion and genomic streamlining, K-selection in ancestral
eukaryotic lineages may have promoted a sexual life cycle
featuring alteration of diploid and haploid cell generations.
This represents an important evolutionary innovation as it
permitted genomic expansion and an increase in organis-
mal complexity. Circular chromosome topology is incom-
patible with the mode of chromosome recombination and
segregation as we know it in eukaryotic meiosis. An odd
number of crossovers between two circular chromosomes
would yield unstable dicentric concatenates (dimers); this
is not a problem with linear chromosomes where the reso-
lution of crossovers always gives rise to two separate enti-
ties. Hence, linear genome organization is a prerequisite
of meiosis and a defining feature of eukaryotic life. It also
eliminates formation of dicentric chromosomes by DNA
repair reactions that lead to sister chromatid exchanges in
mitotic cells [3].

Linear chromosomes are not exclusive to eukary-
otic nuclear genomes and have been found to be present
in a number of viruses [4]; linear DNA forms were also
detected in a subset of bacteria, plant plastids, and mito-
chondria, where they likely arose secondarily from a cir-
cular ancestral state [5, 6]. The evolutionary benefit of
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genome linearity in these settings is still not clear; one line
of thought suggests that linear chromosomes may improve
evolvability of an organism. Genetic loci located in the
vicinity of natural chromosome ends are prone to frequent
structural rearrangements and represent the most rapidly
evolving parts of a genome. It has been proposed that this
inherent instability of linear chromosome ends may be of
an adaptive value as it may promote rapid evolution of new
gene variants and increase survival in rapidly changing
environments [7, 8].

While genome organization in the form of linear DNA
molecules conveys, at least in the case of nuclear genomes
of eukaryotes, undisputable evolutionary benefits, it also
poses two major challenges for cellular metabolism that
require unique solutions. First, the conventional DNA rep-
lication machinery lacks a mechanism to fill in the gap left
by removal of the final RNA primer in the most terminal
Okazaki fragment; it is therefore unable to fully replicate 3’
ends of linear chromosomes [9, 10]. This process has been
dubbed “the end replication problem” and ultimately leads
to the gradual attrition of telomeric DNA over multiple cell
divisions. Telomere shortening beyond a threshold length
causes telomere dysfunction and eventually leads to chro-
mosome fusions and subsequent cell death.

The second challenge originates in the formal similar-
ity between the natural chromosome ends (telomeres) and
DNA double-strand breaks (DSBs) that arise as a conse-
quence of DNA damage. Breakage of chromosomal DNA
creates a serious threat to genome integrity and eukaryotic
cells possess elaborate mechanisms to efficiently detect
and repair DSBs [11]. Broken DNA triggers very strong
cellular responses that on one hand activate DNA repair
mechanisms and on the other hand signal the presence of
DNA damage to the cell cycle machinery. This may lead
to a temporal cell cycle arrest or even to activation of spe-
cialized programs such as cellular senescence or apoptosis.
Such a response to exposed DNA ends is not inherent only
to eukaryotes. DNA damage or replication stress prevents
cell division in bacteria [12] and broken ends of chloro-
plast DNA are subject to rapid degradation and end-to-end
fusions [13]. Thus, masking natural chromosome ends
from eliciting DNA damage response and aberrant DNA
repair is absolutely imperative for stability of nuclear as
well as organellar genomes and for long-term cell survival.

Formation of telomeres from linearized chromosomes:
prokaryotes, mitochondria, and viruses

The term “telomere” is often used exclusively to describe
the specialized nucleoprotein structures that are found at
the end of linear, nuclear chromosomes. However, telom-
eres are also present at linear, double-stranded molecules of
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several viruses, bacteria, and mitochondrial (mt) genomes.
It was previously accepted that mitochondrial, as well as
bacterial genomes, comprise solely of circular dsDNA.
This central dogma was challenged over 40 years ago when
it was shown that mitochondria genomes of the ciliate 7Tet-
rahymena pyriformis harbor exclusively linear DNA mol-
ecules [14]. Around 20 years after this discovery, the first
prokaryotic linear chromosomes were also identified in the
bacterium Borrelia burgdorferi [15]. Viral DNA molecules
with telomeres could also be identified among poxviruses,
adenoviruses, herpes viruses, and numerous bacteriophages
(reviewed in [4, 16]). The presence of such genomes could
represent an evolutionary snapshot of alternative solutions
to the end protection and replication problems besides clas-
sical telomeres exhibited by the majority of eukaryotes.

While chromosome linearization is observed within
bacteria, it is clearly not the most prevalent system of
genome organization. Linear bacterial chromosomes have
only been described in some eubacteria including Agro-
bacterium tumefaciens and a few members of the genus
Borrelia as well as the order Actinomycetales (reviewed
in [16-18]). Therefore, linear genomes are clearly the
exception in eubacteria. In contrast, linearization of
mitochondrial DNA is more common and widely spread
across the phylogenetic tree of eukaryotes [19]. Linear
mitochondrial genomes are found in many species from
various taxonomical groups including algae, ciliates, api-
complexan protozoa, jakobids, slime molds, oomycetes,
fungi, cnidarians, isopods, and Scombridae [20-22]. It is
noteworthy that in some species, the mt genome is seg-
mented into multiple linear molecules [5, 23, 24]; linear
mt DNA can even co-exist with circular mt DNA within a
single cell [21, 25].

Telomeres found in viruses, bacteria, and mitochondria
are structurally distinct from their counterparts in higher
organisms (see Fig. 1 for overview). However, they must
still fulfill similar functions to ensure genome stability.
Despite their conserved function, several distinct telom-
eric structures have been found, highlighting the develop-
ment of several successful replication and end-protection
strategies during evolution. It is, however, striking that
similar telomere structures appear to arise in phylogeneti-
cally unrelated organisms. In the following section, we will
summarize telomere structures that have been described so
far in viruses, bacteria, and mitochondria, while maintain-
ing focus on their protective functions. For deeper insights
into the proposed replication strategies, see other excellent
reviews on this topic [20, 26].

Covalently closed single-stranded hairpins

The Vaccinia virus (VACV), a member of the poxvirus fam-
ily, consists of a large dsDNA molecule (~200 kb), which
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Fig. 1 Telomeric structures from prokaryotes, mitochondria, and
viruses. The presence of covalently closed hairpin structures at termi-
nal regions has been observed within B. burgdorferi, A. tumefaciens,
and the Vaccinia virus (VACV) (a). 5’ overhangs of the human Ad2/5

terminates in a covalently closed, single-stranded hairpin
on either side (Fig. 1a). This terminal hairpin is composed
of a single-stranded loop and an A-T-rich stem flanked by
an inverted repeat [27, 28]. Due to the presence of cova-
lently closed hairpins, the ends of the viral genome are
effectively hidden from DNA repair activities and exonu-
cleolytic attacks. The terminal hairpins also allow for the
complete replication of the viral genome within the host
[29]. A similar telomere structure has also been found in
several bacteriophages like the Escherichia coli phage N15
[30] and the Klebsiella oxytoca phage ®KO2 [31] as well
as in all members of the bacterial Borrelia spirochete group
[32] and in Agrobacterium tumefaciens C58 [33].

Borrelia burgdorferi, the bacterial agent of Lyme dis-
ease in humans, has a segmented genome that consists of
one linear chromosome (~900 kb) along with 12 linear and
ten circular plasmids [34]. All linear dsDNA molecules of
B. burgdorferi terminate with covalently closed hairpins
flanked by inverted repeats. The replication of the linear
chromosome is driven by an internal origin toward the
terminus, whereas the terminal hairpin enables the com-
plete replication of the genome since the replication fork
can pass through the loop sequence. After fusion of the
lagging and leading strand, the duplicated telomeres are
converted on each side into terminal hairpins. This step is

adenovirus are bound by a terminal protein (TP) (b). Mitochondrial
telomeres from the green algae C. reinhardtii comprise long inverted
terminal repeat regions with a 3’ overhang (¢) whereas C. parapsilosis
exhibits tandem repeats with 5’ overhangs (d)

mediated by the telomere resolvase ResT, which cuts and
re-ligates the telomere to form new covalently closed hair-
pins at chromosome termini [34, 35]. A similar enzyme can
also be found in many organisms harboring linear double-
stranded molecules with terminal hairpins such as the plant
pathogen A. tumefaciens C58.

The genome of A. tumefaciens C58 comprises both a
circular and linear chromosome; the enzyme responsible
for the formation of new terminal hairpins is known as pro-
telomerase TelA [36]. Besides its essential function in tel-
omere replication, the Agrobacterium protelomerase TelA
may also exhibit an additional role in telomere protection.
Huang et al. [36] showed that TelA can efficiently bind to
Agrobacterium terminal hairpins in vitro. This contrasts
to TelK, the protelomerase of K. oxytoca phage ®KO2,
which is quickly released from the newly formed telomeric
hairpins after replication. It has been suggested that TelA
protects the telomeres, but its modification during chromo-
some replication promotes hairpin cleavage and religation.
This leads to a switch from the potentially protective func-
tion towards a role in telomere replication. Telomeres pro-
tected by covalently closed hairpins have also been found
in yeast mitochondria of Pichia pijperii, Williopsis mrakii
[37], and in several Candida species like C. viswanathii
and C. frijolesensis [5].
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Terminal protein covalently bound to the 5’ end

A second type of telomere structure is found in several
adenoviruses such as the human Ad2/5. The genome of
Ad2/5 comprises a small dsDNA molecule (36 kb) with
termini consisting of long ~100 nt terminal inverted
repeats (TIRs) harboring the replication origins [38]. Each
5" end of the molecule is covalently bound by a terminal
protein (TP) (Fig. 1b) [39]. The 55-kDa TP of Ad2/5 pro-
tects the viral genome from exonuclease activity and also
serves as a primer during replication. To initiate DNA rep-
lication, the viral DNA polymerase forms a heterodimer
with TP and couples the first deoxynucleotide (dNTP)
to the terminal protein. This “protein priming” replica-
tion strategy allows the complete duplication of the viral
genome [38]. Linear double-stranded chromosomes with
terminal proteins covalently bound to the 5’ end have also
been found in several bacteriophages like the Bacillus
subtilis phage ©29 [40] and the E. coli phage PRD1 [41],
as well as in bacteria of the genus Streptomyces [42]. Tt
is noteworthy that two of these Streptomyces strains con-
tain a functional promoter in their telomeric region. The
role of this promoter region has not been resolved so far.
However, it has been proposed that the promoter may be
involved in priming of DNA replication during conjuga-
tion through priming of the last Okazaki fragment or in
transcription of downstream genes [43].

The protection of linear replicons against nucleolytic
resection in several Streptomyces species is mediated by the
terminal protein Tpg [44, 45]. However, other factors seem
to be additionally involved in protecting the ends. During
replication, a 3’ overhang is created at the termini of the
linear double-stranded molecules. This single-stranded
protrusion contains several palindromic sequences and can
fold into a complex secondary structure made out of several
hairpins that are closed by a YGNAR sequence (N being
mostly C). The G and A residues of the hairpins have the
potential to form ‘“‘sheared purine—purine pairing” giving
rise to a single nucleotide loop that may protect the over-
hang from nucleolytic resection [46]. The linear mitochon-
drial genome of the yeast Candida subhashtii also ends
with a long terminal inverted repeat and a terminal protein
covalently bound to the 5’ terminus [47].

Terminal inverted repeats with single-stranded
3’ overhangs

The mitochondrial telomeres of the green algae Chla-
mydomonas reinhardtii also contain terminal inverted
repeats. However, in contrast to the previously described
structure, the TIRs in C. reinhardtii terminate in 3’ single-
stranded overhangs (Fig. 1c) with an identical sequence
[48]. Since the 3’ overhangs are non-complementary, the
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possibility that the linear genome can circularize should be
excluded [48]. The mechanism of how these ends are pro-
tected against nucleases and the DNA repair machinery is
unknown.

Telomeric arrays with single-stranded 5’ overhangs

Candida parapsilosis harbors arrays of tandemly repeated
sequences (738 bp) at the ends of their linear mt chromo-
somes. The number of tandem repeats can vary ranging
from one incomplete repeat to at least eight repeat units.
All molecules end with an incomplete repeat forming a 5’
single-stranded protrusion (Fig. 1d) [49]. The 5’ overhang
is approximately 110 nt in size and can be bound by the
mitochondrial telomere-binding protein mtTBP. It has been
shown that mtTBP protects an oligonucleotide identical to
the last 51 nucleotides of the 5’ overhang from the action of
several DNA modifying enzymes in vitro [50]. Therefore,
mtTBP is proposed to be involved in the protection of mito-
chondrial telomeres from nucleases and other DNA repair
activities. mtTBP shares homology with mitochondrial
and bacterial single-strand binding proteins (SSB). While
mtTBP has a binding preference for the telomeric single-
stranded (ss) 5’ overhang, it can also associate with other
ssDNA substrates [51]. Hence, in addition to its telomeric
function, mtTBP may also play a role outside of telomeres.
Another end protection mechanism ascribed to the pres-
ence of ss 5 DNA protrusions is the formation of T-loops.
These lariat structures formed by invasion of ssDNA into
the duplex telomeric region were for the first time observed
at canonical telomeres in mammals [52]. Nevertheless,
they were detected by electron microscopy at the ends of
mt telomeres in C. parapsilosis [53]. Nuclear T-loops are
proposed to mediate protection of linear chromosomes [52,
54]. This may also apply to the mitochondrial telomeres of
C. parapsilosis where they may, together with mtTBP, pro-
tect the termini of linear mt DNA from nucleases and the
DNA repair machinery [55].

Other telomeric structures

Further telomeric structures that consist of direct repeats,
complex repetitions, or a combination of the former dis-
cussed structures, have been found at the ends of linear
mt DNA molecules and some viruses of the herpes family
[56-59]. For example, mitochondria of the fungus Fusar-
ium oxysporum exhibit linear plasmids that terminate with
an array of small tandem repeats at one telomere, and a
hairpin at the other terminus [59]. Furthermore, the linear
mt plasmid (mF) of the slime mold Physarum polycepha-
lum ends with TIRs comprised of complex repetitive motifs
and potentially a protein component, which attaches to its
5’ termini [58].
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The Epstein—Barr virus (EBV) carries a dSDNA genome
that terminates with direct tandem repeats [60]. It seems
that, in this case, the left terminus is blunt ended, while
the right terminus has a 3’ extension consisting of a sin-
gle base [61]. However, since the viral genome circular-
izes after entry into the host cell, the direct terminal repeats
are deemed important for the circularization itself. This is
thought to allow for packing of the virion DNA and occa-
sional integration into the host DNA rather than for protect-
ing the ends of the linear DNA molecule [61-63]. This also
appears to be true for the human herpes virus 6 (HHV-6) as
both sides of the linear HHV-6 genome terminate in iden-
tical direct repeats containing a TTAGGG sequence motif
corresponding to the human telomeric repeat unit [64, 65].
Since the TTAGGG repeat array is several hundred nucleo-
tides away from the actual terminus, it is unlikely that the
virus uses the host telomerase to fully replicate its extra-
chromosomal genome [66]. In addition, it has been shown
that the human telomere repeat array is not needed for
the stable nuclear retention of the non-integrated HHV-6
genome [67]. The TTAGGG repeat array is rather impor-
tant for the integration of the viral DNA into the host telo-
meric region during latency [68]. Furthermore, Arbuckle
and Medveczky [69] hypothesize that the shelterin compo-
nents TRF1/TRF2 may bind to the TTAGGG repeat array
and help to mediate the integration of HHV-6 into the host
telomere. Through the integration of HHV-6 into the host
genome, the viral DNA can be efficiently maintained and
mobilized after dormancy [70]. The integration into the
host telomere also protects the viral genome from nucle-
ases and the DNA repair machinery.

Canonical TTAGG telomeres

Since the discovery of TTGGGG repeats at chromosome
ends in the ciliated protozoan Tetrahymena thermophila
[71], the presence of G-rich sequences at telomeres has
indicated a common sequence theme at chromosome ends
over most eukaryotic organisms. Ten years after this discov-
ery, the human telomeric sequence was cloned and found
to comprise a very similar sequence of TTAGGG repeats
[72]. Variations on the TTAGG telomeric sequence motive
are found in many model species across the entire eukar-
yotic phylogenetic tree including mouse [73], zebrafish
[74], Caenorhabditis elegans [75], fission and budding
yeast [76-78], Arabidopsis thaliana [79], and C. rein-
hardtii [80] (for extensive list see http://telomerase.asu.edu/
sequences.html). Due to their sheer abundance in the natu-
ral world, TTAGG-type sequences are therefore consid-
ered to represent canonical telomeres. While this telomere
sequence is highly conserved, the length of the telomeric
array is known to vary dramatically throughout nature;

telomeres in budding yeast tend to average ~350 bp [81],
whereas telomeres from higher eukaryotes can range from
2—15 kb in humans [82] to 150 kb in tobacco [83].

Telomere attrition by the end replication problem is, in
the majority of eukaryotes, solved by telomerase, a reverse
transcriptase that mediates de novo synthesis of telom-
eric DNA. First discovered in Tetrahymena [84], telomer-
ase utilizes an internal RNA subunit (TER) as a template
for elongation of telomeres by the catalytic reverse tran-
scriptase (TERT) (reviewed in [85]). Recruitment of telom-
erase to telomere ends, however, needs to be maintained in
a controlled manner to coordinate telomere synthesis with
genome replication. For detailed discussion on telomere
replication by telomerase, we refer to numerous reviews
that extensively cover this topic [85-87]. In the following
section, we will focus mainly on describing mechanisms
employed for protecting canonical telomeres. We maintain
a particular emphasis on the structural features of telomeric
DNA and how they predetermine chromosome end protec-
tion mechanisms.

T-Loops

Eukaryotic chromosomes usually terminate with 3’ single-
stranded DNA protrusions known as G-overhangs, which
are formed by removal of the final RNA primer during
DNA synthesis of the lagging strand. G-overhangs are
believed to play a fundamental function in telomere pro-
tection through sequestering the exposed DNA end in the
form of a T-loop. This blocks accessibility of DNA repair
proteins, exonucleases, and the actions of telomerase at
chromosome termini (Fig. 2a). T-loops have been observed
by electron microscopy in a number of organisms including
human, chicken, mouse, and pea [52, 88, 89]. The T-loop
structure, however, has to exist in a dynamic state and
must be constantly disbanded and re-established through
numerous cell divisions and rounds of replication. RTEL1
was recently found to be essential for the disassembly of
T-loops during DNA replication [90], therefore formation
of a new T-loop must begin after replication in the late
S-G2 phase of the cell cycle. It is known that DNA repair
proteins play an essential role in recognition of newly rep-
licated telomeres and the establishment of a new telomere
structure [91-93].

The nature of utilizing DNA repair proteins to establish
protective caps at chromosome ends seems paradoxical given
their main function in end joining and recombination, pro-
cesses that need to be inhibited at natural chromosome ends.
Key players in these responses include the MRN (Mrell/
Rad50/Nbs1) complex, which is essential for the recognition
of DNA breaks and is required for activation of DNA repair
processes via key signaling intermediates ATM and ATR
(reviewed in [94]). The MRN complex was initially found
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Fig. 2 Canonical telomeres exhibiting TTAGG-like sequences. The
shelterin complex is responsible for sequestration of the G-overhang
into duplex double-stranded telomeric DNA (a). Once hidden, the
G-overhang is no longer susceptible to DNA repair processes or the
actions of telomerase. A similar complex is also found in fission yeast
with the conserved functions of Potl (b). Budding yeast telomeres are

to co-localize with telomeres during S phase [93]. Analysis
of the dynamics of Mrell and Nbs1 at telomeres during the
cell cycle also showed a distinct peak at early G2 phase [92].
The MRN complex was also shown to play an essential role
in the processing and formation of G-overhangs in yeast and
human cells [91, 95]. This suggests telomeres are recognized
as unrepaired DNA ends directly after replication and are
processed by the MRN complex to form an appropriate plat-
form for T-loop formation.

T-loop formation and stabilization is to a large extent
facilitated by the Shelterin complex. Shelterin is the major
telomere-associated complex in mammals that consists of
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six proteins: TRF1 and TRF2, POT1, TIN2, TPP1, and the
human homolog of yeast telomeric protein RAP1 (Fig. 2a).
TRF1 and TRF2 both interact directly with double-stranded
telomeric repeats via a C-terminal Myb/SANT-type domain
[96-98]. Potl interacts with the single-stranded overhang
via two oligosaccharide/oligonucleotide binding (OB) folds
[99]. Connection between the DNA-interacting proteins is
facilitated by TIN2, which stabilizes TRF1 and TRF2 on
duplex telomeric DNA [100]; TPP1 is then responsible for
an interaction between TIN2 and Potl [100-102]. Rapl is
known to interact directly with TRF2 although its function
is not telomere-specific [103].
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The DNA remodeling properties of TRF2 are able to
mediate the formation of T-loop structures at chromo-
some ends. Incubation of recombinant TRF2 with a short
telomeric fragment in vitro (also processed with a 5’ exo-
nuclease to generate a 150-200 nt 3’ overhang) showed
TRF2 was able to form lasso-like structures at terminal
ends [52]. TRF2 was also found to localize to T-loop junc-
tions, indicating a role in stabilizing the T-loop structure
[104, 105]. Characterization of the basic domain of TRF2
has shown specific binding to four-way DNA junctions in
vitro, although this binding was not telomere sequence-
specific [106]. TRF1 has also shown to display DNA bend-
ing properties [107], although it was not shown to influence
telomere loop formation in the same manner as TRF2 [52].
Proteins responsible for repair of DNA via homologous
recombination (HR) were found to play a role in mediating
the invasion of the single-stranded overhang into duplex
telomeric DNA [108]. An in vitro assay to monitor incorpo-
ration of a labeled telomeric fragment exhibiting a 3’ over-
hang into a plasmid containing telomeric repeats showed
RADS51 and RADS52 were essential for strand invasion.

The current model for T-loop formation therefore sug-
gests that telomeres are recognized by DNA repair machin-
ery immediately after DNA replication and are also accessi-
ble to DNA modification [92]. Exonucleases such as Mrel 1l
are then able to play a part in processing the C-rich strand
to generate sufficient 3’ overhangs at telomeres; shelterin
then associates to initiate DNA looping, and finally HR
proteins RAD51 and RAD52 mediate invasion of the sin-
gle-stand overhang completing T-loop formation.

G-overhang: protection by OB fold proteins

Telomeres in some organisms such as Saccharomyces cer-
evisiae and Schizosaccharomyces pombe apparently do
not form T-loops. This is either due to their short length
(minichromosomes in ciliates), or to irregular telomeric
sequences that may impede efficient homology-driven inva-
sion of the G-overhang into the duplex telomere (S. cerevi-
siae and S. pombe). Chromosome end protection in these
organisms is largely mediated by proteins that tightly bind
to G-overhangs using the OB fold [109]. The archetype for
OB-fold protein-mediated telomere protection is the heter-
odimeric telomere end-binding complex (TEBP) from the
ciliate Oxytricha nova. TEBP consists of a and f subunits
and is known to bind to the two repeats of a single-stranded
TTTTGGGG sequence that forms G-overhangs on macro-
nuclear minichromosomes [110]. The crystal structure of
OnTEBP in association with ssDNA revealed that 3’ end
of G-overhang is buried within the complex establishing a
physical basis for chromosome end protection [111].

A protein related to TEBPa has been identified by
homology searches in S. pombe. This protein binds ss

telomeric DNA and was named protection of telom-
eres 1 (Potl), as its inactivation in fission yeast leads to
rapid telomere degradation and chromosome end-to-end
fusions (Fig. 2b) [112]. Potl is an evolutionary conserved
subunit of the shelterin complex and its deletion in verte-
brates elicits acute DNA damage responses at telomeres
[113-115]. It has been suggested that Potl outcompetes
RPA, the major eukaryotic ss DNA binding complex that
acts as the mediator of DNA damage activation for bind-
ing to telomeric ssSDNA during telomere processing and
replication [116].

Telomere integrity in budding yeast relies on yet
another set of OB-fold proteins that form the heterotrim-
eric Cdc13/Stnl/Tenl (CST) complex (Fig. 2c). Although
Cdcl13 specifically binds to yeast ss telomeric DNA
through its OB fold, it is not related to TEBP/Potl. It has
been proposed that CST rather represents a telomere-spe-
cific RPA-like particle [109, 117]. The CST complex is
essential in yeast and its function impacts several aspects
of telomere maintenance. On one hand, Cdcl13 is central
for telomere replication as it interacts with the telomerase
subunit Estl and the catalytic subunit of polymerase a,
and hence promotes elongation of 3’ chromosome end by
telomerase and synthesis of the complementary DNA by
lagging strand mechanism [118]. On the other hand, CST
mediates telomere protection from nucleolytic degrada-
tion and DNA damage checkpoint activation [119, 120].
A complex analogous to the yeast CST has recently been
discovered in plants and mammals, although its function in
telomere protection appears to be less critical than in yeast
[121-123]. Although telomere function is impaired in
Arabidopsis stnl/ctcl null mutants, plants are still viable
and fertile [122, 123]. A series of recent studies performed
in human and mouse cell lines indicate that mammalian
CST may be primarily involved in facilitating replication
of telomeres and not directly in chromosome end protec-
tion [124-126].

C-overhangs

Although chromosomes in most eukaryotes terminate with
3’ G-overhangs, telomeres containing ss 5’ C-rich over-
hangs were described to co-exist with G-overhang contain-
ing telomeres in C. elegans [127]. Two OB fold proteins,
CeOB1 and CeOB2, were described to bind specifically
to each overhang (Fig. 2d). CeOB1 binds to the G-over-
hang and its deletion causes elongation of telomeres and
extension of G-overhangs. CeOB2 binds C-overhangs
and its deficiency leads to telomere length heterogeneity
and increased telomeric recombination [127, 128]. This
data indicates that these proteins are involved in telomere
protection. It has been suggested that 5’ C-overhangs are
capable of forming T-loops. CeOB proteins may therefore
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protect chromosome termini either via direct sequestering
of ss telomeric DNA, or through promoting T-loop forma-
tion and stability. A low abundance of C-overhangs has also
been detected in human and mouse differentially termi-
nated or G1/S arrested cells. Furthermore, they were found
to be more prevalent in tumor cells exhibiting alternative
telomere lengthening [129]. In such cells, C-overhangs
may be products of T-loop resolution events that lead to
rapid telomere deletions [130].

Blunt ends: role of the Ku complex

Sequestering G-overhangs into the T-loop structure pro-
vides an ideal way to hide exposed chromosome ends.
G-overhangs, however, arise after processing of the last
Okazaki fragment only on telomeres replicated by the lag-
ging strand mechanism; telomeres synthesized by the lead-
ing strand mechanism are expected to be fully replicated
producing a blunt DNA end. Despite this, G-overhangs
have been detected at both leading and lagging strands in
yeast and mammals [131, 132]. In mammalian cells, tel-
omeres replicated by the leading strand mechanism are
known to be processed by exonucleases in order to gener-
ate a new G-overhang capable of forming a T-loop. Apollo
was the first 5’ exonuclease suggested to play such a role at
telomeres due to interaction and co-localization with TRF2
[133]. The role of Apollo specifically at leading end telom-
eres was confirmed through examination of G-overhang
abundance in mouse embryo fibroblasts with a conditional
knockout of Apollo, which leads to a 3040 % decrease in
frequency [134]. However, Apollo is not the only player in
this process and more recently it was found that POT1b,
CST, and the 5’ exonuclease Exol also contribute to resec-
tion of the C-rich strand [135]. The model proposed by
Wu et al. [135] suggests that TRF2 is responsible for
recruitment of Apollo to leading end telomeres to perform
5’ resection shortly after replication. After resection, Potlb
associates with the single-stranded overhang, inhibiting
extensive resection by Apollo. Exol can also transiently
resect 5’ ends after Potlb is recruited on both leading and
lagging telomeres, the CST complex is then thought to con-
trol the correction of over-resected telomeres through an
interaction with Pot1b.

Plant telomeres are also known to contain G-overhangs
and are capable of forming T-loops [88, 136]. Interest-
ingly, processing of leading strand telomeres does not
seem to occur in angiosperm plants. G-overhangs were
detected only on ~50 % of telomeres in Silene latifolia
and A. thaliana, suggesting that the remaining telomeres
are blunt-ended [136]. Recently, the presence of telom-
eric blunt ends was confirmed in A. thaliana, S. latifolia,
and maize [137]. This provides evidence that telomere
end protection may also be carried out in the absence of
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G-overhangs, an idea far removed from traditional telom-
eric structures. Interestingly, the integrity of the blunt ends
requires presence of the Ku heterodimer, a complex that
is normally involved in the activation of non-homologous
end joining DNA repair (Fig. 2e). This ambiguity leads us
to question why a protein complex usually involved in the
initial steps of NHEJ-mediated DNA repair acts in protec-
tion of chromosome ends. One theory is that Ku associ-
ates with exposed blunt ends by default, but is restricted in
activating DNA repair specifically at telomeres, potentially
via telomere binding proteins. Mechanisms, by which Ku
can isolate blunt ends from resection, and how blunt ends
are protected from DNA damage responses, are currently
unknown.

Noncanonical nuclear telomeres in eukaryotes
Retrotransposons/terminin

The discovery of telomeres in Drosophila by Muller [138]
first highlighted the presence of protective caps at natural
chromosome ends to distinguish them from X-ray-induced
DNA breaks. However, in contrast to canonical TTAGG-
like telomeres, Drosophila telomeres differ considerably in
both their structure and maintenance processes. One strik-
ing difference is that Drosophila telomeric DNA does not
contain canonical TTAGG-like repeats, but instead con-
sists of tandem arrangements of three non-LTR (long ter-
minal repeat) retrotransposons dubbed HeT-A, TART, and
TAHRE [139-142]. HeT-A is the most abundant of this
group and contains a single open reading frame (ORF)
that encodes for a GAG-like protein [143—145]. TART and
TAHRE also contain a GAG-like ORF along with a region
encoding a reverse transcriptase (RT) (Fig. 3a).

In addition to lacking TTAGG-type telomeric sequences,
telomerase activity is also absent from Drosophila [146].
Telomeric DNA is maintained at a long length in com-
parison to human telomeres, bringing about the question
of how Drosophila counteracts the end replication prob-
lem. Drosophila instead relies on transposition of telom-
eric retrotransposons to chromosome ends in order to target
attrition of telomeric DNA [147, 148]. This mechanism is
thought to have arisen from a recent evolutionary loss of
telomerase providing a new means of telomere mainte-
nance and protection [149].

Telomere maintenance in Drosophila

At canonical telomeres, telomerase functions in the de
novo elongation of telomeric DNA. The model for chro-
mosome elongation in Drosophila is, however, depend-
ent on the transcription and transposition of telomeric
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Fig. 3 Telomeric retrotransposons in Drosophila melanogaster. Telo-
meric DNA from D. melanogaster comprises tandem repeats of ret-
rotransposons HeT-A, TAHRE, and TART (a). Telomeric retrotrans-
posons are capped by the terminin complex (b, figure adapted from
Raffa et al. [159]). Telomeric retrotransposition results in telomere

retrotransposons within the telomere to the chromosome
terminus. Initial transcription of HeT-A and TAHRE is not
initiated within the 5’ region, but is instead initiated from
the 3’ UTR of the upstream element [150]. There are also
several promoters for TART that function on both strands
[151]. In the current model, as illustrated in Fig. 3c, tran-
scripts are exported to the cytoplasm where GAG-like and
RT proteins are translated. GAG proteins then bind to these
transcripts to facilitate re-entry into the nucleus where they
are directed to chromosome ends [143—-145]. Transcripts
then localize with the terminal chromosome end; this is
possibly mediated by an interaction between GAG and cap-
ping proteins [152]. The poly(A) tail of the Het-A element
is then thought to associate with the chromosome terminus
where it is used as a template for reverse transcription. This
creates a DNA overhang at the telomere in a similar way
as described for telomerase [153]. Synthesis of the second

elongation (c). Transcripts are exported from the nucleus where GAG
and RT proteins are translated. These proteins are then responsible for
localization of transcripts to chromosome termini where they contrib-
ute to telomere elongation

strand completes the addition of a new retrotransposon
to the telomere end. Addition of a single retrotransposon
would presumably lead to substantial elongation of the tel-
omere as telomeric retrotransposons range in size from 6
to 13 kb [152]. This suggests telomeric retrotransposition
is a relatively rare event, otherwise massive overextension
would occur.

Telomere capping in Drosophila

One surprising factor of chromosome end protection in
Drosophila is that telomeric retrotransposons are not
required for recruitment of capping factors. In TTAGG-like
telomeres, sequence-specific binding of telomere binding
proteins facilitates the protective capping of chromosome
ends. This does not appear to be the case in Drosophila
where studies have shown that loss of HTT repeats does
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not affect viability for a few generations [154, 155]. Stocks
containing terminal telomere deletions still continued to
show evidence of protected ends which were also trans-
mitted to future generations [156, 157]. In fact, population
studies have similarly shown a loss of telomeric DNA in
natural populations [158]. Eventually, it was discovered
that a capping complex known as terminin protects chro-
mosome ends in Drosophila in a sequence-independent
manner (for extensive review see [159]).

Terminin consists of the core telomere binding and
associated proteins HP1, HOAP, HipHop, Modigliani, and
Verrocchio [160-164] (Fig. 3b). Heterochromatin Protein
1 (HP1) was initially identified due to its localization to
heterochromatin, although enrichment of HP1 was found
to occur at telomeres [161]. HOAP was then found to be
the first DNA binding component of the terminin complex
essential for chromosome end protection. HOAP associates
with HP1 to form the core capping complex [160, 165].
HipHop was later identified through affinity co-immunopu-
rification with HOAP protein and was found to interact
with both HP1 and HOAP [162]. Moi and Ver are recruited
to telomeres through an interaction with HOAP and form
a stable component of the terminin complex [163, 164,
166]. HOAP, HipHop, and HP1 have the ability to bind to
the ends of terminally deleted chromosomes demonstrating
sequence-unspecific protection [160-162, 167]. Together,
these proteins form a complex reminiscent of that of the
shelterin complex found in mammalian telomeres contain-
ing TTAGG repeats.

Additional proteins are known to associate with Dros-
ophila telomeres, although they seem to play a more gen-
eral role in genome maintenance. The first identified protein
thought to be involved in telomere protection in Drosoph-
ila was UbcD1, an E2 ubiquitin ligase [168]. Mutants of
UbcD1 were shown to display telomeric fusions. UbcD1
was therefore suggested to be involved in the ubiquitination
of telomeric proteins; telomeric targets of UbcD1 ubiquit-
ination still remain to be identified. HP1 is also not consid-
ered as solid member of terminin as it displays functions
outside of telomere maintenance. Mutations in the without
children (woc) gene, thought to encode for a putative tran-
scription factor, also result in telomeric fusions [169]. Woc
was found to localize to many euchromatic sites within the
genome as well as telomeric DNA. However, Woc func-
tions independently of HP1-HOAP and is not important for
HP1 and HOAP localization to telomeres. Therefore, due to
colocalization and association with Pol II, it was proposed
that Woc acts as a transcription factor closely involved with
Pol II-dependent transcription. The role of Woc at telom-
eres, however, is not understood. It was suggested that Woc
could control transcription of telomere binding proteins or
play a direct role in contributing to the structure of telom-
eric DNA.
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Functions of DNA repair proteins in establishing the
terminin complex

As shown from other studies, the actions of DNA repair
proteins in late G2 phase of the cell cycle is important to
establish functional telomere cap [91-93]. This also holds
true in Drosophila where components of the MRN complex
are important for recruitment of telomere capping factors.
Mutants defective in components of the MRN complex
have exhibited extensive chromosomal fusions, mitotic
bridges, and reduced association of HP1 and HOAP at
chromosome ends [170-174]. Single ATM knockouts (but
not ATR single mutants) have also shown extensive end-
to-end fusions, but recruitment of HOAP/HP1 and overall
abundance of HeT-A repeats was unaffected [171]. In a
similar study, ATM mutants were found to display reduced
HP1 localization to telomeres [174]. Analysis of single and
double ATM/ATR mutants, however, revealed functional
redundancy between ATM and ATR [170]. While single
ATM and ATR mutations have almost no effect on HOAP
localization to telomeres, HOAP is completely absent
at telomeres in double mutants. Because of the lack of a
telomere-related phenotype in ATR single mutants, and
a strong fusion phenotype in ATM single knockouts, it is
thought ATM plays a primary role in recruitment of tel-
omere capping factors and ATR only complements ATM
activity when necessary.

Silkworm TTAGG-type telomeres are interspersed
with retrotransposons TRAS1 and SART1

Silkworm telomeres were originally found to exhibit
canonical TTAGG-type telomeres. Telomere restriction
fragment analysis (TRF) confirmed that extreme ends con-
tain approximately 6-8 kb of TTAGG, sequences; in situ
hybridization also showed localization of TTAGG,s probes
to chromosome ends [175]. During this study, analysis of
the telomeric sequence indicated presence of a poly(A)
tract; this was eventually shown to comprise the non-LTR
retrotransposon TRAS1. TRAS1 was later found to be
interspersed within silkworm TTAGG telomeric sequences
[176]. Another family of non-LTR retrotransposons,
SART1, was also found to integrate into TTAGG although
in the opposite orientation to TRAS1 [177].

In Drosophila, retrotransposons contribute to telomere
length elongation through transposition to chromosome
ends. Although these elements are also found within silk-
worm telomeres, they are not similarly transported to chro-
mosome ends, but instead insert between specific nucleo-
tides of the TTAGG repeats. Retrotransposons that insert
into specific sequences contain self-encoded endonucle-
ase domains to create a nick in target sequences; isolation
and characterization of the TRAS-EN domain showed an
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ability to specifically nick TTAGG sites between A and T,
and also CCTAA sites between T and C [178]. This raises
the question of how TTAGG repeats contribute to telomere
maintenance in a retrotransposon-based system when the
telomere structure is so different to that of Drosophila.
As was already described, telomeric DNA in canonical
TTAGG telomeres is elongated by the actions of telomer-
ase. Telomerase is also present within silkworm, although it
has very low activity [179]. It could be that retrotransposi-
tion is compensating for low telomerase activity at the tel-
omere [180]. As for components of a capping complex, no
proteins have yet been found to control capping activities in
silkworm. Silkworm telomeres possess TTAGG sequences
at extreme ends; it is therefore unlikely that terminin-like
components, which bind in a sequence-unspecific man-
ner, would be involved in chromosome capping. It is per-
haps more likely that sequence-specific capping complexes
similar to the mammalian shelterin or yeast CST complex
would instead protect exposed chromosome ends.

Satellite sequences

Recombination-dependent telomere maintenance in the
absence of telomerase was suggested to occur in some
lower Diptera species (such as Chironomus and Anopheles)
and plants (Allium and a subset of Solanaceae species). Chi-
ronomus contain telomere-associated DNA tandem repeats
that are 170-350 bp long and are likely maintained by gene
conversion [181]. In Anopheles gambiae, gene conversion
between complex terminal satellite repeats present at nat-
ural telomeres seem to play a major role in the telomere
elongation mechanism [182-184]. Alliaceae and some
related liliaceous species have at the very ends of chromo-
somes, a repetitive satellite and/or rDNA sequences [185].
The Cestrum subgroup of Solanaceae species has also been
shown to exhibit satellite sequences at telomeres; this does
not include the model plants Nicotiana and Solanum, which
have been shown to exhibit Arabidopsis TTTAGGG-type
telomeres [186, 187]. It has been suggested that satellite
sequences were adopted after the loss of TTTAGGG-type
telomeres within the Cestrum subgroup. Ancestral telomere
binding proteins were found in Cestrum species that dis-
played the ability to bind Arabidopsis-type telomeres. The
presence of these proteins could represent a remnant of pre-
vious canonical telomeres in these species [188].

Evolution of telomeres

Evolution of linear genomes in mitochondria and bacteria

The origin of the linear genome in mitochondria and bac-
teria has not yet been fully uncovered. However, it seems

unlikely in both cases that linear and circular genomes
have developed independently. In the case of mitochondria,
there are several indications that circular and linear DNA
originated from a common ancestor harboring a circular
genome. Fukuhara et al. [189] demonstrated that related
species of the yeast genera Pichia and Williopsis can have
either linear or circular mt DNA and that both forms har-
bor a similar set of genes. Moreover, Kosa et al. [190] dis-
covered that two isogenic strains of Candida metapsilosis
differ in the nature of their mt genome: PL448 (circular-
mapping genome) and MCO448 (linear genome). Further
analysis revealed that PL448 is missing telomeric regions
and may be derived from MCO448 through intramolecular
end-to-end fusions, which lead to the circularization of the
former linear genome [190]. In addition to this, a compara-
tive analysis of yeast mitochondrial genomes revealed that
species with linear mt genomes are randomly distributed on
the phylogenetic tree, making an independent evolution of
circular and linear mt DNA unlikely [5]. The same seems
to be true for linear replicon in bacteria [35, 46].

Linear genomes in mitochondria as well as in bacteria
may have been created through accidental linearization of
the ancestral circular DNA followed by the establishment
of telomeric structures. Another possibility is that invasion
of mobile genetic elements caused the linearization of bac-
terial and mitochondrial circular genomes. It seems that the
latter hypothesis is more widely accepted in either case. It
has been proposed that linear chromosomes in Actinomy-
cetales and Agrobacterium originated from recombina-
tion events between linear plasmids and the ancestral cir-
cular genome [6, 33, 42, 191]. Such recombination events
could give rise to linear chromosomes that terminate with
the plasmid telomeric sequences and that use the plasmid-
encoded proteins for their replication [42].

In the case of Borrelia linear chromosomes, a bacterio-
phage origin is discussed. The borrelian enzyme telomere
resolvase/protelomerase, which is essential for telomere
resolution, may be derived from an altered phage recom-
binase that was transferred to the bacterium. The presence
of such an enzyme could have induced the linearization of
the bacterial genome and the stabilization of terminal hair-
pins [34, 35]. Nosek and Tomaska [20, 192] propose that
mitochondrial linear genomes are derived from resolution
events taking place after transposons or plasmids have
invaded the circular mt DNA. Support for this theory came
from studies showing that mitochondrial plasmids can
coexist with the major mt genome in several species [193—
195]. Schardl et al. [193] demonstrated in cytoplasmatic
male sterile mutants of maize that the linear mt plasmids
S1 and S2 can invade the circular mt genome. This leads
to the generation of several linear molecules ending with
the plasmid termini and capped by the same terminal pro-
teins (TP) [193]. In addition to this, it has been shown that
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mitochondria of the ciliate Oxytricha trifallax contain two
linear molecules: a ~70-kb chromosome and a ~5-kb lin-
ear plasmid (mO plasmid). The 3’ end of the mO plasmid
contains the same telomeric sequences as the mitochondrial
chromosome. It is likely that the mO plasmid invaded the
mt chromosome at least once since a 251-bp region on the
plasmid shows 82 % identity to the major mt genome [194].
Swart et al. [194] suggested that plasmids like the mO plas-
mid might be used as vehicles to transfer telomeric regions
between mitochondria of different species. The horizontal
transfer of telomeric sequences via plasmids could explain
the presence of similar telomere structures in mitochondria
of unrelated species. In fact, horizontal transfer of linear mt
plasmids has been shown between unrelated fungi [196].
Moreover, it was even suggested that linear plasmids found
in the mitochondria of plants might be derived from phy-
topathogenic fungi [197]. However, direct evidence for the
transfer of linear mt plasmids between plants and fungi are
still missing.

A horizontal transfer of telomeric sequences between
organisms could also explain the presence of similar telo-
meric structures in viruses and bacteria. Such a scenario
has been proposed for hairpin telomeres found at linear
DNA molecules of phages and bacteria [16]. Interestingly,
protelomerase-like proteins have also been found in viruses
capable of infecting eukaryotic brown algae and microal-
gae [198-200]. Alternatively, similar telomeric structures
could have evolved independently in viruses, bacteria, and
mitochondria, as a response to the same evolutionary con-
straint. It seems that convergent evolution is more likely in
case of TP-capped telomeres found in Actinomycetales and
Agrobacterium [16, 201, 202].

Retrotransposons vs. canonical telomeres in evolution

The formation of T-loop structures at chromosome ends
is thought to have arisen early in the evolution of linear
genomes. One model proposed by de Lange [203] suggests
that freshly linearized circular genomes containing a lim-
ited number of repeat sequences formed T-loops through
the  prokaryotic  recombination-dependent-replication
(RDR) pathway. Formation of this structure would have
permitted protection from resection and DNA repair activi-
ties. Nosek et al. [204] suggests that short repeat sequences
generated at newly acquired linear chromosomes would
not be sufficient to generate the T-loop structure and that
longer sequences would be required. Therefore, telomere
evolution was proposed to result from insertion of a self-
ish element into likely circular genomes, which drove the
linearization of chromosomes, this selfish repeat sequence
was subsequently amplified by rolling circle amplifica-
tion that produced elongated telomeres capable of forming
T-loops. The evolution of telomerase was then suggested
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to occur later, likely from reverse transcriptases that deal
with non-LTR retrotransposons [203]. Still, the presence
of a telomerase-based system of telomere elongation has
been proposed to represent an ancient means of counterbal-
ancing the end protection problem [149]. The presence of
telomerase has also been traced back to Giardia lamblia,
an early eukaryote that was found to contain a homologous
telomerase sequence [205]. Despite this, it could be pos-
sible that other methods to counteract the end replication
problem existed before the advent of telomerase, such as
the retrotransposon-dependent telomere elongation system.
While most insects have maintained a telomerase/TTAGG-
based system, some Diptera species seem to have lost it as
exemplified by Drosophila [149]; the same also appears
to have occurred in some plant species that have adopted
minisatellite repeat sequences at chromosome ends [206].
It could be therefore that losing telomerase could allow
an organism to revert back to its previous state before the
existence of telomerase, or that retrotransposons simply
took over when telomerase was lost in evolution.

Evidence that telomerase predates telomeric retrotrans-
posons is strong; for example, loss of canonical telomeres
due to the inactivation of telomerase in S. pombe can be res-
cued by the amplification of blocks of rDNA or subtelom-
eric heterochromatin (HAATTI survivors) [207]. Progressive
loss of DNA from chromosomal termini is counterbalanced
by continual addition and rearrangement of heterochro-
matic sequences. DNA end protection is carried out by the
canonical end-protection protein Potl, which is recruited
to non-telomeric heterochromatin by Ccql and possibly by
the presence of a 3’ overhang. This approach is thought to
mirror that of Drosophila, which uses similar mechanisms
to mediate de novo addition of retrotransposons to chromo-
some ends. In addition, studies from silkworm show that
retrotransposons TRAS1 and SART insert into TTAGG-
like sequences, suggesting the presence of a dual mecha-
nism for telomere length elongation. Telomerase is present
in Silkworm, although its expression is reduced [180]. It is
possible that retrotransposition has arisen to complement
the low telomerase activity exhibited in Silkworm allow-
ing both pathways coexist in this organism. This may also
represent a turning point in the choice between a telomer-
ase versus retrotransposition-based system. The difference
is, however, that retrotransposons in Silkworm are inserted
into internal telomere sequences and are not transposed to
terminal ends. Together, both studies suggest telomerase
was lost in recent evolution in Drosophila, which in turn
adopted retrotransposition to instead maintain DNA to cap
chromosome ends.

It can be argued that studies in budding yeast also sup-
port this theory; it was previously shown that deletion of
the Estl component of telomerase in S. cerevisiae results
in the survival of a subset of cells with altered telomere
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structure. These survivors can be split into two categories
with distinct telomeric structures; type 1 survivors show
amplification of the subtelomeric Y’ element whereas oth-
ers represent telomere—telomere recombination products
[208-210]. In the case of type 1 survivors, transcription
of Y/ elements was initially found to occur in the absence
of telomerase, the possibility of a retrotransposition-based
system, however, seemed unlikely as Y’ elements lack
ORFs encoding for GAG and RT proteins [211]. Mobility
of Y’ elements was later found to occur in the absence of
a functional telomerase and cDNA synthesis of transcribed
Y’ elements was found to be dependent on Tyl retrotrans-
poson activity [212]. Ty1 retrotransposition was previously
found to be induced at shortened telomeres [213]. The
model proposed by Maxwell et al. [212] therefore suggests
that Y’ elements are transcribed and converted to cDNA by
the Tyl retrotransposon machinery, which is incorporated
into the genome via recombination. The presence of the Y’
element within the subtelomeric regions of budding yeast
could represent an ancient element with the ability to mobi-
lize, which has been made redundant through development
of telomerase.

It is also interesting to note that the most abundant ret-
rotransposon present at Drosophila telomeres, Het-A, lacks
a reverse transcriptase ORF. In the model proposed for tel-
omere elongation in Drosophila, telomeric retrotransposons
are mobilized to chromosome ends via the actions of inter-
nal RT and GAG proteins. It is, however, puzzling why the
most abundant retrotransposon does this without an internal
RT OREF. It is possible that HeT-A uses RT activity from
the two other known retrotransposons that collect at telom-
eres, their abundance is, however, much lower than HeT-A.
Another possibility is that HeT-A utilizes a different RT in
order to amplify itself at terminal ends. This mechanism is,
in essence, a similar technique to that employed by telom-
erase using an RNA template to add telomeric sequences
to chromosome ends [153]. Telomerase uses the TER
template to extend the G-overhang, conventional DNA
synthesis machinery then fills in the C-strand to complete
elongation of the telomere. In the case of Drosophila, the
retrotransposon would presumably also operate as a tem-
plate for addition to the G-overhang in S-G2 phase directly
after completion of DNA synthesis [153]. The use of an
independent RT for this purpose is so far not described in
Drosophila.

Conclusions

Comparison of telomeric structures over many organisms
ranging from bacteria to higher eukaryotes provides an
interesting overview on the variation of chromosome cap-
ping mechanisms over a number of species. This can range

from simple capping components displayed in viruses
including hairpins and single telomere binding proteins
to higher nucleoprotein structures such as the T-loop. It
appears that chromosome linearity has evolved indepen-
dently from circular precursors in bacteria and mitochon-
drial genomes resulting in several distinct mechanisms of
chromosome end protection and replication. Canonical
(G-rich) telomeres represent the most common form in
eukaryotic nuclear genomes, suggesting that this solution
to the chromosome end-protection problem co-evolved
together with telomerase from the last common eukary-
otic ancestor. This is reflected in the high evolutionary
conservation of the telomere protein components as most
eukaryotes use a very similar set of telomere-binding pro-
teins, which feature OB-folds and SANT/Myb motifs.
There is, however, remarkable flexibility in the exact uti-
lization of these proteins to achieve chromosome end pro-
tection across species. This is most obvious in budding
yeast where the function of the classical shelterin-like
complex was substituted by Rapl/CST proteins. Another
example is the absence of G-overhangs on a subset of tel-
omeres in angiosperm plants indicating existence of a cap-
ping mechanism that is not based on T-loop formation or
ssDNA-binding proteins. Yet other alternative pathways
have developed when telomerase is lost through evolution.
Transposition or mobility of elements to chromosome ends
appears to take over when this occurs as shown from stud-
ies in Drosophila, yeast, plants, and lower Diptera species.
It is unknown whether this results from “rolling back the
clock” to a previous state before the presence of telomer-
ase or simply as a consequence of an emergency recovery
system when telomerase is somehow rendered non-func-
tional. Regardless of different structural features, telomere
biogenesis and maintenance in all organisms has been
intimately tied to mechanisms involved in DSB repair and
recognition. In conclusion, comparative analysis of tel-
omere capping structures in different organisms provides
insights into the evolution of end-protection mechanisms
that exclude DNA repair processes from natural chromo-
some ends.
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