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: ABSTRACT
® @ © Telomeres are DNA-protein complexes that are located at the ends of eukaryotic
chromosomes. The fusion of broken chromosome ends is prevented by the presence of

¢ telomeres, which act to inhibit this process. This specific function of telomeres serves to

: distinguish normal chromosome ends from double-stranded breaks in DNA. Telomeres

: contain a series of short, repeated sequences arranged in a tandem array. The number of

Copyright © 2023 by (Z) repeats varies petween different_organisms, wif[h a range of 20 to 1,00_0 repeats being
/ : typical. A G-rich strand is replicated by lagging strand synthesis, which creates a 3'

Razi Vaccine & Serum Research Institute : Overhang. In addition, a complementary C-rich strand is replicated by leading strand
: synthesis. The objective of this study is to undertake a comparative analysis of the
: structure of telomeres in Saccharomyces cerevisiae, Saccharomyces pombe and
: mammals. In Saccharomyces cerevisiae, the Rapl protein binds to the double-stranded
: telomeric sequences, as well as to the Rifl and Rif2 proteins, which regulate telomere
¢ length. Cdc13 and the Cdcl3-interacting factors Tenl and Stn1 bind to the single-stranded
: overhang. In Saccharomyces pombe telomeres, Taz1 binds to the double-stranded DNA
: (dsDNA), and Rapl and Rifl also bind to the ds region via Tazl. Potl interacts with
: Tpzl, forming a complex that binds to the 3' overhang. The protein Poz1 serves to connect
: the dsDNA binding complex, comprising Taz1 and Rap1, to the sSDNA binding complex,
: which includes Potl and Tpzl. Furthermore, Ccql interacts with Tpz1 and facilitates the
: recruitment of telomerase. The Stn1/Ten1 complex exhibits a binding affinity for a single-
stranded telomere. In mammalian telomeres, the shelterin complex that binds double-
: stranded telomeric DNA is composed of six subunits. The double-stranded telomeric
: DNA is bound by TRF1 and TRF2. TPP1 and POTL are capable of hinding single-
: stranded DNA. TIN2 serves to connect the dsSDNA binding complex TRFL/TRF2 to the
: ssDNA binding complex POTL/TPP1. Rapl binds to the telomere by interacting with
: TRF1 and TRF2. Moreover, this study will address the regulation and comparison of the
: shelterin complex. Additionally, in mammals, the activation of DNA damage response
: pathways is necessary when double-strand DNA is broken. This, in turn, elucidates the

ég:lgil\?eldqu(:) May 2024 : specific repair pathways that are employed. We conclude by discussing the T-loop
Accepted: 28 July 2024 = structure, as telomeres in several species have been shown to fold back into a structure
Published: 31 December 2024 : called a T-loop, which is believed to mediate telomere protection.
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1. Introduction

1.1. Telomere Biology

Telomeres are DNA-protein complexes that are located at
the ends of eukaryotic chromosomes. The fusion of broken
chromosome ends is prevented by the presence of
telomeres, which act as caps on chromosomes. This
specific function of telomeres serves to distinguish normal
chromosome ends from double-stranded breaks in DNA
(8). Telomeres contain a series of repeated sequences,
which are arranged in a tandem array (6). The number of
repeats varies between different organisms, with a range of
20 to 1,000 repeats being typical. A G-rich strand is
replicated by lagging strand synthesis, resulting in the
formation of a 3' overhang. In contrast, a complementary C-
rich strand is replicated by leading strand synthesis (43).
The ends of linear eukaryotic chromosomes encounter
significant challenges during the process of cellular DNA
replication. This issue is referred to as end replication,
which arises from the fact that the chromosomes are
replicated by DNA polymerases that are only capable of
synthesising DNA in the 5 to 3' direction. A
complementary DNA strand is synthesised continuously
only along the leading strand; however, end replication
problems are encountered at the 5' end of the lagging
strand. This is due to the fact that RNA primers, which are
synthesised by DNA polymerase o/primase, serve to prime
the synthesis of Okazaki fragments in the lagging strand.
The RNA primers must then be removed and replaced with
DNA by DNA polymerase 8. However, DNA polymerase
d is unable to synthesise DNA at the lagging strand's 5' end,
resulting in the formation of a gap at this site and a 3' single-
stranded overhang. If this issue were to manifest in each
replication cycle, it would result in a reduction in
chromosome length with each cell division (Figure 1) (6, 8,
27). The issue of end replication can be addressed by the
RNA-protein enzyme telomerase, which is responsible for
creating the terminal sequence at the 3' end through a
process of reverse transcription using its own RNA
template. This results in the elongation of the parental
strand by telomerase, followed by the completion of the
lagging strand by the action of DNA polymerase machinery
(9). Consequently, telomerase is essential for combating the
gradual degradation of chromosome ends and for ensuring
the maintenance of optimal telomere length (39). An
additional issue associated with chromosome ends, also
referred to as the end-protection problem, arises due to the
fact that cells possess mechanisms capable of identifying
chromosome ends as double-strand breaks. This
subsequently triggers the initiation of DNA repair
processes, which can potentially lead to detrimental
consequences for genomic integrity (12). To circumvent the
end protection issue, a capping protein such as Potl is
recruited to chromosome ends in fission yeast and in higher
eukaryotes (3). Furthermore, a specific DNA structure may
be formed; this is referred to as the t-loop, whereby a 3
overhang invades an array of DNA repeats (20). As a
consequence of this protective mechanism, DNA repair

processes, such as non-homologous end joining (NHEJ)
and homologous recombination (HR), can be impeded by
telomeres (16). As shown Figure 2, the telomere sequence
is highly conserved in different groups of organisms.

2. Results

2.1. Structure of the Saccharomyces Cerevisiae
Telomere

The seauence of Saccharomvces cerevisiae telomeric DNA
is constituted by TG1-3/CA1-3 repeats, which are followed
by a G-rich overhana at the 3' end of the chromosome (36).
Protein complexes have been observed to bind to telomeric
sequences that are involved in a number of different
processes. includina telomere maintenance. telomere lenath
requlation.  protection of the G-rich overhana,
transcriptional repression and nuclear positionina (19). The
requlation of telomerase is essential for the maintenance of
telomere lenath in each oroanism. In the buddina veast. a
number of positive reaulators are necessary for the activity
of telomerase at the telomeres. These positive reaulators
include the followina: cdcl3. which binds to Estl
(telomerase subunit); the Ku heterodimer; and the Tell
kinase. Additionally, there are neaative requlators that
impede telomerase activity at the telomeres, includina the
Rifl and Rif2 proteins and the Pifl helicase (5. 18).
Telomeric sequences in buddina veast have been observed
to bind directlv to the Mvb domain of the Rapl protein.
which has been demonstrated to function in the inhibition
of telomerase recruitment (38). The neoative requlators of
telomerase, Rifl and Rif2, have been observed to interact
with Rapl. Therefore, telomeres can be elonoated by the
deletion of either Rifl or Rif2 (42). A comparable
phenotvpe can also be observed in the context of Rapl
deletion. In addition. telomerase has been observed to bind
to Estl, an important reaulatory subunit that interacts with
TLC1 and Est3 in buddina veast. The Cdcl3 protein
interacts with the telomerase subunit Estl, thereby
facilitating the recruitment of telomerase to telomere ends
and resultina in telomere elonaation. Cdcl3 contains OB
fold domains (Fiaure 3) (38). The presence of G-rich
sinale-stranded DNA is indispensable for the functionina of
telomerase. Cdc13 interacts directly with the Tenl and Stnl
proteins, thereby formina the CST protein complex. The
CST nproteins bind to the 3' overhana, which plays a
requlatory role in telomerase activity at chromosome ends.
Conseauently, the CST complex is involved in both
telomere protection and the inhibition of telomerase action
(Fia. 3) (2). A number of proteins have been identified as
bindina to telomeres, includina the MRX complex, Tell,
and the Ku protein. These proteins have been shown to play
an essential role in both the DNA repair pathway and the
DNA damaae checkpoint (38). Cdc13 is phosphorylated by
Cdkl. Phosphorvilated Cdcl3 plavs a positive role in
telomerase recruitment by interactina with Estl. which
results in telomere elonaation. Subsequently, the function
of Cdc13 is altered throuah its interaction with Stnl and
Tenl, which can inhibit telomerase activity. Furthermore,
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Figurel. The end replication problem. Lagging strand DNA synthesis does not complete the replication of the 5' end resulting in a 3'
overhang. Leading strand DNA synthesis, however, complete the replication of the 5' end resulting in a blunt end

Occurrence Consensus telomere
repeat sequence
Saccharomyces TG1-3
cerevisiae
Schizosaccharomyces TTACAG1-8
pombe
Neurospora crassa TTAGGG
Paramecium TTGGGG
Trypanosoma TAGGGG
Chlamydomonas TTTTAGGG
Arabidopsis TTTAGGG
Nematodes TTAGGC
Vertebrates TTAGGG

Figure 2. Evolutionary Conservation of Telomeric repeat sequences. Telomeric repeat sequences and also telomere function are
conserved throughout eukaryotes.
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Figure 3. Structure of Saccharomyces cerevisiae telomeres. Rapl binds the double-stranded telomeric sequences and also binds Rifl and
Rif2 which regulate telomere length. Cdc13 and the Cdc13-interacting factors Tenl and Stnl bind to the single strand overhang
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the DNA polvmerase o/primase complex interacts with the
CST complex. resultina in the inhibition of telomere
elonaation by the CST protein (28). The Tell protein is
responsible for the recruitment of telomerase and
subsequent elonaation of the telomere in instances where
the telomere has been shortened (5). As illustrated in the
followina diaaram. there is a competition between Rif2 and
Tell to bind to the Xrs2 component of the MRX complex.
This results in Rif1 and Rif2 inhibitina the function of Tell,
but not the MRX complex, in its ability to bind to Xrs2.
Moreover, it seems that Rapl inhibits the interaction
between MRX and Tell (Fiaure 4) (20).

2.2. Structure of the Schizosaccharomyces Pombe
Telomere

The telomere of Schizosaccharomyces pombe exhibits a
hiah level of conservation with the human telomere. In this
organism, a protein known as Tazl (its orthologue is
TRF1/2 in mammals) is directlv bound to telomere duplex
DNA repeats throuah its Mvb domain. Taz1 plays a crucial
role in maintainina telomere lenath and also in inhibitina
recombination (33). Tazl plays a pivotal role in telomere
protection and telomerase inhibition. Conseauently, Tazl
deletion results in telomere elonaation (10). Furthermore,
Tazl facilitates replication fork passage. Consequently, in
the absence of Tazl, replication forks are restricted, leading
to telomerase recruitment. Furthermore, telomeric resection
is constrained by Taz1 (33). The protein Pot1 (protection of

TGTGGTGTGGGT( = :TGTGGGTGTGG

telomeres) plays a critical role in telomere function. servina
both to protect telomeres and to reaulate telomerase
activity. In the absence of Potl. telomeres are lost and can
only survive by underaoina chromosome circulation (7).
Tazl has the capacity to recruit two proteins, namely Rapl
and Rifl. These. in turn. have the ability to exert a neaative
reaulatory effect on telomerase activity (37). Tazl and
Rap1 are responsible for the inhibition of non-homoloaous
end ioinina (NHEJ). The ability of Rapn1 to bind to DNA is
indirect, occurring via Tazl. Rifl is localised in the
telomere via Taz1 bindina. which also recruits Poz1, which
in turn binds to Tpzl. Tpzl is involved in the interaction
with both Ccal. which plavs a role in telomerase
recruitment. telomere maintenance and checkpoint
inhibition, and also Potl. which interacts with sinale-
stranded DNA. The Potl/Tpzl complex is linked to the
Tazl/Rapl complex via Pozl. In fission veast, Stnl and
Tenl interact with each other, vet do not interact with Potl.
Thev plav a pivotal role in maintainina telomere stability.
The Potl. Tpzl. Stnl. and Tenl proteins possess OB fold
domains. which are oliaonucleotide- or olicosaccharide-
bindina domains, and are utilised for bindina to the 3'
overhanas (14, 17). In fission veast, the protein telomerase
subunit is desianated Trtl, while TERL1 represents the RNA
component. The function of TER1 is to facilitate the
connection between Estl and Trtl, as well as to permit the
synthesis of telomere repeats (Figure 5) (28).
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Figure 4. Summary of some of the proposed steps in TG tract length-dependent regulation of telomerase action. The Rapl-Rif complex
creates a negative signal which blocks telomerase recruitment. Rif2 competes with Tell to bind to the Xrs2 component of MRX, hence it
inhibits Tell binding. Cdc13 is phosphorylated by Cdk1, which creates a positive signal for telomerase recruitment by interacting with Estl
subunit. The DNA polymerase o /primase complex interacts with the CST complex, thereby inhibiting telomerase recruitment.
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Figure 5. Structure of Saccharomyces Pombe Telomeres.Taz1 binds

the dsDNA and also Rapl and Rifl bind to the ds region via Tazl. Potl
interacts with Tpzl and binds to the 3’ overhang. Pozl connects the dsDNA binding complex Taz1/Rapl to the ssDNA binding complex

Pot1/Tpzl. Ccql also interacts with Tpz1, recruits telomerase. Stn1/Tenl complex binds to single strand telomere.

The first telomere end-bindina proteins were isolated from
the ciliate known as TEBPa /TEBPB. which bind to the
sinale-stranded DNA. and contain OB fold domains. Potl
in fission veast is an orthologue of TEBPa in ciliates, and
also both Potl and Tpzl include OB fold domains. It can
therefore be concluded that there is an evolutionary
conservation between TEBPo. /TEBPP in ciliates and Potl
in fission veast (4).

2.3. Structure of the Mammalian Telomere

In mammals, telomeric DNA is constituted by a series of
repeated sequences, comprising the seauence TTAGGG.
Two Mvb domain proteins, desianated TRF1 and TRF2,
were identified as binding to the telomere duplex DNA
repeats. The function of TRF1 is to impede the recruitment
of telomerase; thus. the overexpression of TRF1 in human
cells results in telomere shortenino. It has been
demonstrated that Rapl directly interacts with TRF2.
However, a protein known as TIN2 has been shown to
have a direct interaction with TRFLUTRF2. The
TPP1/POT1 complex is connected to the TRF1/2 complex
via TIN2. A complex of six telomere-associated proteins in
mammals is referred to as shelterin (12). A comparable
structure was also identified in fission veast, in which
TPZ1/POT1 is linked to TAZ1 via POZ1. In humans,
POT1 has the capacity to bind to double-stranded DNA
indirectly, while its binding to sinale-stranded DNA is
direct (38). TPP1/POT1 hinds to sSDNA and. like
TPZ1/POT1 in fission veast and Cdc13 in buddina veast.
contains OB fold domains (Fiaure 6) (35). The eauilibrium
between telomere attrition and telomere lenathenina is
requlated by telomeric proteins. With the exception of
Topl, which interacts with telomerase directly and recruits
it to telomeres, all of the telomeric proteins (TRF1/2. TIN2.
POT1. and RAP1) act as neaative reaulators of telomerase
(35). The function of Potl as a neaative reaulator of
telomerase is due to its bindina to the 3' overhana (23). A
competition exists between Pot1 and telomerase for binding
to the 3' overhana. Consequently, when Potl binds to the 3'
overhang, it prevents telomerase from binding to telomere

ends (30). Furthermore. a reduction in TPP1 concentration
results in a decline in Potl levels at the 3' overhana. which
subseauently  facilitates telomerase  recruitment to
telomeres. Conseauently, telomeres can be elonaated in the
absence of TPP1 (26). Shelterin fulfils two distinct
functions: firstly, it protects telomeres from DNA damaae
repair pathways, and secondly, it requlates telomere lenath
by telomerase (24). As previously stated, all three
organisms possess two distinct protein complexes. One
tvpe of protein complex is involved in the activation and
recruitment of telomerase, while the other type of protein
complex serves to negatively regulate telomerase
recruitment.

2.4. Requlation of Telomerase by Shelterin

Human telomerase is a ribonucleoprotein complex
comprisina TERT (telomerase reverse transcriptase), which
is capable of aeneratina sinale-stranded DNA usina sinale-
stranded RNA as a template, TERC (telomerase RNA
component) or TR (telomerase RNA component), and
dyskerin (DKC1). The complex is situated within the
nucleus in Caial bodies and can be transferred to telomeres
bv the accessory factor TCABL. The complex is initially in
an immature form, which must be converted to the mature
form by the action of Pontin (also known as RUVBL1) and
Reptin (also known as RUVBL2). The mature
conformation is then capable of adding telomeric repeats at
chromosome ends (Fiaure 7) (41).

2.5. Comparison of Shelterin to Telomeric Proteins in
other Eukarvotes

It has been demonstrated that certain telomeric proteins in
mammals are conserved with their counterparts in fission
veast, specifically TRF1/2 and POT1. These proteins have
been shown to be evolutionarily conserved in humans as
ortholoas of Tazl and Potl in fission veast, respectively.
Similarlv. Rapl in fission veast, which binds to Taz1. binds
to TRF2 in mammals. With the exception of Rapl in
budding veast, which is the sole telomeric protein that has
been shown to be conserved with Rapl in shelterin, none of
the telomeric proteins in budding yeast have been identified
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Figure 6. Structure of the mammalian Telomere. The shelterin complex bind double stranded-telomeric DNA consists of six subunits: TRF1
and TRF2 which bind directly the double-stranded telomeric DNA. TPP1 and POT1 bind single-stranded DNA.TIN2 connects the dSDNA
binding complex TRF1/TRF2 to the ssDNA binding complex POT1/TPP1. Rapl binds the telomere by interacting with TRF1 and TRF2.
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Figure 7. The telomerase complex. Telomerase is composed of TERT that provides reverse transcriptase activity to the complex and uses
TERC, the RNA component of telomerase, as a template.

as beina similar to shelterin. Additionally, TPP1/Potl in
mammals is an orthologue of TEBPo/TEBPB in ciliates.
This suaaests that TEBPo/TEBPB is conserved in both
fission yeast and mammals (Fiaure 8) (35). Telomeric
sinale-stranded DNA is identified by TEBP in Oxvtricha
nova. Cdcl3 in S. cerevisiae. and Potl in S. pombe,
humans, and other hiaher eukaryvotes due to the fact that
these proteins bhind to ssDNA throuah a conserved motif,
namely the OB fold domain. It is noteworthy that Cdc13 is
associated with Potl due to the shared structural
characteristics of its OB-fold domain. Nevertheless, it
remains uncertain whether Cdc13 and Pot1 are ortholoaous
proteins, aiven the limited sequence similarity observed in
their OB folds domain (Fiaure 8) (31).

2.6. Telomers Solve the End Protection Problem

In mammals, the double-strand DNA breakaae results in
the activation of two sianalling pathways, namely the ATM
and ATR kinases, which ultimately lead to cell cycle arrest.

In order to repair the damaae caused to chromosomes, two
distinct DNA repair pathways are initiated: either
homoloav-directed repair (HDR) or nonhomolodous end

joining (NHEJ). The obiective of these pathways is to

maintain the intearity of the aenome. The aforementioned
DNA damaae response pathwavs. namely DNA damaae
signallina and DNA repair. can become aberrantly
activated at chromosome ends when telomeres are
dvsfunctional (Fiaure 9) (13). The issue of end protection
can be addressed throuah the utilisation of shelterin and the
formation of the T-loop structure. The two DNA damaae
sianallina pathways are repressed independently by TRF2
and Potl. This indicates that the ATM kinase pathway is
inhibited by TRF2, whereas the ATR kinase pathwayv is
prohibited by Potl (15, 22). In mammals. the two DNA
repair pathways, non-homologous end joining (NHEJ) and
homoloaous recombination (HR). can also be inhibited by
TRF2 and Potl. The fusion of two telomeres can result in
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Figure 9. The end-protection problem. When a mammalian chromosome breaks, two signalling pathways can be activated (the ATM and
ATR kinase pathways) which can induce cell death. One of two different DNA repair pathways (HDR and NHEJ) repairs the broken
chromosome. Activation of DNA repair or DNA damage signalling has a problem for the ends of linear chromosomes, thus, telomeres can

solve this end-protection problem by shelterin.

the formation of dicentric chromosomes throuah the action
of the non-homoloaous end ioinina (NHEJ) pathway.
Consequently, prior to DNA replication, during the G1
phase of the cell cycle, NHE] is inhibited by TRF2 in the
telomeres (24). However, followina DNA replication, in
the G2 phase of the cell cycle, NHEJ can be inhibited by
TRF2 and Potl. Furthermore, HDR can be impeded by
TRF2, Potl. and Ku70/80. Ku70/80 is a DNA repair factor
and a component of the non-homolodous end joining
(NHEJ)) pathway (44). In fission veast, Tazl has been
demonstrated to inhibit the NHEJ pathway in a manner
analoaous to that observed for TRF2 in mammals. In
budding veast, Rapl has been demonstrated to inhibit
NHEJ, while Cdc13 has been shown to inhibit Mecl

kinase, which is equivalent to ATR kinase in humans.
Otherwise, the cell cvcle will arrest in the G2 to M
transition (Fiaure 10) (13).

2.7. The T-Loop Structure

The foldinag of telomeres in several species has been
observed to occur in a structure known as a t-loop, which is
postulated to play a role in the protection of telomeres. In
addition to vertebrates. t-loops have been identified in the
ciliate Oxvricha fallax and the flagellate protozoan
Trypanosoma brucei. They have also been observed in
Pisum sativum (peas). However, there is currently no
information available recardina the presence of t-loops in S.
cerevisiae and S. pombe. The difficulty in isolatina
telomeric DNA in these two organisms is due to the fact
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that thev possess relatively short telomeres, measurina
approximatelv 1 kb (11). In this structure, the duplex DNA
portion of the telomere is invaded by the 3' telomeric
overhana, which results in the chromosome end beina
hidden from the DNA damaae checkpoint machinery. In
this context. the recruitment of telomerase is also
constrained; the telomeric protein TRF2 has been
demonstrated to facilitate this formation (1). The ATM
kinase sianallina pathway. the non-homoloaous end ioinina
(NHEJ) pathway and the ataxia telanaiectasia and Rad3-
related (ATR) sianallina kinase pathway are all blocked by
TRF2 and Pot1, which creates a t-loop structure.

Mammals

Additionally, T-loops can impede the bindina of telomere
ends to Ku70/80 and MRN (a DNA end sensor). In the
absence of TRF2, the T-loop is opened. resulting in the
activation of both Ku70/80 and MRN. This leads to the
activation of the NHEJ and ATM Kkinase pathways,
respectivelv (Fiaure 11a) (13). In order to prevent the ATR
kinase pathway, RPA (a sinale-stranded DNA-bindina
protein) must be inhibited in its bindina to sinale-stranded
DNA by Potl. This indicates that the ATR pathway is
activated by RPA in the absence of Potl. Both the ATM
and ATR kinase pathways induce cell cycle arrest at either
'Ehe)Gl to S or G2 to M transition, respectively (Figure 11b)
11).
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Figurel0. Different solutions of the end protection
problem. POT1 inhibits the ATR kinase signalling
pathway and NHEJ especially after DNA replication,
however, TRF2represses the ATM kinase signalling
pathway and NHEJ at telomeres. Both POT1 and TRF2
inhibit HDR at telomeres. In budding yeast, Rapl
represses NHEJ and also Cdc13 inhibits Mec1 kinase.

Figure 11. Different components of shelterin are dedicated to
different aspects of the end-protection problem. (A), T-loop
structure blocks telomeres end from the MRN (DNA end sensr)
that activates the ATM kinase pathway, and the Ku70/80 that
activates NHEJ. In (B), POT1 can repress ATR kinase signalling
by inhibiting the binding of RPA that activates the ATR kinase
pathway.
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3. Conclusion

The present study is concerned with a comparative analvsis
of telomere structures across a ranae of eukarvotic
organismes, includina  Saccharomvces  cerevisiae,
Saccharomyces pombe, and mammals. Telomeres are
essential for preventina chromosome end fusion and consist
of repetitive DNA seauences and associated proteins. In S.
cerevisiae, the maintenance of telomeres is dependent on
the activity of several proteins, includina Rapl, Rifl. Rif2,
Cdc13. Tenl, and Stnl. S. pombe employs a similar set of
proteins, includina Tazl. Rapl. Rifl, Potl, Tpzl. Pozl.
Ccal. Stnl. and Tenl. to perform analoaous functions. In
mammals. the shelterin complex. comprisina TRF1, TRF2,
TPP1., POT1. TIN2, and Rapl. plavs a pivotal role.
Furthermore. the studv examines the reaulation of the
shelterin complex and the activation of DNA damaae
response pathways in mammals, with a particular focus on
double-strand breaks. Furthermore, the text considers the t-
loop structure, a protective confiauration of telomeres
observed in a ranae of species. An understandina of these
mechanisms reveals the evolutionary diversity and
conservation of telomere maintenance systems, thereby
providina insiahts into chromosome stability and cellular
ageing across eukaryotes.
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