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Telomeres: The beginnings and ends of eukaryotic chromosomes
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The ends of eukaryotic chromosomes are called telomeres. This article provides a short history of
telomere and telomerase research starting with the pioneering work of Muller and McClintock
through the molecular era of telomere biology. These studies culminated in the 2009 Nobel
Prize in Medicine. Critical findings that moved the field forward and that suggest directions for
future research are emphasized.
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The ends of eukaryotic chromosomes are called telomeres. They
were discovered in the late 1930s first in flies by Herman Muller
and then in corn by Barbara McClintock (reviewed in [1]). These
investigators inferred from the behavior of broken chromosomes
that the natural ends of chromosomes were distinguishable from
induced DNA breaks and must therefore be a special structure,
dubbed the telomere.Muller surmised that this structure is essential
for chromosome stability as he was unable to generate a chromo-
some lacking one after pulverizing chromosomes with X-rays.
McClintock deduced that one of the essential functions of telomeres
was to protect chromosome ends from fusing both with each other
and with induced double strand breaks.

The Muller and McClintock findings were made before DNA was
known to be the genetic material. The Watson–Crick double helical
structure of DNA, reported in 1953, immediately suggested a mech-
anism for its replication. That is, each strand in the duplex acts as the
template to guide synthesis of its complement. Thus, DNA is dupli-
cated by “semi-conservative” replication and each daughter helix
contains both a parental and a newly synthesized “daughter” strand.
The end result is that the two newlymade “daughter” chromosomes
are expected to be exact copies of the parent chromosome, both in
terms of nucleotide sequence and length.

The isolation and characterization of DNA polymerases made it
clear that a conventional replication mechanism would not suffice
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for the ends of linear DNA molecules [2]. DNA polymerases
synthesize DNA only in the 5’ to 3’ direction and cannot start
replication de novo. Chromosomal replication in bacteria and
eukaryotes typically is primed by a short stretch of RNA that is
then elongated by DNA polymerase. Since retention of RNA
primers within DNA would compromise genome integrity, these
RNA primers are removed during the process of replication. The
small gaps generated by removal of internal RNA primers can be
repaired easily by DNA polymerase followed by sealing the resulting
nicks with DNA ligase. However, the gap at the 5′ ends of newly rep-
licated strands cannot be filled in by this process. Thus, without a
special replication mechanism, the 5′ ends of newly replicated
strands would shorten with each round of DNA replication. Thus,
one key function of telomeres is to provide a substrate that supports
an unconventional mechanism of replication that solves this “end
replication problem”.

The molecular era of telomere biology began when newly devel-
oped DNA sequencing methods were applied to the natural (i.e.,
uncloned) ends of sub-chromosomal DNA molecules from ciliate
macronuclei. Ciliates are unusual in that each cell has two types of
nuclei. The micronucleus has conventional chromosomes but is
transcriptionally inert, participating only in meiosis. After mating
and meiosis, the transcriptionally active macronucleus is derived
from the micronucleus by fragmentation of the chromosome
followed by deletion, amplification and telomere addition which
generates a polyploid bag of acentric DNA fragments. As a result,
ciliate macronuclei have an amazingly high concentration of DNA
termini and their associated proteins (reviewed in [3]).

Elizabeth Blackburn, then a post-doctoral fellow in Joseph
Gall's lab, sequenced the native ends of Tetrahymenamacronuclear
ribosomal DNAmolecules and found that they consist of a variable
number of non-protein coding 5’-T2G4-3’ repeats, about 50 repeats
per end, although the exact number varies from molecule to
molecule [4]. Soon thereafter David Prescott's lab determined the
sequence and structure of DNA ends in the macronuclei of another
group of ciliates. Although this second ciliate class is evolutionarily
divergent from Tetrahymena, its telomeres also consist of non-
coding repeats of a related but non-identical sequence, 5′-T4G4-3′
[5]. Moreover, because telomeres in this group of ciliates have the
unusual property of having a precise size, it was possible to show
that the G-rich strand is longer than the C-rich strand. Thus, both
ends of these macronuclear DNA molecules bear 16 nucleotide
(nt) T4G4 single-strand “G-tails”.

As data accumulated on telomere sequences and structure in
diverse organisms, it became clear that the conclusions reached
from research on ciliates telomeres apply to most eukaryotes.
That is, in the vast majority of organisms, telomeric DNA consists
of simple repeats. The number of telomeric repeats per chromo-
some end varies enormously from only 20 bps to several tens of
kbs depending on the organism. Moreover, even in the same organ-
ism, the number of telomeric repeats per end varies from cell to cell.
While there are numerous sequences that can provide telomere
function, most of these sequences have the common feature that
the strand that forms the 3′ end of the chromosome is G-rich and
longer than its complement, thus forming a 3′ single-strand tail. As
discussed in more detail below, the 3′ single-strand G-tails serve as
landing pads for sequence-specific DNA binding proteins that
protect ends from degradation and fusions, essential functions of
telomeres. Thus, regenerating the structure of telomeres presents
another problem for DNA replication as the conventional replication

apparatus is expected to generate blunt ends, not G-tails, at ends
replicated by the leading strand DNA polymerase [6]. Both the
duplex repeats and the single-strandG-tails, alongwith the proteins
that bind them, are necessary and sufficient for telomere function.
Thus, regenerating the G-tail, as well as maintaining the duplex
repeats, is essential.

The fact that telomeres from the same organism are often of
different lengths provided an early hint that telomeric DNA is
not always templated by the parent chromosome. This idea was
strengthened by experiments studying the behavior of native
termini from ciliates after their introduction into the budding
yeast S. cerevisiae. When ciliate (T2G4)n or (T4G4)n telomeric
ends are ligated to both ends of a linear vector and introduced
by transformation into yeast, the ciliate ends allow the plasmids
to be maintained as linear molecules [7,8]. However, in both
cases, these linear plasmids do not end in the ciliate telomeric
sequence but rather are lengthened by the addition of yeast 5′-
TG1–3-3′ telomeric DNA. Clearly the yeast 5′-TG1–3-3′ repeats are
not templated by the ciliate telomeres to which they are added.

These and similarly provocative results led Elizabeth Blackburn
and her graduate student Carol Greider to search for an activity
that can elongate telomeric DNA in the absence of a DNA template.
Wisely they started with protein extracts from post-mating Tetra-
hymena cells, which undergo massive telomere formation during
the development of the macronucleus and are thus a rich source
of telomere replication proteins [9]. These efforts were rewarded
by the identification of what is now called telomerase, a telomere-
dedicated reverse transcriptase that uses an integral RNA subunit
to template the addition of G-rich telomeric repeats to 3′ single-
strand ends [10,11]. These telomerase RNAs can be short, ~160 nts
in ciliates [12], or long, (>1000 nts) in yeasts [13], but they always
contain a short stretch that is complementary in sequence to the
G-rich strand of telomeric DNA.

Over the years, it became clear that most eukaryotes use a
telomerase based mechanism to replicate the very ends of chro-
mosomes. This activity solves the first end replication problem
because telomerase can elongate the 3′ single strand G-tails in
the absence of a DNA template. After this lengthening, conventional
RNA primed DNA replication can fill in the C-strand. In organisms
like Tetrahymena, telomerase is highly processive [14] such that
many telomeric repeats can be added in a single round of replication.
Thus, telomerase neednot act on a given telomere in every cell cycle.
In fact, telomerase is highly regulated. In both mammals [15] and
yeast [16], telomerase preferentially lengthens the shortest telo-
meres in the cell. In some organisms, including humans, telomerase
is not expressed in most normal somatic cells (stem cells being a
notable exception) resulting in telomere shortening with every cell
division [17]. In contrast, the vast majority of human cancers and
immortalized cells in culture have robust telomerase activity [18].

The second end replication problem, regenerating G-tails at
both ends of newly replicated chromosomes, is achieved by cell
cycle regulated C-strand degradation [19,20]. Although this event
has been studied in most detail in S. cerevisiae, it is likely a universal
step in telomere metabolism [21]. In S. cerevisiae, C-strand degrada-
tion is tightly coupled to semi-conservative replication of telomeric
DNA [22]. Although both occur late in S phase, only replicated
molecules acquire G-tails. G-tails are also produced by telomerase,
but the cell cycle regulated appearance of G-tails occurs even in tel-
omerase deficient cells [20]. Remarkably the enzyme activities that
process double strand breaks to generate the 3’ single strand tails
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