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Telomeres: Beginning to
Understand the End

Virginia A. Zakian

Telomeres are the protein-DNA structures at the ends of eukaryotic chromosomes. In
yeast, and probably most other eukaryotes, telomeres are essential. They allow the cell
to distinguish intact from broken chromosomes, protect chromosomes from degradation,
and are substrates for novel replication mechanisms. Telomeres are usually replicated by
telomerase, a telomere-specific reverse transcriptase, although telomerase-independent
mechanisms of telomere maintenance exist. Telomere replication is both cell cycle- and
developmentally regulated, and its control is likely to be complex. Because telomere loss
causes the kinds of chromosomal changes associated with cancer and aging, an un-
derstanding of telomere biology has medical relevance.

Eukaryotes have linear chromosomes, and
the ends of these linear chromosomes are
composed of protein-DNA  structures
called telomeres. Telomeres were first
characterized in ciliated protozoans such
as Tetrahymena (1) and Oxytricha (2, 3).
After meiosis, in a developmentally regu-
lated process, ciliate chromosomes are bro-
ken up into subchromosomal sized frag-
ments. These fragments are replicated to
generate a polyploid nucleus, the macro-
nucleus, which can contain literally mil-
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lions of telomeres (reviewed in 4). Thus,
compared to the modest number of chro-
mosomes, and hence telomeres, in most
organisms, the ciliate macronucleus is a
rich source of both telomeric DNA and
the structural proteins and enzymes that
protect and replicate this DNA. In spite
of the structural novelty of the ciliate
macronucleus, many features of telomeres
first discovered in ciliates are also true
of telomeres in organisms like Saccharomy-
ces and humans, both of which have con-
ventional chromosomes. Indeed, telo-
meres display considerable conservation of
both structure and function from single-
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celled organisms to higher plants and an-
imals, as well as some intriguing interspe-
cies differences.

Telomeric DNA

In most organisms, telomeric DNA consists
of a tandem array of very simple sequence
DNA (Table 1) (1-3, 5-28). Most telo-
meric repeat sequences are short and pre-
cise. For example, telomeric DNA in Tet-
rahymena is comprised of the 6-bp (base
pair) sequence C,A,/T,G,. However, some
telomeric sequences are heterogeneous (for
example, C,3A/TG,; in Saccharomyces)
and in some, the repeat unit is considerably
longer (for example, 25 bp in Kluyveromyces
lactis). Moreover, Drosophila has a com-
pletely different and so far novel telomere
structure. Rather than simple repeats, the
DNA at the ends of Drosophila chromo-
somes is composed of a transposable ele-
ment (29-31).

In most organisms, the subtelomeric re-
gions immediately internal to the simple
repeats consist of middle repetitive se-
quences, called telomere-associated (TA)
DNA, which bear a superficial similarity to
the transposons at the ends of Drosophila
chromosomes. In Saccharomyces, there are
two classes of TA elements, X and Y’ (32),
one or both of which are found on most or
all telomeres (Fig. 1). The array of TA
DNA at a given chromosome end can ex-
pand and contract. However, in those or-
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ganisms in which these changes have been
studied, they occur by recombination, not
transposition (33, 34). Because a yeast chro-
mosome without TA DNA replicates, seg-
regates, and recombines in mitosis and mei-
osis in a manner indistinguishable from that
of the same chromosome with TA DNA at
both ends, yeast TA DNA is dispensable
under normal growth conditions (35). Here,
telomeric DNA refers only to the repeats at
the very ends of chromosomes.

The sequences of telomeric DNA from a
wide variety of organisms have been deter-
mined (Table 1). Because multiple telo-
meric sequences are found, telomere func-
tion does not require a unique DNA se-
quence. Moreover, in many organisms, te-
lomeric DNA is also found at internal sites
on the chromosome (for example, 36-38),

Fig. 1. Structure of a Saccharomyces telomere
(not drawn to scale). Each yeast chromosome
begins and ends with ~300 bp of duplex
C,.3A/TG, 5 telomeric DNA with the exact length
varying from telomere to telomere. Single-strand

which demonstrates that sequence alone
does not make a telomere. Although there
is considerable diversity among the differ-
ent telomeric DNAs, even very distantly
related organisms can have the same telo-
meric sequence. For example, C,TA,/
T,AG; is the sequence of telomeric DNA
in all vertebrates, the protozoan Trypanoso-
ma, and several slime molds and fungi (Ta-
ble 1). In other cases, different organisms
have a different telomeric sequence, but the
two sequences are clearly related, like the
telomeric sequences of the distantly related
ciliates Tetrahymena and Oxytricha, which
are, respectively, C,A,/T,G, and C,A,/
T,G,. As more telomeric sequences become
known, it becomes more difficult to identify
even a loose consensus sequence to describe
them. For all known telomeric DNA se-

C1aA/TG g Y (0-4) X
o B
~300 + 75 bp 6.7 kb 0.3t03kb

TG, _5 tails of >30 bases are detected transiently at the end of the S phase (40). It is not known if shorter
TG, 5 tails exist at other times in the cell cycle. About two-thirds of the telomeres bear one to four copies
of the 6.7-kb Y’ element or a 5.2-kb deletion derivative of Y’ (32). X, the middle repetitive DNA element
internal to Y’, is heterogeneous and comprised of several small repeats, some of which are found on most
chromosomes (32, 147). Internal stretches of C, ;A/TG,.5 DNA of ~50 to 130 bp are often found
between tandem Y’ elements or between X and Y’ (36).

Table 1. Sequences of telomeric DNAs. The sequence of the strand running 5’ to 3" from the end of the

molecule forward to its center is presented first.

) Refer-
Organism Sequence ence
Protozoa
Tetrahymena C,A/T,G, (1)
Paramecium CagAm,8Gs ®)
Oxytricha C,A/T,G, @ 3)
Plasmodium C,TAAL/TIAG, ©6)
Trypanosoma C,TA/T,AG, (7, 8)
Giardia C,TA/TAG, ©
Slime molds
Physarum C,TA/T,AG, (70)
Didymium C,TA/T,AG, (10)
Dictyostelium C,5T/AG, ¢ (17)
Fungi
Saccharomyces C,.5ACA, /T, GTG, 5 (12, 13)
Kluyveromyces ACAC,ACATAC,TA,TCA,TC,GA/TCG,AT,GAT,AG,TATGTG,TGT  (74)
Candida ACAC,A,GA,GT,AGACATC,GT/ACG,ATGTCTA,CT,CT,G,TGT  (15)
Schizosaccharomyces C,.6G0.1T0.1GTA, /T, ,ACA, ,C,.,G, 4 (16)
Neurospora C,TAL/T,AG, (17)
Podospora C,TA/T,AG, (18)
Cryptococcus AC, s T/AG, 5T, i (19)
Cladosporium C,TA/TLAG, (20)
Invertebrates
Caenorhabditis GC,TA/T,AG,C
Ascaris GC,TA/T,AG,C 21)
Parascaris TGCA,/T,GCA 22)
Bombyx; other insects C,TA/TAG, 23)
Vertebrates
C,TA/TAG, 4
Plants
Chlamydomonas C,TA/T,AG, 25)
Chlorella C,TAL/TAG, (26)
Arabidopsis C,TAL/TAG, 27)
Tomato CART/ALTG, 8
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quences except that of Parascaris, there is a
strand bias in the various telomeric DNAs
such that the strand running 5’ to 3’ from
the center toward the end of the DNA
molecule has more G residues than its com-
plement and, further, the G’s in this strand
are clustered. _

In the macronuclear DNA of ciliated
protozoans, the G-rich strand is extended to
form a 12- to 16-base single-strand G rtail
that exists throughout most or all of the cell
cycle (2, 3). G tails can also be detected on
Saccharomyces chromosomes, but they are
longer and transient, appearing late in the S
phase at the same time that telomeric DNA
is replicated (39, 40). In vitro, the G strand
of telomeric DNA can form a variety of
non—Watson-Crick base-paired structures,
including four-stranded helices or G quar-
tets held together by multiple G-G base
pairs (41-43). Although it is not clear if
these stable DNA structures exist in vivo,
the single-strand G tails on Saccharomyces
chromosomes allow two telomeres to inter-
act, apparently by non—Watson-Crick base
pairing (40). If DNA structures based on
G-G base pairs are important for some as-
pect of telomere function, it would explain
the prevalence of tandem G residues in
telomeric DNA.

The average amount of telomeric DNA
at a chromosome end varies from organism
to organism. For example, mice have as
much as 150 kb of telomeric DNA per
telomere (44, 45), whereas telomeres on
Oxytricha macronuclear DNA molecules are
only 20 bp in length (3). Moreover, in
contrast to Oxytricha and related ciliates, in
which all macronuclear telomeres are the
same discrete size, in all other organisms the
amount of telomeric DNA per telomere fluc-
tuates. For example, the amount of C, ;A/
TG, _; DNA at individual yeast telomeres in
a wild-type strain ranges from ~200 to
~400 bp, and this amount increases and
decreases stochastically (46). Heterogeneity
and spontaneous changes in telomere
length probably reflect a complex balance
between processes that lead to degradation
and those that lengthen telomeric tracts. In
addition to this inherent length heteroge-
neity, the average telomere length in yeast
and other organisms can increase or de-
crease in response to genetic (47) or nutri-
tional (48) changes. In some organisms, like
Tetrahymena (49) and Trypanosoma (50),
the average telomere length continuously
increases during log-phase growth. In con-
trast, in human somatic cells, telomeres
slowly shrink during successive cell divi-
sions (51, 52). The inherent heterogeneity
characteristic of virtually all telomeric
DNAs suggested that telomeres are not
maintained by a conventional replication
process. Further, the fluid nature of telo-
meric and subtelomeric regions suggests
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that telomere function does not require a
precise protein-DNA structure. For exam-
ple, Saccharomyces tell strains have telo-
meres about a third of the size of those in
wild-type cells (47), although they have
chromosome loss rates close to those of the
wild type (53) and presumably relatively
normal telomere function.

Telomere Structural Proteins

Much less is known about the structural
proteins that interact with telomeric DNA
- than about the DNA itself. The telomeric
DNA at the ends of Saccharomyces chromo-
somes (54) and on ciliate macronuclear
DNA molecules (55, 56) is found in a
non-nucleosomal but discrete chromatin
structure, called the telosome, which en-
compasses the entire terminal array of telo-
meric repeats. Although the DNA adjacent
to the Saccharomyces telosome is packaged
in nucleosomes (54), these nucleosomes dif-
fer from those in most other regions of the
yeast genome, having features (such as hy-
poacetylated histones) that are characteris-
tic of transcriptionally inactive chromatin
(57). In mammals, whose telomeres are
much longer than those of yeasts or ciliates,
most of the simple repeated telomeric DNA
is packaged in closely spaced nucleosomes
(58, 59). However, the telomeric repeats at
the very ends of human chromosomes are
found in a telosome-like structure (59).
Thus, at least some features of the chroma-
tin structure of telomeric regions are con-
served between lower and higher eukaryotes.

The major structural protein in the Sac-
charomyces telosome is the product of the
essential gene RAPI (60, 61). In vitro the
RAPI protein, Raplp, binds with high af-
finity (62) to the many recognition sites
distributed in tandem throughout the
length of a teiomere (63). Both in vivo and
in vitro Raplp binding is not limited to
telomeres. When this multifunctional pro-
tein binds at an internal site on the chro-
mosome, it can act either as a transcription-
al activator or as a transcriptional repressor
(for example, 64, 65). Raplp also binds to
single-strand TG, 3 DNA in vitro but with
an affinity several orders of magnitude less
than that for duplex telomeric DNA (66).

Telosomal proteins have also been iden-
tified in Oxytricha (67). The genes encod-
ing the Oxytricha proteins have no sequence
similarity to RAPI nor to any of the other
proteins thought to be minor constituents
of the yeast telosome (68, 69). Binding of
the Oxytricha proteins requires the single-
strand T,G,T,G, tail found at each end of
all macronuclear DNA molecules (67).
Thus, unlike Raplp, the Oxytricha proteins
will not bind to internal tracts of telomeric
sequence. Because the binding of the
Oxytricha telosomal proteins is limited to

the very end of the chromosome, these
proteins are terminus-specific DNA binding
proteins. One of the two Oxytricha teloso-
mal proteins facilitates the formation of G
quartet DNA in vitro (70), providing strong
circumstantial support for the presence of

. four-stranded DNA in vivo. Although G

strand-specific binding proteins have been
identified in other organisms, including
yeast (71), the Oxytricha protein is the only
one known to be localized to telomeres in
vivo. Indeed, many of the abundant pro-
teins that display G strand-specific binding
in vitro are probably RNA binding proteins
in vivo (71-73). However, genetic data sug-
gest that a terminus-specific binding activ-
ity is present in Saccharomyces (74). In ad-
dition, an activity has been detected in
Xenopus extracts that, like that of the
Oxytricha proteins, displays terminus-specif-
ic binding in vitro (75). Thus, terminus-
limited binding proteins may be a general
feature of telomeric chromatin.

Telomere Functions

Telomeres were first defined functionally in
Drosophila. Muller argued that the inability
to recover Drosophila chromosomes without
an end after x-ray-induced chromosome
breakage indicated that the telomere was
essential (76). McClintock reported that
broken chromosomes in maize frequently
fuse with other broken chromosomes to
generate dicentric chromosomes, destined
for breakage in a subsequent cell division.
Because chromosomes with telomeres did
‘not fuse with one another, she hypothesized
that the telomere’s essential function can
be explained by its role in protecting chro-
mosomes from end-to-end fusions (77, 78).

Fig. 2. Replication of the = §————#
end of a Saccharomyces l

chromosome. Replication
of one end of a chromo-
some is shown. The paren-
tal strands are in black; the
newly synthesized strands
generated by a standard
DNA polymerase are in pink
or blue. The top or leading
strand can be replicated to
its very end by a conven-
tional DNA polymerase,
represented by the pink ar-
row. The lower strand DNA,
which runs 5’ to 3' from the
center to the end of the
DNA molecule, is the TG, 5

G

C

The biochemical properties of DNA
polymerases suggested another essential
function for telomeres (79) (Fig. 2). Con-
ventional DNA polymerases replicate DNA
only in the 5’ to 3’ direction and cannot
initiate synthesis of a DNA chain de novo.
The DNA polymerases that replicate eu-
karyotic chromosomes use an 8- to 12-base
stretch of RNA to prime DNA synthesis.
As a consequence, after DNA replication
one end of a linear chromosome will be
replicated to the very end, whereas the
other end will have a short 8- to 12-base
gap generated by removal of the RNA prim-
er (Fig. 2). Because this 5' gap cannot be
filled in by a conventional DNA poly-
merase, in every other cell division a given
DNA end will be incompletely replicated.
Hence, the end of a linear chromosome will
shorten by an average of 4 to 6 bases per cell
division unless telomeres act as substrates
for an alternative replication mechanism.

By removing the telomeric C, ;A/TG, ,
tract from one end of a dispensable chro-
mosome, it was possible to determine di-
rectly the fate of a yeast chromosome after
telomere loss (80). A chromosome end
without a telomere is progressively lost (80,
81). Because this loss occurs in the absence
of cell division and at a rate much faster
than that expected for incomplete replica-
tion, it must be the result of degradation
(80, 82). Thus, yeast telomeres are essential
for chromosome integrity. The ability of
telomeres to protect DNA ends from deg-
radation can be mimicked in vitro. The
presence of the Oxytricha telosomal proteins
on otherwise naked macronuclear DNA
molecules prevents their exonucleolytic
degradation (67). The importance of telo-
meres in preventing degradation can also
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strand. The TG, _, strand must be copied discontinuously, represented in blue. Discontinuous DNA synthesis
is RNA-primed: the 8- to 12-base-long RNA primers are represented by yellow boxes. After removal of the RNA
primers, the intemal gaps can be repaired by a conventional DNA polymerase. However, an 8- to 12-base gap
is left at the end of the discontinuously synthesized strand. This gap leaves an 8- to 12-base G tail that can be
extended by telomerase (where telomerase-synthesized TG, _; DNA is in green). A conventional DNA poly-
merase can synthesize the complementary C,_,A strand, but again a short gap will be left after removal of the
terminal RNA primer. There is no information on the identity of the polymerase that generates the C, ;A

complement of the telomerase-generated DNA.
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explain the essential function of RAPI.
Cells carrying alleles that generate Raplp
with reduced DNA binding activity in vitro
have shorter telomeres in vivo (60, 83),
which suggests that Raplp prevents degra-
dation of telomeric DNA.

A yeast chromosome without a telomere
causes a transient cell division arrest. This
arrest is mediated by the RAD9 checkpoint
(80), which detects damaged DNA (84,
85). Thus, another critical function of yeast
telomeres is to help the cell distinguish
intact from broken chromosomes. Teloso-
mal proteins like those from Oxytricha,
whose binding is terminus-limited (67),
provide a biochemical explanation for the
cell’s ability to distinguish a true telomere
from a broken end or an internal stretch of
telomeric DNA.

Although a dispensable chromosome
without a telomere causes a prolonged cell
cycle arrest, a yeast cell with a single chro-
mosome lacking a telomere ultimately re-
sumes division without any loss of viability,
even if the broken chromosome is not re-
paired (80). In these cells, the chromosome
without a telomere is transcribed, replicat-
ed, and segregated for as many as 10 cell
divisions before its loss. Thus, at least in
yeast, telomeres serve no function that must
be carried out in cis in every cell cycle.
Moreover, Drosophila chromosomes that to-
tally lack telomeric DNA have been isolated
and maintained in fly stocks for over a de-
cade (86, 87). Drosophila chromosomes with-
out telomeric DNA shorten at the very slow
rate expected for incomplete replication (86,
88), and therefore they are not degraded nor
do they appear to cause a cell cycle arrest.
Thus, these functions of yeast telomeric
DNA are probably not universal. Indeed, the
only essential function of Drosophila telo-
meric DNA is to compensate for incomplete
replication, and even that function is neces-
sary only in a relatively. long term sense.

In at least some organisms, telomeres are
specialized sites for gene expression. In Dro-
sophila (89), Saccharomyces (90), and fission
yeast (91), the transcription of a gene
placed near a telomere is reversibly re-
pressed, a phenomenon called telomere po-
sition effect or TPE. This repression and its
reversibility are easily seen when a gene
that affects eye (Drosophila) or colony
(yeast) color is affected (Fig. 3). Because
internal tracts of telomeric sequence can

* cause transcriptional repression, even on a
circular chromosome (92), position effects
on transcription must not require any novel
aspect of telomere structure, such as a free,
single-strand G tail. TPE can be eliminated
in cis at a single telomere without affecting
chromosome loss (48), which demonstrates
that the structural requirements for TPE are
separable from those required for chromo-
some stability. Because many genes required
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for TPE are nonessential (93), the ability of
the telomere to affect transcription is a
dispensable function of yeast telomeres.
Evidence from a variety of organisms sug-
gests that mitotic telomeres often associate
both with each other and with the nuclear
periphery (94-97). Such associations are
widespread, perhaps ubiquitous, during early
stages of meiosis, which suggests that these
interactions may be important for homolog
pairing, recombination, or some other as-
pect of meiotic chromosome behavior. In
mitotic yeast cells, telomere clustering and a
localization at the nuclear periphery may be
prerequisites for TPE (98, 99).

Mechanisms for the
Maintenance of DNA Ends

Biochemical considerations led to the real-
ization that replication of the very ends of
linear DNA molecules requires a different
mechanism than replication of the rest of
the genome (79) (Fig. 2). Different solu-
tions to this dilemma are seen in viruses,
plasmids, and organelle DNA (reviewed in
100). One evolutionarily widespread solu-
tion is protein-nucleotide priming of repli-
cation, which generates a linear molecule
covalently bound to protein at a 5’ terminal
nucleotide, not templated by the genome
(for example, as in $29 and adenoviruses).
Another solution is to have a sequence at
the end of the molecule that allows forma-
tion of a hairpin, concatamer, or circle that
eliminates ends at the time of replication
(for example, in vaccinia, T7, and lambdoid
viruses). Alternatively, the ends of a linear
DNA molecule can be maintained by re-

Fig. 3. Telomeres repress transcription of adja-
cent genes (taken with permission from 74). Two
colonies are shown from a strain in which the
ADE2 gene is next to the right telomere of chro-
mosome V in Saccharomyces. About half of the
cells produce red colonies, the Ade2~ phenotype,
and half produce white colonies, the Ade2* phe-
notype. Because the colonies are mostly red or
mostly white, both the *‘off”’ and ‘“‘on’’ transcrip-
tional states are stable. Sectors of opposite color
are seen within both red and white colonies, which
demonstrates that both states are reversible.
SCIENCE »
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combination, as in T4 bacteriophage (101)
or Tetrahymena mitochondrial DNA (102).

Several different mechanisms also exist
to maintain the ends of eukaryotic chromo-
somes. The termini of Drosophila chromo-
somes usually bear middle repetitive ele-
ments that transpose to chromosome ends
(reviewed in 103). Although these terminal
transposons are slowly lost by incomplete
replication (104), their rate of transposition
is sufficient to compensate for this loss, and
their presence protects internal, single-copy
DNA from erosion.

The lengthening of Drosophila chromo-
some ends by transposition is a relatively
rare event (104). Likewise, for all organisms
telomere replication need only be frequent
enough to compensate for the very slow loss
of DNA that results from incomplete repli-
cation. In contrast to the regulated, once-
per—cell cycle replication required for the
rest of the chromosome, telomere replica-
tion could be accomplished as a repair func-
tion and need not a priori be regulated by
the cell cycle.

In most organisms, telomere replication
involves a specialized reverse transcriptase
called telomerase. Telomerase is a ribohu-
cleoprotein, its activity depending on both
RNA and protein components (105). Telo-
merase circumvents the problem of end rep-
lication by using RNA, not DNA, to tem-
plate the synthesis of telomeric DNA. Be-
fore telomerase was discovered, work with
ciliates and yeast suggested that telomeric
DNA was not templated in a conventional
manner. During the formation of the ciliate
macronucleus, new telomeres are generated
at sites that were previously internal on the
chromosome (4). Virtually all of these sites
have no telomere-like DNA to serve as a
template for telomere addition. In contrast,
during transformation, yeast telomeres are
added to the ends of a linear plasmid, if and
only if the end has at least a short stretch of
telomeric or telomere-like DNA (106). In
the yeast transformation assay, Tetrahymena
and Oxytricha telomeres are suitable sub-
strates for telomere addition (107-109).
However, yeast adds its own telomeric se-
quence to these foreign DNAs, which dem-
onstrates that the newly synthesized telo-
mere is not templated by the preexisting
sequence (12, 109, 110).

Telomerase was first detected in extracts
prepared from Tetrahymena cells at a stage
in macronuclear development when many
new telomeres are formed (111). Telome-
rase was discovered by its ability to extend a
G strand telomeric oligonucleotide in the
absence of a DNA template. Like the ac-
tivity responsible for forming telomeres dur-
ing transformation in yeast, Tetrahymena
telomerase will extend different telomeric
G strand oligonucleotides, but the sequence
added by the Tetrahymena telomerase al-



ways consists of Tetrahymena T,G, telo-
meric repeats, not the sequence used as a
primer (111). In vitro, Tetrahymena telome-
rase is extremely processive, adding many
residues (an average of ~500 bases) to the
G strand primer before the enzyme disasso-
ciates (112).

Telomerase was later identified in ex-
tracts prepared from other ciliated protozo-
ans (113, 114), humans (115), mice (116),
Xenopus (117), and very recently from Sac-
charomyces (118—120). In each case, telo-
merase extends the G strand of telomeric
DNA. Thus, the expected product of telo-
merase-mediated replication is a duplex
molecule with a single-strand G tail (Fig.
2). A conventional DNA polymerase could
theoretically complete telomere replication
by synthesizing the complementary C
strand (Fig. 2). C strand synthesis by a
conventional DNA polymerase that uses an
RNA primer will generate a largely duplex
molecule with an 8- to 12-base gap at its 5’
end; that is, this molecule will have an 8- to
12-base G tail. Thus, the end product of
telomerase replication is also a suitable sub-
strate for telomerase. As long as telomerase
adds, on average, more telomeric DNA
than that lost by removal of the RNA prim-
er, there will be a net gain of telomeric
DNA and the substrate for the next round
of telomerase_replication will be generated.
Whether telomeres grow, shrink, or hover
about an average length will depend on a
combination of factors, including the telo-
merase’s processivity, its frequency of action
at individual telomeres, and the rate of
degradation of telomeric DNA.

Genes encoding telomerase RNA have
been cloned from ciliates (121-124), yeasts
(125, 126), humans (127), and mice (128).
The RNAs encoded by these genes contain
an 8- to 30-base stretch with 1.2 to 1.9
copies of the C strand form of the telomeric
repeat of the particular organism from
which it was isolated. In Tetrahymena
(129), yeasts, (125, 126), humans (127),
and mice (128), the sequence of this region
was altered, and the mutant genes were
introduced back into the cells. In each case,
the altered sequence was either incorporat-
ed into telomeric DNA in vivo (125, 126)
or into telomerase products in vitro (127,
128), which indicates that telomerase RNA
determines the sequence of telomeric DNA.
When the single-copy telomerase RNA
gene is deleted in Saccharomyces or K. lactis,
telomeres shorten at exactly the rate ex-
pected for incomplete replication (125,
126). Thus, in these organisms telomerase
must be the major pathway for telomere
maintenance. The discovery of telomerase
in an organism like Saccharomyces, with a
heterogeneous telomeric repeat, and in K.
lactis, with a 25-bp repeat, demonstrates
that a telomerase replication mechanism

can account for virtually all of the known
telomeric DNA sequences.

The protein components of telomerase
have been much more elusive than telome-
rase RNAs. Deletion of the Saccharomyces
ESTI gene, which encodes a 77-kD poly-
peptide (130), yields a phenotype indistin-
guishable from that of cells lacking telomer-
ase RNA (125). Thus, Estlp is required for
telomere length maintenance in vivo (130).
Estlp is specifically associated with telomer-
ase RNA in cell-free extracts (119). More-
over, a processive telomerase activity detect-
ed by a polymerase chain reaction assay in
Saccharomyces cell-free extracts is Est1p-de-
pendent (119). In contrast, a nonprocessive
telomerase detected by a conventional prim-
er extension assay in fractionated Saccharo-
myces extracts is Estlp-independent (118).
These data can be reconciled if Estl1p makes
yeast telomerase more processive either by
acting directly as a processivity factor or by
inactivating a telomerase inhibitor. The
genes encoding an 80-kD and a 95-kD pro-
tein that co-purify with Tetrahymena telom-
erase activity and telomerase RNA have
been isolated (131). The 80-kD protein
binds specifically to telomerase RNA,
whereas the 95-kD protein can be cross-
linked to G strand primers. Like Estlp, nei-
ther of the Tetrahymena proteins has appre-
ciable sequence similarity to RNA or DNA
polymerases nor to any known replication
accessory proteins, and as yet, neither pro-
tein has been shown to be essential for
telomerase activity in vivo or in vitro.

Even organisms that normally rely on a
telomerase mechanism of replication have
alternative pathways for telomere mainte-
nance. Telomeres in Saccharomyces strains
that lack either TLCI, the gene encoding
telomerase RNA (125), or ESTI (130)
slowly shorten. After ~50 to 100 divisions,
most of the cells in these cultures stop
dividing (125, 130). Failure to divide might
be a consequence of a RAD9 arrest more
prolonged than that seen when a single
telomere is lost (80). Alternatively, once
telomeric DNA and hence telomere func-
tion is gone, degradation may eliminate
essential genes, resulting in cell death. Al-
though most tlclA and estIA cells stop di-
viding, survivors appear spontaneously in
all such cultures (125, 132). Most survivors
have very short telomeres but in addition
acquire multiple copies of Y' or deletion
derivatives of Y' immediately internal to
the C,;A/TG,; terminal repeats (132).
These tandem Y’ elements, like the Dro-
sophila telomeric transposons, might serve as
a passive buffer to protect internal sequenc-
es from loss. The generation of these survi-
vors requires RAD52, a gene needed for
most mitotic recombination events. Thus,
Y’ acquisition occurs by recombination, not
by transposition (132).
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A RADS52-independent recombination
process that could theoretically contribute
to telomere maintenance has also been de-
tected in Saccharomyces (106). In contrast
to Y'-Y' recombination, this recombination
occurs between two terminal tracts of telo-
meric repeats. Telomere-telomere recombi-
nation proceeds by gene conversion and
results in a net increase in telomeric DNA
(133). It is not known if telomere-telomere
recombination contributes to telomere
maintenance in mutant or wild-type cells
nor if similar pathways can be activated in
other organisms. However, in some human
cell lines, immortalization and telomere
length increases occur even in the absence
of detectable telomerase activity (134—
136). These data suggest that telomerase-
independent mechanisms for telomere
maintenance also exist in higher cells.

Regulation of Telomere
Replication

There are many intriguing aspects of telo-
mere biology that deserve further attention.
Of considerable interest is the regulation of
telomere replication. In Saccharomyces, gen-
eration of the single-strand TG, 5 tail is
controlled by the cell cycle. The TG, 4 tails
are detectable at the very end of the S phase
but disappear before the next cell cycle (39,
40). Although there is no inherent reason
for telomere replication itself to be regulat-
ed by the cell cycle, the substrate or product
of telomere replication might serve a cell
cycle function. Any proposed cell cycle
function for telomeres must be reconciled
with the fact that a cell with a chromosome
lacking one telomere is viable (80). One
role of telomeres that is consistent with the
viability of cells that have a broken chro-
mosome is their function in a cell cycle
checkpoint, such as the RAD9 checkpoint,
which is dispensable in the absence of DNA
damage (85, 137). For example, the tran-
sient single-strand G tails that are interme-
diates in telomere replication may allow the
formation of inter- or intratelomeric non—
Watson-Crick base-paired structures or may
provide a substrate for a terminus-binding
protein. Either the DNA structures or the
protein-DNA complexes could serve as sig-
nals to the RAD9 cell cycle checkpoint that
chromosome replication is‘complete (39).
In addition to the cell cycle regulation of
telomere replication seen in yeast, mamma-
lian telomerase is developmentally regulat-
ed (138). In humans, telomerase activity is
not found in most somatic tissues (139). In
contrast, telomerase is detected in many
human tumors (139). These. data have led
to the hypothesis that telomere length may
serve as a mitotic clock, which acts to limit
the replication potential of human cells
both in vivo and in vitro (52, 140). The
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expression of telomerase in tumor cells may
provide a selective advantage that allows
these cells to divide indefinitely (141).
Telomerase activity and telomere length
could be and almost surely are controlled at
many levels. Tissue- or stage-specific ex-
pression of an essential telomerase subunit
is an obvious possibility. However, telome-
rase RNA is detected in many human so-
matic cells that lack detectable telomerase
activity, which suggests that control of its
synthesis is unlikely to be a general mech-
anism for modulating telomerase activity
(127). Alternatively, the processivity of telo-
merase might be regulated. In Tetrahymena
and in humans, telomerase activity in vitro
is very processive, whereas in mice and
Xenopus, the activity adds only a few bases
at a time to G strand primers (116, 117).
Because mouse telomeres are exceptionally
long (44), in vivo there may be accessory
factors that increase the processivity of
mouse telomerase. In Saccharomyces, the
Piflp helicase reduces telomere length and
de novo telomere formation in vivo (142).
Thus, Piflp acts as if it inhibits telomere
replication, although it is not known if this
inhibition is on telomerase or on telomer-
ase-independent pathway of telomere main-
tenance, such as telomere-telomere recom-
bination. The 5" to 3’ helicase activity of
Piflp could reduce telomerase processivity
by dissociating telomerase RNA from its G
strand substrate, or it could inhibit telo-
mere-telomere recombination by dissociat-
ing recombination intermediates.
Telomerase might also be regulated by
telomere accessibility. For example, several
Raplp-interacting proteins in Saccharomy-
ces appear to limit telomere replication be-
cause depletion of these proteins results in
telomere lengthening (60, 74, 143). Alter-
natively, DNA structure could affect telo-
mere replication. When G strands assume a
G quartet, this structure inhibits their abil-
ity to serve as primers for telomerase as well
as reduces the extent of telomerase elonga-
tion (144). Hence, the formation of G quar-
tets might affect both telomere accessibility
to telomerase and telomerase processivity.

Accessibility to nucleases will also influ- -

ence telomere length: for example, telo-
meres in human cells lacking telomerase
shorten at a rate ~10 times faster than that
expected from incomplete replication (145,
146); this result suggests that in these cells
telomeric DNA is degraded, as well as in-
completely replicated. Unexpectedly and
still inexplicably, overexpression of truncat-
ed forms of the Saccharomyces telomerase
RNA gene causes telomere shortening and
loss of telomere position effect (125). These
results indicate that there is considerable
interplay between telomere structure, func-
tion, and replication.

In Saccharomyces, a surprisingly large
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number of proteins and conditions affect
telomeres. Moreover, even in yeasts and in
ciliates our understanding of telomere biol-
ogy is relatively modest, with new informa-
tion still emerging at a rapid rate. Telome-
rase is often proposed as an ideal target for
cancer therapy because its activity is wide-
spread among human tumors but absent
from most somatic cells. A detailed under-
standing of telomere replication, including
information on telomerase-independent
mechanisms of telomere maintenance, will
be crucial if telomerase is to become a re-
alistic target for cancer therapy.
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Equality for X Chromosomes
Richard L. Kelley and Mitzi |. Kuroda

In many species, females possess two X chromosomes and males have one X chromo-
some. This difference is critical for the initial determination of sex. However, the X encodes
many functions required equally in males and females; thus, X chromosome expression
must be adjusted to compensate for the difference in dosage between the sexes. Distinct
dosage compensation mechanisms have evolved in different species. A common theme
in the Drosophila melanogaster and Caenorhabditis elegans systems is that a subtle
alteration of chromatin structure may impose this modest, but vital adjustment of the X

chromosome transcription level.

Dosage Compensation in
Drosophila

The predominant dosage compensation
mechanism in Drosophila melanogaster is hy-
pertranscription of the single male X chro-
mosome in order to achieve an activity equal
to that of both female X’s (reviewed in 1).
Genetic analyses have identified four genes
that are required exclusively for male viabil-
ity and whose products mediate hypertran-
scription of the male X chromosome. These
genes—male specific lethal-1, -2, -3, and male-
less (msl-1, -2, -3, and mle, collectively called
the msls)—have been characterized at the
molecular level. Antibodies to any one of
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the MSL proteins specifically recognize hun-
dreds of sites along the male polytene X
chromosome (2—7). The msl mutants display
similar phenotypes, and the proteins colocal-
ize on the X chromosome, suggesting that
they act in a heteromeric complex. Further-
more, each of the MSL proteins must be
functional in order to observe the wild-type
chromatin-binding pattern of the remaining
three (reviewed in 1). Direct evidence for a
physical interaction between the MSLs has
been demonstrated by coimmunoprecipita-
tion of MSL-1 and MSL-2 (6).

The biochemical function of the puta-
tive MSL protein complex is not under-
stood, but it may function in histone mod-
ification. Male X chromatin is highly en-
riched for an isoform of histone H4 mono-
acetylated at lysine-16 (H4Acl6) (8).
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Mutation of the corresponding lysine’ of
yeast histone H4 produces altered transcrip-
tion of several genes (reviewed in 9). Al-
though the mechanism of altered gene ex-
pression is not understood, neutralizing a
key positive charge on the NH,-terminal
histone H4 tail may allow greater access of
the transcriptional machinery to DNA (9).
The MSL banding pattern is highly similar
to that of H4Ac16, and mutation in any of
the msl genes prevents accumulation of
H4Ac16 on the male X chromosome (10).
Perhaps one component of the MSL com-
plex is a histone acetyltransferase or an
inhibitor of a histone deacetylase.
Sequence analysis shows that MSL-1 and
-3 are unlike any previously reported protein
(3, 4); MSL-2 contains a zinc-binding motif
called the RING finger (5-7), and MLE is
closely related to human RNA helicase A
(11). The finding that MSL-2 contains a
RING finger present in several other chro-
matin-binding proteins has led to the sug-
gestion that this subunit provides the recog-
nition specificity to distinguish the X chro-
mosome from the autosomes (5-7). Muta-
tions in the RING finger destroy msl-2
activity (5), but so far no RING finger pro-
tein has been shown to possess sequence-
specific DNA-binding activity (12). Two
members of this family from Drosophila are
Posterior sex combs (Psc) and suppressor of
zeste 2 [su(z)2], which both function in the
maintenance of repressive chromatin struc-
ture in discrete regions of the genome (13).
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