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Abstract

It is widely appreciated that the ends of linear DNA molecules cannot be fully replicated by the
conventional replication apparatus. Less well known is that semi-conservative replication of
telomeric DNA also presents problems for DNA replication. These problems likely arise from the
atypical chromatin structure of telomeres, the GC-richness of telomeric DNA that makes it prone
to forming DNA secondary structures, and from RNA-DNA hybrids, formed by transcripts of one
or both DNA strands. Given the different aspects of telomeres that complicate their replication, it
is not surprising that multiple DNA helicases promote replication of telomeric DNA. This review
focuses on one such class of DNA helicases, the Pifl family of 5'=3" DNA helicases. In budding
and fission yeasts, Pifl family helicases impact both telomerase-mediated and semi-conservative
replication of telomeric DNA as well as recombination-mediated telomere lengthening.
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DNA helicases use the energy of NTP hydrolysis to do work on DNA. Their best known
function is to separate the two strands of the double helix so they can serve as templates for
replication, transcription, or strand exchange, but they also disrupt base pairing of other
substrates, such as R-loops or G-quadruplex DNA. In addition, DNA helicases can
translocate along a single DNA strand and/or push or even displace proteins or protein
complexes from DNA. Owing to these diverse activities, DNA helicases play critical roles in
all aspects of DNA metabolism. Here we focus on the role of DNA helicases in replication
of telomeric DNA, where their ability to disrupt a variety of structures is put to use.

In eukaryotes and archaea, the replicative DNA helicase is the hexameric MCM (/mini-
chromosome /maintenance) complex, a 3'=5" DNA helicase that functions in both the
initiation and elongation of DNA replication. Although the MCM helicase suffices for the
unwinding of most of the genome, accessory DNA helicases are needed to help the fork
move past hard-to-replicate sites (reviewed in Refs. [1-3]). Some hard-to replicate sites,
such as thymidine dimers, are generated by exogenous DNA damage. However, there are
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thousands of naturally occurring sites in all genomes that challenge fork progression in
every cell cycle. Natural replication impediments include stable protein complexes, DNA
secondary structures, highly transcribed genes, and RNA/DNA hybrids. Failure to maneuver
past these obstacles results in pausing of the replication fork and increased risk of DNA
damage. In this review, we focus on one type of intrinsic replication impediment, telomeres,
and the role of Pif1 family 5'=3” DNA helicases in promoting their replication.

1. Telomeric DNA and telomere binding proteins

Telomeres, the ends of eukaryotic chromosomes, typically consist of many tandem copies of
a non-coding short DNA repeat. Although the repeat sequence of telomeric DNA differs
among different organisms, certain features are seen in virtually all of them. First, guanines
are distributed asymmetrically between the two strands of the double helix, and there is an
orientation bias to this distribution, such that the G-rich strand runs 3’5" from the end of
the chromosome towards its interior (Fig. 1A). Second, in most organisms, the G-rich strand
is longer than its complementary C-rich strand so that the telomere bears a single-strand G-
rich extension or G-tail. The G-rich strand can be bound by G-strand binding proteins and/or
form stable secondary structures, such as G-quadruplex DNA and T-loops (Fig. 1). At least
some and perhaps all of these end structures contribute to the capping or end protection
function of telomeres.

Telomeric DNA is associated with a set of structural proteins that mediate all telomere
functions (reviewed in Ref. [4]) (Fig. 1A). These proteins include sequence specific duplex
binding proteins such as Rapl and Taz1l in, respectively, budding and fission yeasts, and
TRF1 and 2 in mammals. G-tails are substrates for sequence specific single-strand DNA
binding proteins, such as Pot1 in fission yeast and mammals and the CST complex in
budding yeast where Cdc13 is the G-strand binding subunit. Other telomere structural
proteins are telomere-associated by protein—protein interactions. The G-rich nature of
telomeric DNA and its ability to form non-canonical DNA and protein structures contribute
to making this part of the chromosome a problem for DNA replication (reviewed in Ref.

[5D.

2. End replication problem #1: telomerase and recombination to the rescue

The “end replication problem” refers to difficulties replicating to the very end of a linear
DNA molecule (Fig. 2A). This difficulty arises from two features of replicative DNA
polymerases: they require a primer to start DNA synthesis and they synthesize DNA only in
the 5" to 3" direction. The primer is typically an 8-12 nucleotide stretch of RNA, which is
removed later in the replication process. Conventional DNA polymerases can fill in the small
gaps generated by removal of an internal RNA primer. However, the 8-12 nucleotide gap
arising from removing the most terminal RNA primer has no downstream sequence to prime
fill-in resynthesis. As a result, small gaps are left at the 5" ends of newly replicated strands;
I.e., linear chromosomes are not completely replicated (Fig. 2A). Hence, a special
replication mechanism is needed to prevent progressive loss of DNA from chromosome
ends. In almost all eukaryotes, this end replication problem is solved by a specialized reverse
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transcriptase, telomerase, which uses its integral RNA subunit, telomerase RNA, as a
template to lengthen the 3" ends of chromosomes (Fig. 2B).

Although telomerase is by far the most common mechanism to maintain telomeric DNA,
alternative (ALT) strategies exist (reviewed in Ref. [6]). Homologous recombination is the
most widespread and best studied of the ALT mechanisms (Fig. 2C). Although in some
organisms ALT can co-exist with telomerase or even supplant telomerase, ALT is typically
studied in cells that normally rely on telomerase but where mutation or developmental
regulation eliminates its activity. Budding yeast has two major ALT mechanisms: Type |
involves recombination-mediated amplification of sub-telomeric DNA while type 11 involves
lengthening of the telomeric repeats themselves by gene conversion (reviewed in Ref. [7]).
Type Il-like recombination is the major ALT pathway in humans with ~15% of human
tumors using it to maintain telomeres.

3. End replication problem #2

Semi-conservative replication of telomeres is also a challenge (Fig. 3A). As first seen in
budding yeast [8], replication forks slow when they approach and move through telomeric
chromatin, and this slowing can result in DNA damage. Three different methods have been
used to detect fork slowing at telomeres. In budding and fission yeasts, two-dimensional
(2D) gel electrophoresis, which separates replicating from non-replicating DNA molecules
by their non-linear shape, reveals that replication intermediates accumulate within telomeric
DNA [8,9] (Fig. 3B). In both organisms, replication forks slow whether the telomeric DNA
is at a chromosome end or at an internal site on the chromosome. Chromatin immuno-
precipitation (ChIP) for the leading strand DNA polymerase is a second method that can
monitor fork progression [10-12]. With this method, a higher DNA polymerase occupancy
within telomeric DNA relative to control sequences detects fork slowing. In mammals, DNA
fiber analysis (also called molecular combing) is combined with fluorescent in situ
hybridization (FISH) to detect telomeric DNA and anti-dNTP antibodies (e.g., anti-BrdU) to
detect newly synthesized DNA [13-16]. These studies reveal that forks slow when they
move from sub-telomeric to telomeric DNA.

4. Why is telomeric chromatin hard-to-replicate?

As noted, several types of structures can impede fork progression, including stable protein
complexes, DNA secondary structures, and RNA/DNA hybrids (Fig. 3A). All three of these
structures exist within telomeres. Telomeric DNA is organized into an atypical chromatin
structure, which at least in organisms like budding yeast with very short telomeres (~300
bps) is probably devoid of nucleosomes. In budding and fission yeasts, nucleosomes in sub-
telomeric DNA have histone marks characteristic of heterochromatin, while in mammals,
with their much longer telomeres, the telomeric repeats themselves are assembled into
heterochromatin (reviewed in Refs. [17-19]). Their heterochromatic features contribute at
least in part to the hard-to-replicate nature of telomeres as does the stable non-nucleosomal
structure of the most terminal repeats. For example, fork slowing within budding yeast
telomeres is almost eliminated in the absence of Sir proteins that bind telomeric and sub-
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telomeric DNA and are required for the heterochromatin-like nature of sub-telomeric regions
[20].

Telomeric chromatin is by no means the entire explanation for slow fork movement within
telomeres. In fission yeast and mice, depleting cells of their respective duplex sequence-
specific telomere binding protein, Tazl and TRF1, paradoxically exacerbates fork slowing
within telomeric DNA [9,13]. Depleting budding yeast of Rap1 also has a deleterious impact
on fork progression (S. Lim and VVAZ, in preparation). The favored explanation for the fork
promoting activities of these duplex telomere DNA binding proteins is that the denuded
DNA is able to form stable DNA secondary structures, such as G4 DNA, that are known to
impede fork progression at non-telomeric sites [12,21-23]. Although experiments with G4
stabilizing drugs provide some support for this hypothesis [24], it is not obvious why loss of
a duplex binding protein should expose the G-strand of telomeric DNA to the single-
stranded state that is usually needed to form a G4 structure. Nonetheless, there is evidence
for G4 formation within telomeric DNA /n vivoand its presence is anticipated to cause
problems for DNA replication (reviewed in Ref. [25]) (Fig. 3A).

RNA:DNA hybrids are another potential source of fork slowing activity within telomeres
(reviewed in Ref. [3]). Even though proximity to a telomere represses transcription of nearby
genes, in yeasts and mammals (reviewed in Ref. [19]), the C-rich strand of telomeric DNA is
transcribed to generate GT-rich TERRA (telomere repeat-containing RNA) (reviewed in Ref.
[26]). (In fission yeast, the G-rich strand of the telomere is also transcribed; Ref. [27]).
When TERRA transcripts are base-paired to telomeric DNA, they generate R-loops where
the G-rich telomeric DNA strand is displaced to form a single-strand bubble (Fig. 3A). As
R-loops impede fork progression at non-telomeric sites, they might also slow forks moving
through the telomere. Alternatively, as the G-rich telomeric strand is single-stranded in
TERRA-mediated R-loops, it could form G4 structures that stall replication forks.

TERRA results in shortening of the transcribed telomere; 7.e., it acts in ¢/sto regulate
telomere length. This effect was initially attributed to inhibition of telomerase. Indeed,
TERRA can inhibit telomerase /n vitro by binding to the template in telomerase RNA and
thereby blocking its use [28]. However, TERRA affects telomere length even in telomerase
deficient cells [29], and in yeast, TERRA increases recombination-mediated telomere
lengthening [30]. In cells lacking both telomerase and homologous recombination, TERRA-
mediated telomere shortening still occurs but causes telomere fragility in a replication
dependent manner [30]. As with R-loops at non-telomeric sites, mutations in the RNA
biogenesis THO/TREX complex increase TERRA and telomere dysfunction.

5. Pifl family DNA helicases

Pifl family DNA helicases are found in almost all eukaryotes and are also present in some
bacteria and archae (reviewed in Refs. [31-33]). The budding yeast Pif1, for which the
family is named, is the prototypical and best-studied member of this helicase family
(hereafter called ScPifl; Sc for S. cerevisiag). Budding yeast encodes a second Pifl family
helicase, Rrm3, but most eukaryotes, including fission yeast and humans, encode only one,
called Pfh1 (fission yeast) and hPIF1 (humans). However, Trypanosomes express eight
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distinct Pifl family helicases, most with non-overlapping functions [34,35]. Neither ScPifl
nor Rrm3 is essential, but a double mutant, p/f1A4 rrm34, grows very slowly with many cells
arrested at or near the end of S phase, and there is evidence that the two helicases, while
having different functions, can serve as back ups for each other in fork progression [36]. The
single fission yeast protein, Pfh1, is essential for maintenance of both mitochondrial and
nuclear DNA [37] while mice lacking mPIF1 are viable [38]. In contrast, at least six of the
eight Trypanosome Pifl helicases are essential [39].

Pifl family helicases are multifunctional. Where examined, Pifl family helicases localize to
both mitochondria, where they can be critical for maintaining mitochondrial DNA, as in
yeasts [37] and Trypanosomes [34,35,40], and nuclei. So far, all nuclear forms of Pifl
helicases affect telomeres, although not necessarily in the same way. ScPifl, Rrm3, and Pfhl
promote replication and suppress DNA damage at G4 motifs, sequences able to form G4
DNA in vitro, throughout the nuclear genome [12,21], and hPIF1 localizes to sites that are
thought to be G4 structures [41]. Rrm3 and Pfh1 also have more general effects on fork
progression, being especially critical for promoting replication through RNA Polymerase 11
transcribed genes [10,12]. Pfh1 also affects forks within the most highly transcribed RNA
Polymerase Il genes [11]. Other sites of Rrm3 and Pfh1 action are the replication fork
barriers in ribosomal DNA, silencers, inactive origins of replication, and centromeres. At
some of these sites, dependence on Rrm3 or Pfh1 is imposed at least in part by stable protein
complexes [11,20,42] (Fig. 3A). ScPifl also affects Okazaki fragment maturation [43,44].
As well as roles in DNA replication, ScPifl and Pfh1 both function in DNA repair
[37,45,46].

6. Pifl family helicases affect telomerase

ScPifl was first identified because of its critical (but non-essential) role in maintenance of
mitochondrial DNA and then rediscovered in a screen for genes that affect telomeres
(reviewed in Refs. [31,33]). Loss of Pifl results in long telomeres, and this lengthening is
telomerase dependent. However, the most striking telomere phenotype of pifid cells is a
large increase in telomerase-mediated telomere addition (TA) to double strand breaks. The
rate of TA is low in wild type cells but increases almost 1000 fold in the absence of ScPif1.
Taken together, these data suggest that ScPifl inhibits telomerase both at telomeres and
double strand breaks (DSBs). /n vitro and /n vivo experiments show that ScPifl uses its
ATPase activity to remove telomerase from telomeres and DSBs [47,48]. This removal
results in lower telomerase processivity both in vitroand in vivo. Although ScPifl acts at
both telomeres and DSBS, its action at DSBs, but not at telomeres, requires checkpoint
kinase-mediated ScPifl phosphorylation [49].

In several organisms, including budding yeast, telomerase preferentially elongates short
telomeres [50]. ScPifl contributes to this preference as in its absence telomerase no longer
binds preferentially to short telomeres [48]. ScPifl itself binds better to longer telomeres.
Thus, ScPifl is more likely to remove telomerase from long telomeres, allowing the
holoenzyme to act preferentially on the telomeres most in need of lengthening. A preference
for removing telomerase from DNA molecules with longer G-tails is also seen /in vitro [51].
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Rrm3, Pfh1, and hPIF1 were found by searching the database for genes with sequence
similarity to ScPifl [52]. Although Rrm3 affects telomeres, unlike ScPifl, it does not inhibit
telomerase [8]. Indeed, deleting RRM3 from piflA cells, partially suppresses the increases in
telomere length and telomere addition characteristic of pifilA cells. Because Pfhl is
essential, the full impact of its deletion on telomere length is difficult to measure, as
telomere length changes due to mutations are often not detected until many generations after
the genotypic change. However, pf114 spore clones, which divide only a few times before
they arrest in G2 phase, have modestly shorter telomeres than wild type cells [53].
Moreover, over-expressing Pfhl increases telomere length by a recombination-independent
mechanism, and this lengthening does not occur in rad11-D223Y cells [54], in which
telomerase action is inefficient [55]. As Pfhl promotes telomere lengthening in a
telomerase-dependent manner, it is unlikely to be an inhibitor of telomerase.

The roles of mammalian Pifl family helicases are not nearly as well established as that of
their fungal counterparts. Deleting mouse PIF1 has no detectable effect on telomere length,
telomere addition or chromosome structure, even after multiple mouse generations [38,56].
However, in vivo co-immuno-precipitation experiments suggest that both mPIF1 and hPIF1
are TERT-associated (TERT is the catalytic subunit of mammalian telomerases) [38,57]. One
group reported that over-expression of hPIF1 in tissue culture causes telomere shortening
(although our lab was unable to reproduce this result) and that hPIF1 reduces telomerase
processivity /in vitro [58].

7. Rrm3 and Pfh1 helicases promote semi-conservative replication of
telomeric DNA

Rrm3 promotes fork progression through terminal and internal tracts of telomeric DNA, as
seen by both 2D gels [8] and genome-wide ChIP analyses [10]. The requirement for Rrm3
during telomere replication is not suppressed by deleting Rifl or Sir proteins (Fig. 1A) so
Rrm3 does not promote fork progression through telomeres by displacing these proteins
[20,59]. Neither Sir nor Rif proteins bind telomeric DNA directly but rather associate with
telomeres via protein—protein interactions with Rap1 (Fig. 1A). Although it is possible that
Rrm3 promotes fork progression by acting on Rapl, depleting cells of Rapl slows fork
progression through telomeric DNA (S. Lim and VA Zakian, in preparation). Thus, it seems
unlikely that Rap1 is the target of Rrm3.

Pfh1 and Rrm3 have similar effects on semi-conservative replication of telomeres. By both
2D gels and ChlIP experiments, depleting cells of Pfh1 slows fork progression within
telomeres [11,54].

8. Break induced replication (BIR)

BIR is a recombination-dependent pathway for repairing one-ended DSBs that arise from
eroded telomeres or broken replication forks (Fig. 2C). The 3 single-strand tail on the
broken end invades an intact donor molecule by Rad51-dependent strand transfer [60]. This
transfer generates a displacement or D-loop in which the invading strand is lengthened by
DNA polymerase 6/Pol32 (Pol32 is a non-essential subunit of DNA Pol &). This lengthening
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can proceed for very long distances, even to the end of the chromosome (reviewed in Refs.
[61-64]). The major model for BIR suggests that as replication proceeds, the bubble retains
its original size and migrates down the chromosome, while the newly synthesized DNA is
detached from its template and spooled out as single-stranded DNA [46] (Fig. 2C).
Ultimately the single-strand is filled in, but synthesis of the complementary strand is delayed
relative to first strand synthesis. The long-lived single strand intermediate provides a
possible explanation for why BIR is highly mutagenic [65,66]. As both strands from the site
of the break are synthesized in the same cell cycle, the repaired chromosome contains a long
stretch of conservatively synthesized DNA (Fig. 2C).

ScPifl is critical for BIR, especially for long distance events. ScPifl acts on at least two
points: it recruits DNA Pol & to the break and stimulates DNA Pol 6-mediated DNA
synthesis and bubble migration. Similar to Pif1 inhibition of telomerase at DSBs [67], DNA
damage-induced phosphorylation of Pifl is required to stimulate its role in BIR [68].

During ALT when telomeres are lengthened by recombination, the substrate, an eroded
telomere, is a one-ended break, suggesting that ALT might proceed via BIR. Consistent with
this idea, in budding yeast, Pol32 is required for both type | and type Il ALT pathways [69],
and ScPif1 is essential for the Rad51-dependent type | recombination [70]. In addition, BIR
may also lengthen telomeres in telomerase plus cells [68]. Although ALT has been
documented as a back-up for telomerase in diverse organisms, so far BIR and Pifl family
helicases are linked to ALT only in budding yeast.

9. Biochemical functions of Pifl family helicases provide hints for how they
affect telomeres

With the exception of ScPifl, most eukaryotic Pifl family helicases are difficult to purify.
Thus, detailed biochemical analyses have largely been limited to ScPifl. Although ScPifl
unwinds tailed duplex DNA, it does so slowly and non-processively (reviewed in Ref. [31]).
ScPifl is more active on forked DNA molecules and even more active on RNA:DNA
hybrids, which it unwinds efficiently even under single cycle conditions [71-73]. Likewise,
ScPifl efficiently unwinds a variety of G4 structures (but not all [74]), and the rate of this
unwinding is not affected measurably by the presence of a DNA trap [36,72,75]. Indeed,
ScPifl unwinding of G4 structures is so robust that it can counter the effects of G4
stabilizing drugs [72]. In addition, the presence of a G4 structure can increase ScPifl
unwinding of nearby duplex DNA [76]. The relatively modest unwinding by ScPiflof tailed
duplexes and the rapid unwinding of RNA/DNA hybrids and G4 structures is seen by both
ensemble and single molecule analyses [72]. Single molecule results suggest a patrolling
model where ScPifl sits on a 3" single-strand tail and reels in the adjacent DNA, removing
any G4 or RNA/DNA structures encountered in the process. Consistent with its processivity
on G4 DNA in ensemble reactions, ScPifl can repeatedly unwind G4 structures without
dissociating from DNA [72]. Multiple bacterial Pifl helicases are also much more active on
G4 structures than tailed duplex DNA [36].

An in vitro system that mimics early steps in BIR has been used to determine the effects of
ScPifl on this process [45]. A D-loop is assembled on a circular template using Rad51, RPA
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and Rad54. DNA Pol & is added with and without ScPifl. Whereas DNA Pol 6 alone
generates 200-300 nucleotides of DNA, when ScPifl is present, up to several thousand
nucleotides of single-stranded DNA are made. Thus, ScPifl is not required for initiation of
BIR but has a strong stimulatory effect on DNA Pol & synthesis.

As RNA/DNA hybrids and G4 structures are the preferred substrates for ScPifl, it is
tempting to speculate that its diverse effects on telomeres are due to one or both of these
activities. If telomeric G-tails fold into an intra-molecular G4 structure, ScPifl could unwind
it, but this unwinding is unlikely to explain ScPifl’s inhibition of telomerase as intra-
molecular G4 structures inhibit telomerase [77,78] (although it could explain how Pfhl
promotes fission yeast telomerase [54,79]). A more appealing model is that ScPif1 removes
telomerase from DNA ends by unwinding the RNA/DNA hybrid that forms between the
template region in telomerase RNA and the single-stranded G-tail (Fig. 2B). Alternatively or
in addition, ScPifl may displace the catalytic subunit, Est2, from DNA, a possibility
consistent with genetic experiments that suggest a direct interaction between Est2 and
ScPifl [80].

How do Rrm3 and Pfh1 promote semi-conservative replication of telomeric DNA? At a
subset of their many /n vivo targets, Rrm3 and Pfh1 promote fork progression past stable
non-nucleosomal protein complexes (Fig. 3A). For example, the fork progression activity of
both helicases at the ribosomal DNA replication fork barrier (RFB) is no longer needed
when protein(s) that bind the RFB are absent [11,42]. However, at budding yeast telomeres,
there is no good candidate for a telomere protein whose presence confers Rrm3-sensitivity.
Given these considerations, we speculate that Rrm3 and Pfh1 promote semi-conservative
replication of telomeric DNA by resolving TERRA-generated R-loops and/or G4 structures.
These possibilities can be addressed by studying the effects of G4 stabilizing drugs and
RNAseH over-expression on fork progression through telomeres.

During BIR, ScPifl is thought to recruit DNA Pol & to the recombination intermediate and
to use its ATPase activity to promote opening of the double helix for DNA synthesis and the
migration of the D-loop [45]. /n vivo, synthesis of the complementary strand is delayed
relative to first strand synthesis (Fig. 2C). This single strand intermediate should readily
form G4 structures as G4 motifs are found across the lengths of all 16 yeast chromosomes
[81]. Thus, we speculate that ScPifl has an additional role in BIR that involves G4
dissolution. If ALT proceeds via BIR, G4 unwinding might be particularly important for
replication-driven recombination of G-rich telomeric DNA.

10. Concluding remarks

Primarily from work in budding and fission yeasts, it is clear that Pifl helicases act in
numerous important ways to promote genome stability. Telomeres are only one of their
many substrates, and even their effects on telomeres are multiple and diverse. Pifl family
helicases can promote (fission yeast) or inhibit (budding yeast) telomerase. Rrm3 and Pfhl
promote semi-conservative telomere replication, and ScPifl is critical for ALT. By detailing
these functions, we do not imply that Pifl family helicases are the only helicases with
important roles in telomere maintenance. Indeed there is considerable evidence for telomere
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specific functions for mammalian helicases such as RTEL1 [15,16,24], BLM [14,82], and
WRN [83] in replication of telomeric DNA. Rather studies on the telomeric roles of Pifl
family helicases can define multiple steps in telomere biology that are likely to require
specialized activities of specific DNA helicases.
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Fig 1.

Telomere structures [84].

(A) Structure of telomeric DNA and telomere binding proteins in yeasts and humans. Not all
proteins are shown and drawings are not to scale. Budding yeast telomeres consists of ~300
bp of an irregular sequence, 5" -TG(1-3)-3" ending in a ~12 nt long G-tail during most of
the cell cycle. Rapl binds duplex telomeric DNA and Cdc13 binds the G-tail. Rif1, Rif2,
Sir2, Sir3, Sir4, Stnl, and Tenl bind via protein—protein interactions. Fission yeast telomeres
consist of ~250 bp of an irregular sequence, 5’ -G(O_G)GZTZACAC—S’ (the terminal C is
present in ~13% of repeats). Taz1 binds duplex telomeric DNA and Pot1 binds the G-tail.
Rapl, Rifl, Tpz1, Ccql, and Poz1 bind via protein—protein interactions. At birth, human
telomeres have ~15 kb of 5" -TTAGGG-3" repeats. TRF1 and TRF2 bind duplex telomeric
DNA while the 3" single-stranded G-tail (~100 nt long) is bound by POT1. Alternatively,
the G-tail can be folded into a T-loop (as in panel C). RAP1, TIN1, and TPP1 bind via
protein—protein interactions.

(B) G-quadruplex structure [25]. The 3" G-tail can form a stable four-stranded DNA
structure, called a G-quadruplex (G4), held together by G—-G Hoogsteen base-pairing. An
intra-molecular G4 structure is shown. G4 structures can also form between the G-tails on
different telomeres.

(C) T-loop structure [85]. The 3" overhang forms a lariat-like structure by the G-tail
invading the adjacent duplex telomeric DNA. An internal G-strand bubble forms from the
displaced strand that can be bound by POT1.
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Fig. 2.
Mechanisms for replicating chromosome ends.

(A) Replicative DNA polymerases cannot replicate the very ends of linear DNA molecules.
Owing to the properties of conventional DNA polymerases, removal of the terminal RNA
primer leaves a gap at the 5" ends of newly replicated strands. Black lines: parental strands
of the DNA molecule; Blue rectangles: 8-12 nucleotide RNA primers; Green lines: Okazaki
fragments; Orange lines: leading strand synthesis. Only the right end of a chromosome is
shown.

(B) In most eukaryotes, telomerase compensates for the loss of terminal sequences.
Telomerase extends the 3" end of a vertebrate telomere. Orange oval: TERT, the reverse
transcriptase subunit of telomerase: Purple: Telomerase RNA and its template region; Green
line: newly made telomeric DNA.

(C) Telomeric DNA can be maintained by recombination or ALT (alternative lengthening of
telomeres). Shown is break-induced-replication (BIR), which can repair a one-ended DNA
break such as an eroded telomere. Red: newly synthesized DNA. The exact mechanism of
BIR is still under discussion. Shown is a model where BIR is carried out by a migrating D-
loop or bubble.
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Fig. 3.

Semi-conservative replication through telomeric DNA.

(A) Replication fork moving towards the right telomere of a chromosome. Fork progression
slowed by protein complexes (top), G-quadruplex DNA (middle), TERRA RNA (bottom).
(B) Replication forks slow as they move through an internal tract of telomeric DNA in
budding yeast /n7 vivo (adapted from Ref. [8]). Three ~270 bp tracts of TG(1-3) DNA cloned
from a telomere and separated from each other by a polylinker were inserted far from a
telomere. Top: diagram of the construct; Bottom: two-dimension gel analysis of replication
through the tracts. Accumulation of replication intermediates at telomeric tracts (indicated
by bracket) is reflected by higher intensity of hybridization signal.
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