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The sequence organisation of the telomeric regions is extremely similar for all eukaryotes examined
to date. Subtelomeric areas may contain large sequence arrays of middle repetitive, complex el-
ements that sometimes have similarities to retrotransposons. In between and within these complex
sequences are short, satellite-like repeats. These areas contain very few genes and are thought to be
organised into a heterochromatin-like domain. The terminal regions almeost invariably consist of
short, direct repeats. These repeats usually contain clusters of 2-4 G residues and the strand that
contains these clusters (the G strand) always forms the extreme 3'-end of the chromosome. Thus,
most telomeric repeats are clearly related to each other which in turn suggests a common evolution-
ary origin. A number of different structures can be formed by single-stranded telomeric G strand
repeats and, as has been suggested recently, by the C strand. Since the main mechanism for the
maintenance of telomeric repeats predicts the occurrence of single-stranded extensions of the G
strand, the propensity of G-rich DNA to fold into alternative DNA structures may have implications

for telomere biology. & 1997 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION
THE ENDS of eukaryotic chromosomes have special proper-
ties when compared to ends created by random chromoso-
mal breakage: native ends, or telomeres, are stable
structures not prone to degradation, recombination or
fusions with other chromosome ends [1-3]. This property
of “capping” natural chromosome ends was the first essen-
tial function ascribed to telomeres [2, 4]. Since those semi-
nal observations in the late 1930s, we have learned that
DNA is at the base of the chromosome and with the advent
of molecular biology, some remarkablc fcatures of the DNA
sequences present at the telomeres have been uncovered.
For instance, functional telomercs are not recognised by
DNA damage recognition systems even though formally, a
chromosomal end constitutes a double-stranded DNA break
[3). Furthermore, in the early 1970s, it was realised that
duc to thc intrinsic requirements and the polarity of the
normal DNA replication machinery, a DNA end cannot be
fully replicated {5, 6]. Thus, telomeres must provide the
basis for a second essential function, namely the complete
replication of the DNA at chromosomal termini. However,
cytologists have been studying the positioning and behaviour
of telomeres for much longer. As early as 1885, Rabl
described a peculiar clustering of the telomeres on one side
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of mitotic nuclei [7]. These observations of a chromosomal
order with a non-random distribution of telomeres and cen-
tromeres have since been confirmed in many systems [8].
Moreover, the terminal regions of the chromosomes may be
heterochromatic, repress transcription of nearby genes and
determine the timing of replication initiation [9-18].

Being implicated in such a variety of biological phenom-
ena, the definition of a eukaryotic telomere has become dif-
fuse. The notion that the presence of a tract of telomeric
repeat sequences (see below) ensures all functions of a telo-
mere is widely used but remains far from bcing proven.
Thus, as proposed by Biessmann and Mason {19], the telo-
mere can be defined operationally as the complex at the
ends of chromosomes that performs the functions studied in
any given system. This definition has the advantage of
including all cis-acting sequences and rrans-acting factors
binding to these sequences and involved in the functions
ascribed to telomeric chromatin. Here we will concentrate
on the description of the DNA sequences found at eukaryo-
tic chromosomal termini and review our current knowledge
of possible structures formed by them.

DNA ORGANISATION AT CHROMOSOMAL
TERMINI
The overall sequence organisation of telomeric areas is
remarkably conserved in all eukaryotes (Figure 1). The telo-
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meric DNA sequences have generally been subdivided into
at least three distinct areas: (i) telomere associated
sequences (TAS); (ii) double-stranded telomeric repeats;
and (iii) the terminal DNA structure at the very ends of the
chromosomal DNA.

Telomere associated sequences

In all organisms for which sequence information of subte-
lomeric areas is available, the region proximal to the termi-
nus specific sequences (see below) contains a variety of
repeated elements called TAS (19, 20]. Usually, the subte-
lomeric area with the TAS is described as the sequences
centromere-distal to the last identified, functional, single-
copy gene. The actual amounts of TAS vary between
chromosomes of the same species and may make up con-
siderable amounts of the total genome [19]. For instance,
human autosomes have TAS comprising a few hundred kb
[21, 22], whereas the sex chromosomes bear a subtelomeric
pseudoautosomal region (PAR) of approximately 2600 kb
that may contain mostly TAS [23]. In general, there are
wwo different types of elements found in such subtelomeric
areas. Relatively complex, middle-repetitive elements vary-
ing from a few hundred base pairs (bp) to a few thousand
bp are known for plant [24, 25], fungal [26-28], inverte-
brate [29-31] and vertebrate species, including humans
[32-35] (see [19, 36] for reviews). In every species for
which enough sequence information is available, the distri-
bution and/or copy number of individual repeats are vari-
able. Human subtelomeric areas may contain telomere-
specific repeats, but most repeats occur at least on a subset
of the telomeres [37, 38]. However, only a small subset of
all repeats may have been identified so far and it is therefore
not clear whether there are TAS repeats present on all telo-
meres. In yeast, the ‘core X’ element seems to be present in
all native subtelomeric areas [20], but the presence of this
element is not essential for chromosome maintenance [39].
Interspersed in between and within these complex repeats
are shorter, tandemly repeated satellite-like sequences.
These repeats of 20-1000 bp seem to be recombinogenic,
rearrange with high frequency and may constitute the most
prominent reason for the observed high degree of poly-
morphism of subtelomeric chromosomal regions [20, 40-
44]. In several organisms, blocks of the terminus-specific
repeated sequences (see below), or variants of them, are
also found imbedded in subtelomeric areas [26, 27, 37, 45,
46]. Furthermore, in yeast, copies of a number of open
reading frames (ORFs) such as the PAU, SUC, MAL and
MEL families of genes have been found in some, but not all
subtelomeric areas [20, 47, 48]. In Trypanosomes, the ex-
pression of certain surface antigen genes is correlated with
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relocation of the genes into subtelomeric expression sites
(10, 13], and in Plasmodium, the location of surface antigen
genes in the polymorphic subtelomeric areas may be respon-
sible for the antigenic polymorphism of these genes [44, 49,
50]. However, despite these examples, the subtelomeric
areas in general are very low in gene density and transcrip-
tional activity.

What are the possible functions of this sometimes vast
mosaic of repeated sequence elements? It is important to
note that TAS family members are relatively homologous
within the families of each species, but that there is no evi-
dence for sequence relationships between the repeats of var-
ious species [20]. In yeast and Drosophilia, genes located
close to an actual chromosome end are subject to transcrip-
tional repression [9, 11, 12]. Thus, it has been argued that
the TAS provide a buffer zone between the actual terminal
telomeric structure and more internal chromosomal
domains [20, 36, 51]. Given the possibility of relatively
rapid changes of the sequences within this area, it could
also provide a region in which genes can undergo adaptive
changes via amplification and recombination [36, 44].
Cytological and genetic studies have shown that telomeres
interact with each other non-randomly during mitotic
growth and during meiosis in a number of species [20, 52,
53]. Since the terminal repeats are identical for all telomeres
in any given species, it could be the highly variable arrays of
the different TAS that specify telomere to telomere inter-
actions. Finally, TAS have been shown to provide alterna-
tive mechanisms for telomere maintenance Vvia
recombination or transposition in cases where the main telo-
mere replication mechanism via telomerase is absent [54-
571.

Double-stranded telomeric repeats

In striking contrast to the apparently unrelated repeat
sequences of the TAS of various organisms, the sequences
found at the very ends of the chromosomes of a variety of
organisms are clearly related (see Table 1). The first term-
inal sequences to be identified were those of some ciliate
species such as Tetrahymena and Oxytricha [58, 61]. The
great abundance of telomeres in the macronuclei of the
organisms was instrumental in the initial identification and
characterisation of these sequences by direct chemical
methods. Today, the terminal repeat sequences are known
for a great deal of different species, and while common fea-
tures are easily identified for a number of them, there are
also notable differences and exceptions. For most species,
the terminal repeats consist of short (6-8 bp), tandemly
repeated sequences. For instance, the first telomeric repeat
sequence identified, the one for Tetrahymena, is C4A>/T2Gy
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Figure 1. A generalised diagram of the sequence organisation at eukaryotic telomeres. See text for details.
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Table 1. Telomeric simple-sequence repeats

Organisms Repeat sequence Reference
Protozoa
Tetrahymena TGy [58]
Glaucoma T>G, [59]
Oxytricha T,G, [60, 61]
Euplotes T4Gy f61]
Stylonychia T.iG, [61]
Paramecium T,[T/G]G, [62, 63]
Trypanosoma T,AG; (64, 65]
Giardia TAG, [66]
Plasmodium T,[T/C]AG; [67]
Theileria T 4AG; [68]
Slime moulds
Dictyostelium AG| & [69]
Physarum T,AGH [70]
Didymium T>AG, [70]
Fungi
Neurospora T,AG; [71]
Podospora T,AG; [72]
Cladosporium T>2AG; [73]
Histoplasma T,AG; [74]
Cryptococcus T,AG3. 5 [75]
Saccharomyces (TG),.eTG2_3 (76]
Kluyveromyces ACG,AT;GAT,AG, TATGTG,TGT [77]
Candida albicans ACG,ATGTCTA,CT,CT,G,TGT [78]
Candida tropicalis 4443 A,G,ATGTCACGATCAT,G,TGT [77]
Candida guillermondii ACTG, TGT [77]
Schizosaccharomyces T, 2ACA.1Co.1G [79]
Preomocystis T,AG; [80]
Plants
Chlamydomonas TLAG; [81]
Chlorella T3AG; [82]
Arabidopsis T3AG; [83]
Zea mays T;AG; [84]
Hordeum (Barley) T3AG; [85]
Nicotiana T3AG; [86]
Lycopersicum (Tomato) T2(T/A)AG; [87]
Invertebrates
Ascaris T,AG,C [88]
Parascaris T.GCA [89]
Caenorhabditis T,AG,C [90]
Bombyx (and other Lepidoptera) T,AG; [91]
Vertebrates
Homo sapiens T,AG; [92]
Many other vertebrates T,AG; 93]

The sequence of the strand running 5' to 3’ towards the physical end of the chromosomes is represented.

[58] and many protozan, fungal, plant, vertebrate and in-
vertebrate repeats are clearly related to this repeat as their
repeats can be summarised as Co 4Ty 1A o/ Tr sA1Go 4
(see Table 1). Some fungal species, however, bear a more
heterogeneous repeat such as the one found for §. cerevisiae
which can be abbreviated C, 3A(CA); ¢/(TG),_¢TGy_3
[76], or contain longer repeats of approximately 20-25 bp
such as Candida or Kluyveromyces [77, 78] (Table 1). The
actual number of repeats per telomere varies greatly
between organisms as there may be as few as 2-3 repeats,
making up some 20-30 bp (hypotrichous ciliates such as
Oxyrricha and Euplotes [61]), and there may be >10000
copies, making up >60-100 kb as in some mice [94, 95].
Moreover, the amount of telomeric repeats also varies
between the chromosomes of the same cell and may, within
a certain range, change gradually or stochastically during
growth [33, 96-100]. It is thought that the actual lengths of

the telomeric repeats are the result of a complex interplay
between shortening and lengthening activities [19, 39]. The
human telomeres for instance contain 500 to >2000 repeats,
yielding 3 to approximately 12 kb of telomeric repeat
sequences. However, in humans these repeat tracts are not
stably maintained as they gradually diminish in cycling cells
of most somatic lineages [33, 92, 101, 102). These variable
lengths of individual telomeres in any given species result in
a very heterogeneous population of terminal restriction frag-
ments and therefore in a “smeary’ appearance of telomeric
bands on Southern blots. This smeary appearance and the
preferential sensitivity of the sequences in the smears to
digestion with the DNA exonuclease BAIL.31 have been
used widely as the main characteristics for bona fide telo-
meric DNA [36:' 103]. As usual, there are exceptions to this
generality: ‘the telomeric DNA of the subchromosomal-
length DNA fragments in the macronuclei of some hypotri-
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chous ciliate species has a precise length and structure
neither of which are subject to changes during vegetative
outgrowth [61].

One of the most remarkable features of the telomeric
repeat sequences is their polar arrangement. Due to the par-
ticular base composition of the repeats, one strand is usually
rich in clusters of 2-8 G residues (Table 1). This strand,
which in most cases completely lacks C residues, is also
called the G strand, with the complementary strand being
the C strand. In all cases where a G strand is identifiable,
this strand is always oriented such that it forms the extreme
3'-end of the chromosome. In the very initial study of the
terminal repeats of Tetrahymena, evidence for 1 base discon-
tinuities, particularly in the C strand, were found, but their
significance remains unclear [58]. Thus, the telomeric
repeat sequences are highly conserved not only in a primary
structure but also in sequence arrangement, a property that
reflects the main mechanism of telomere repeat addition by
telomerase (see article by G. Morin in this Special Issue,
pages 750-760) and that may have other functional
relevance (see below). It is important to note that telomeric
repeats do also occur at subtelomeric and non-telomeric
chromosemal loci. These repeats may be remnants of
recombination or transposition events involving telomeric
repeats [104, 105] or may indicate telomere fusion points of
ancestral chromosomes [106].

Certain dipteran insect species do not seem to contain
any simple repeat arrays at their telomeres. Instead, arrays
of complex repeats form the ends of the chromosomes in
Chironomus {31], an organisation reminiscent of the termini
of some linear mitochondrial DNAs [107]. In Drosophila,
the terminal areas contain elements termed HeT-A and
TART that bear similarities to retrotransposons ([30, 56,
108], reviewed in [57, 109, 110]). Although the terminal
sequence organisation in Drosophila shows similarities to the
organisation of TAS in other organisms [109], it is in
marked contrast to the organisation with short, direct
repeats (see Table 1). However, it has been pointed out
that this seemingly fundamental difference in terminal
sequence organisation may have a common evolutionary ori-
gin, since in both cases the synthesis of telomeric DNA
requires a RNA-dependent DNA polymerase [57, 109].

The very end

Although likely to be of primordial importance for the
‘capping’ function of the telomeres, suprisingly little is
known about the actual physical structure of chromosomal
DNA ends in plant, fungal or metazoan species. The ends
of the macronuclear DNA of protozoan ciliates such as
Oxytricha and Euplotes are formed by a 12-14 base overhang
of the G strand (3-end) over the C strand [61].
Furthermore, end-labelling studies using linear IDNA mol-
ecules isolated from Terrahymena and Didymium suggest a
similar end structure with a 12-16 base overhang of the G
strand [111]. Since this end structure fits the predicted
structure after telomere replication is completed [112, 113],
it has been suggested that a short, 12-20 base overhang of the
G strand is a conserved feature of eukaryotic chromosomal
termini {36, 111]. It must be noted, however, that evidence for
end structures of metazoan chromosomes are not available.

In yeast and Euplotes, the appearance of larger extensions
of the G strand have been demonstrated to appear during
telomere replication [18, 113-116] or during de novo telo-
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mere formation [117, 118]. These long, single-stranded tails
are the predicted products of telomerase-mediated telomere
repeat addition, although other mechanisms also contribute
to their formation [112, 113, 116]. Due to their richness in
G residues, these G-strand extensions may be implicated in
alternative DNA conformations.

In several organisms, the very ends of the chromosomes
are packaged into a non-nucleosomal end structure {119-
122]. In organisms with =300 bp of telomeric repeats, this
structure may comprise all the telomeric duplex repeats,
such as in Tetrahymena or yeast [123, 124]. However, the
very long arrays of telomeric repeat sequences of vertebrates
appear to be nucleosomal, even though the nucleosomal
repeat length is somewhat shorter for telomeric repeat DNA
than for bulk DNA [125-127]. Evidence for a non-nucleo-
somal chromatin configuration in vertebrates has been
obtained using human cells with particularly short telomeric
repeat tracts [126]. Thus, a bipartite structure of the ver-
tebrate telomeric repeat tracts with a nucleosomal organis-
ation of the more proximal repeats and a non-nucleosomal
end structure has been proposed [126, 128].

ALTERNATIVELY FOLDED STRUCTURES OF
TELOMERIC DNA

The earliest report on an unorthodox DNA structure
formed by telomeric DNA sequences was made by Oka and
Thomas [129], who described unusual cohesive properties
of purified macronuclear DNA molecules from the proto-
zoan Oxyrricha. Nuclease digestion studies established that
telomeric DNA sequences were critical for this cohesiveness.
A remarkable property of this cohesion was that it was
stabilised significantly by potassium-containing buffers, as
compared to sodium-containing buffers. Investigation of this
particular cohesive property [130], as well as the separate
but related investigation of G-G base-paired telomeric
sequences, revealed that telomeric G-rich sequences were
able to form a large and polymorphic class of higher-order
structures such as G—-G base pairs and four-stranded struc-
tures called G-quadruplexes, G-quartets or G4-DNA [131-
133]. Although an in vivo role of any of these structures has
not been demonstrated directly, there is considerable indir-
ect evidence for their importance in telomere biology.

G-G base-paired duplexes

The first structural description of a class of non-canoni-
cally folded structures adopted by single-stranded, G-rich
telomeric sequences was reported by Henderson and associ-
ates [131]. At temperatures under 40°C, the utilised oligo-
mers seemed to be folding to putatively G-G or G-T base-
paired, hairpin-like structures. These hairpin structures were
indicated by aberrant gel mobilities of the oligomers as well
as by the detection, by NMR (nuclear magnetic resonance),
of the unusual syn glycosidic conformation for some of the
guanosine residues. Guanines base-paired to each other by a
Hoogsteen scheme were among the structural models pro-
posed to explain the data. Since then, relatively little exper-
imental work has been reported on G-G base-paired
duplexes involving telomeric repeats. One NMR study on
the sequence d(G;T;G4), comprising Oxytricha telomeric
repeats suggests reverse Hoosgteen G-G base pairs in a
hairpin loop [134]. However, studies of individual G-G
mismatches within Watson—Crick duplexes indicate numer-
ous ways in which two guanosines can hydrogen bond to
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each other [135-137]. Recent work on eight consecutive G-
G mismatches within a Watson-Crick duplex suggests that
a number of the G-G mismatches must be Hoogsteen base-
paired, since they are able to dimerise to G-quartets [138].
Such a dimerisation to form G-quartets would not be
expected to be possible from reverse Hoogsteen base-paired
guanines. However, G—-G base pairs have been reported to
occur in parallel or anti-parallel-stranded DNA duplexes
formed by d(GA), and d(GCA), sequences [139-141} and
it seems likely that telomeric DNA may adopt similar base-
pairing configurations.

C-G*G trplexes

A note by Veselkov and associates [142] has reported
methylation-protection data on a DNA model for the termi-
nus of the Terrahvmena telomere. The molecules contain
three T,Gy repeats in duplex form followed by a single-
stranded overhang of two T,G, repeats. The data are con-
sistent with the G-rich overhang participating in triplex for-
mation with the duplex component of the construct. In this
putative structure, the bonding is expected to be of the
canonical form of C-G*G, where C-G represents the
Watson—Crick base-pair, and the two G strands run antipar-
allel to one another (reviewed in [143, 144]). However, in
examining competing triplex—quadruplex equilibria invol-
ving guanine-rich oligonucleotides, it was found that at
physiological concentrations of monovalent ions, particularly
potassium, triplex formation is effectively inhibited and
quadruplex formation is dominant [145].

Guanine quadruplexes, G-quartets and G4-DNA

The formation of guanine quadruplex complexes by telo-
meric G-strand sequences was first deduced from gel-mobi-
lity shift assays and chemical protection data ([130, 132,
133, 146-148], see also recent reviews [149, 150]) and
these predictions were based on earlier work on the chemi-
cal behaviour of the guanine nucleotides and homopolvmers
[151, 152] (Figure 2). Two broad classes of structures,
“parallel”- and “antiparallel”-stranded quadruplexes were
found to be formed, often by the same telomeric oligomers.
The identity of the monovalent cation present in solution
(e.g. sodium, as opposed to potassium) seems to dictate
which complex is formed [133, 153-157]. The unique inter-
action of G-quadruplexes with specific monovalent cations
consists of the chelation of the ion, with varying degrees of
affinity depending on the identity of the cation, between
two adjacent guanine quartets (shown schematically in
Figure 3). The actual interaction appears to depend on the
balance between the energetics of coordination of the cation
to G-quartets and the energetics of removal of water mol-
ecules ordinarily bound to the cation [149, 158]. Overall,
the most stable G-quadruplexes are formed in the presence
of potassium, with the order of stabilising ability by group
Ia cations following the order K>Rb>Na>Li = Cs (and, for
group Ila cations, Sr>Ba>Ca>Mg) [130, 132, 133, 154,
157, 159-162].

Subsequent to these early reports, a vast literature has
addressed the structures and properties of telomeric
G-quadruplexes. Three of the most striking properties of these
quadruplexes are (1) their structural polymorphism; (ii) their
unusual interactions with specific monovalent and divalent
cations and (ili) their high thermodynamic stability and
extraordinarily slow kinetics of formation and unravelling.
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Structure. A large number of structures of different G-
quadruplexes have been studied and solved by both X-ray
crystallography and NMR. Other methodologies, such as
protection from chemicals and nucleases, ultraviolet light-
induced crosslinking as well as various electrophoretic tech-
niques have also been utilised. The polymorphic features of
the different quadruplex complexes can be placed into the
following categories: (i) strand orientation; (ii) strand stoi-
chiometry; (iii) glycosidic conformation; (iv) loop geometry
and (iv) ion-binding geometries [149]. These categories are
not entirely independent of one another. The classes of
structures obtained to date are shown schematically in
Figure 4. A distinctive structure is the purely parallel
quadruplex (““G4-DNA™) [146], which is composed of four
DNA strands running in a parallel orientation (Figure 4a).
The individual strands in this type of complex may contain

N N h, —
,I M 0= N
I’ /o N—/<
H /; / —
/ H H /N H
H—N / ’ H

anti

JpE
)

Figure 2. The hydrogen-bonding scheme in guanine-quartets.

(a) and (b) show alternative glycosidic conformations found

in different G-quadruplexes: (a) all ‘anti-> and (b) alternating
‘syn-" and ‘anti-’.
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Figure 3. Schematic drawing showing the coordination site of
a monovalent cation between successive guanine quartets.

a single or multiple G-rich repeats. A number of NMR and
crystal structures, all in good agreement with one another,
have been reported for this class [163-170]. Furthermore,
telomere-like  RNA  sequences also form  parallel
quadruplexes [171]. The glycosidic conformation of the
guanosines participating in quartet formation appeared uni-
formly to be anzi (as in the B-form of double-helical
DNA)(Figure 2a). The quadruple-stranded helices formed
have four identical grooves, each resembling the minor
groove of B-DNA. The recently reported crystal structure of
d(TG,T) at 1.2 A resolution has been particularly
informative [170]. Crystallisation was carried out in the
presence of sodium ions and an electron density
corresponding to the sodium ions was localised between
successive layers of the stacked G-quartets (see, for
example, Figure 3).

The ‘antiparallel’ G-quadruplexes, unlike the ‘parallel’
ones, comprise a diverse family of structures. Two general
types may be distinguished: one formed from the association
of two distinct strands of DNA, each containing two G-
clusters (“G'2-DNA”’; Figure 4b-d), or a single strand of
DNA containing four G-clusters (““G4-DNA”’; Figure 4e-g).
Structural affinities between (b) and (e), and (¢) and (f),
can readily be identified. The polymorphism of these struc-
tures was highlighted when the first analysis of crystals
[172] and the first NMR [173] of a quadruplex formed by
the Oxytricha sequence, d(G,T,G,), reported different
structures, the former resembling the structure in Figure 4d,
and the latter the structure in Figure 4c. These two com-
plexes differ in their loop geometries (Figure 4d has loops
spanning two adjacent strands, whereas in Figure 4c¢, the
loops run diagonally above the stack of quartets, connecting
non-adjacent strands), as well as in the strand orientations
(an alternating ABAB in the case of (d), but AABB in the
case of (¢)). The glycosidic conformations in either case
alternate ‘syn-anu-syn-anti’ along a given strand (a ‘syn-
anti-syn-anti’ alternation along a quartet is shown in
Figure 2b). This arrangement is found in the structure in
Figure 4d, whereas the structure in Figure 4¢ has ‘syn-anti-
syn-anti’ in a given quartet. A major difference between the
two studies was that the NMR was carried out in the pre-
sence of sodium, whereas the crystals were grown from a
potassium solution. Assuming that the major stabilisation
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energy comes from the quartets themselves, and less so
from the arrangements of backbones and loops, it appears
that many of the individual structures within a particular
class may be energetically quite similar. This is supported
by a computational study in which a similarity in the ener-
gies of formation of such related structures was reported
[174]. However, the category Figure 4c¢ structures may be
kinetically trapped intermediates in the formation of cat-
egory Figure 4d structures [175].

Most of the structures reported for the intramolecular, G4’
type complexes are of the form shown in Figure 4e and f
[166, 176-179]. An extremely anomalous structure for the
Tetrahvmena telomeric repeat sequence, d(T;Gy)4, has been
reported recently [167]. This structure resembles the dia-
gram shown in Figure 4g and has the notable feature that
its strand orientations are of the form AAAB (three of the
four strands are parallel to one another). In addition to hav-
ing a flanking loop and a lateral loop like those described
earlier, this structure also has a short TT ‘loop’ or ‘bridge’,
that permits a reversal of the expected strand orientation.

Kinetics and thermodynamics of formation: salt effects. A
number of investigators have reported thermodynamic data
on various G-quadruplex complexes, using two
fundamentally distinct approaches: (i) the prior assumption
of a certain structural model for a complex (including its
strand molecularity); followed by van’t Hoff analysis; and
(ii) structural model-independent calorimetric measure-
ments. From the large number of studies, mutually consist-
ent conclusions are not yet derivable because many different
complexes have been studied under many different con-
ditions (reviewed in [180]). However, some conclusions
about the energetics of G-quadruplex complexes can be
drawn. The formation of all quadruplexes appears to be
enthalpy-driven, with the enthalpy per guanine quartet
measured between —21 and —-26 kcal/mol [163]. In ad-
dition, parallel structures were found to be more stable than
antiparallel ones, and the potassium complex of any given
structure was more stable than the corresponding sodium
complex. An interesting study of the relative stabilities of
parallel versus antiparallel G-quadruplex structures found
that the antiparallel, G'2-type structure formed by
d(G,4T,G,) was approximately 5 kcal/mol less stable than
the equivalent, but enforced parallel structure formed by
d(G,T»-5-5-T>Gy) [181].

A major, and often defining characteristic of G-quadru-
plexes is that they show very slow kinetics of both formation
and dissolution. The following are some of the formation
constants that have been reported: a second-order constant
of 5 M !'s! for the dimerisation of a G2 complex by
d(T,G,T,G,) [182, 183], and between 0.72 M™'s™! and
0.1 M 157! for the same oligomer [184]. Formation of the
parallel complexes is even slower but there is disagreement
over the order of the reaction, ranging from two to four
[133, 185].

Once formed, G-quadruplexes show an enormous kinetic
stability [186, 187]. In NMR studies, guanine imino pro-
tons, which in double helices exchange within millisecond
timescales, give stable resonances for weeks or months [164,
168, 171, 173]. Wang and Patel [164] report that the imino
protons exchange over a timescale of minutes in complexes
containing three guanine quartets, but of the order of
months for a complex containing four quartets. These slow
kinetics of formation and the enormous kinetic stability of
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(a)
G-clusters
DNA strands \
\
G-G hydrogen T
bonds in
guanine-quartets
P
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J

Figure 4. Different geometric arrangements for parallel (a) and antiparallel (b)-(g) G-quadruplexes. Note that the polarity of
the DNA strands is indicated by arrowheads. See text for detailed description.



742

G-quadruplexes, once formed, raise important questions
about how their formation or destruction might be regulated
in vivo. The discovery of proteins that assist the formation
of G-quadruplexes and of G-quadruplex specific nucleases
is interesting in this respect.

The formation of different G-quadruplex complexes has
also been studied in the presence of both sodium and pot-
assium ions. At physiological concentrations, even small
changes in the relative cation ratio can strongly affect the
formation of a given class of G-quadruplexes, a result that
recapitulates ‘cationic switches’ [133, 155, 157, 188].
Finally, a disproportionation of the B-DNA duplex,
d(G4T1Gy).d(C4A4Cy), to a parallel quadruplex occurs
reversibly under conditions of relatively high sodium or pot-
assium concentrations [189]. The transition region seems to
occupy the cation concentration range of
[Na'] + [K'] = 150 mM, which is close to the cumulative
physiological concentrations for these two cations. These
results imply that despite slow kinetics, the formation of G-
quadruplexes from Watson—Crick source materials is ther-
modynamically reasonable.

The 1-motif

In addition to the plethora of structures possible for telo-
meric G strands, the C strands may also form alternative
structures. In an NMR study using the oligomer d(TCs), a
new and unusual type of higher-order folding by cytosine-
rich DNA sequences was reported [190]. This class of
structures, referred to as the ‘i-motif’, consists of four-
stranded complexes formed by the interdigitation of two
parallel-stranded duplexes, which are themselves held
together by hemi-protonated C-C” base pairs. The protona-
tion of one of the two cytosines, promoted by pH 5-6 in
solution [191], is necessary for the formation of three
hydrogen bonds between each cytosine pair (for review, see
[150]). In a manner analogous to G-quadruplexes, i-motifs
may be formed by four disunct C-rich strands (a
‘tetramer’), two strands containing two distinct C-rich
motifs (a ‘dimer’), and a single strand containing four dis-
tinct motifs (a ‘monomer’). Such an intrastrand folding of
telomeric C-strand repeats has been studied for the ver-
tebrate repeat d(C;TA,);C; and the Terrahymena repeat
d(C4AL)5C; [192, 193]. C-C* base-pairs, like G-quartets,
have a slow opening rate of the order of hours, implying a
considerable structural stability for the i-motif [194].

A number of the above investigators have proposed the
existence of the i-motif in vivo. However, unlike the G-rich
strands, which have been shown to exist as single-stranded
overhangs at the telomeres {18, 61, 111, 115], the C-rich
strand is not found naturally in a single-stranded form [115,
116, 195]. In addition, under solution conditions, there
appears to be a requirement for a non-physiological, acidic
pH for the formation and stability of i-motifs. Nonetheless,
it has been proposed that double-stranded telomeric
sequences might be induced, by protein factors or by super-
helical stress, to unravel, giving rise to single-stranded
stretches of both the C-rich and G-rich strands, which
could then fold to form i-motifs and G-quadruplexes, re-
spectively [192, 196]. In fact, a composite structure incor-
porating C—C™ base-paired hairpins, a G-quadruplex, and a
triplex region have been proposed for human telomeric
repeats in a supercoiled plasmid under acidic conditions
[197]. However, no proteins interacting with or promoting
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the formation of i-motifs have been described to date. It is
also interesting that cytosine-rich RNA sequences are
unable to form the i-motif [198], whereas G-quadruplexes
can be formed by both DNA and RNA.

Interactions of proteins with G-quadruplex telomeric structures

A number of proteins that interact with telomeric DNA
have been described. These proteins can be divided into
three categories: (i) those that bind to double-stranded telo-
metric repeats; (i) those that bind primarily to the single-
stranded G-rich strand; and (iii) those that bind to G-quad-
ruplex structures. These categories are neither absolute nor
exclusive, as a number of the proteins described fall into
more than one category.

Important examples of a class (i) protein include “TRFs’,
or “T>AGs; repeat factors’, defined for a variety of vertebrate
sources and for yeast [199-201]. Such proteins are purely
double-strand binders and do not seem to bind single-
stranded telomeric sequences nor require a DNA terminus
and, as such, they lie outside the scope of this review.
RaPlp, an abundant yeast protein, binds the double-
stranded yeast telomeric repeats and is the major protein
component of the yeast telosome ([124, 202, 203], reviewed
in [204]). RaPlp, however, is multifunctional and appears
to interact with telomeric DNA in multiple ways, including
binding both single-stranded G strands and quadruplex
structures, as well as promoting the formation i vitre of the
latter structures.

Proteins that bind to the G-rich single strand of telomeres
fall into three classes. The first is exemplified by proteins that
bind tenaciously to the G-rich single strand overhang and the
association of which cannot be dissociated with high salt con-
centrations. These proteins are thought to be essential com-
ponents of the telosome complexes of those organisms.
Examples of this class of proteins include a heterodimeric
protein (containing ¥ and B subunits) from the protozoan
Oxyrricha nova [119, 120, 205, 206], as well as comparable
proteins from Euplotes [207] and Physarum [208]. The P sub-
unit of the Oxyzricha proteins has been found to have a cha-
perone-like activity for the formation in virro of G-quadruplex
structures (see below). A G-strand binding protein similar to
those from the protozoan sources has recently been identified
in Xenopus {209]. Furthermore, a protein characterised from
Tetrahvmena thermophila, TEP, binds to the G-rich overhang
but requires the presence of a duplex at the end of the over-
hang. The binding of TEP, unlike the other proteins of this
class, appears to be salt-dependent [210].

In addition to the above, numerous mutually non-hom-
ologous proteins that bind to the G-rich telomeric single
strands in vitro have been described [211-216]. The biologi-
cal significance of these various proteins i1s unclear as a
number of them are putative RNA-binding proteins which
may or may not have a role in telomere biology.

The third class of proteins consists of those that, at least
in wirro, bind G-quadruplex structures [217-221]. In ad-
dition, a vertebrate protein which was modelled to bind to
G-G base pairs has been described {222}, although binding
to quadruplexes could not be ruled out. Chung and associ-
ates [223] described the binding of topoisomerase II to
parallel-stranded G4-DNA, and a subsequent nuclease-like
cutting at a site within the neighbouring single-stranded
region. This cleaved sequence is also a substrate for topoi-
somerase II-cleaving when it is in a duplex context, but it is
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not cleaved when it is purely single-stranded. However, the
relationship of all of these proteins to telomere biology
remains to be elucidated.

Recently, more direct evidence for the relevance of G-
quadruplex-binding proteins has been obtained. First, the
cloned and purified B subunit of the G-strand overhang
binding protein from Oxytricha was found to catalyse the as-
sociation of single-stranded Oxyrricha telomeric DNA oligo-
mers to a variety of parallel and antiparallel quadruplex
structures [184, 224]. A similar actvity has also been
reported for the yeast Raplp protein [225, 226]. Both pro-
teins appear to promote G-quadruplex formation with nano-
molar concentrations of single-stranded DNA and on a
timescale of hours. As described above, uncatalysed G-
quadruplex formation takes place with extraordinarily slow
kinetics and requires DNA concentrations in the micromo-
lar to millimolar range. Both the Oxyiricha P subunit and
Raplp assist in the formation of the very quadruplex struc-
tures that are formed by the DNA alone (i.e. no ‘new’ or
otherwise very rare DNA structures are promoted by the
proteins). However, Raplp appears to be more sequence-
specific than the Oxyrricha protein, utilising only its own
cognate telomeric sequence. While the Oxytricha protein
promotes the formation of all categories of quadruplexes
that can be formed by the Oxyiricha telomeric repeats, the
structures promoted by Raplp appear to be only parallel
complexes (possibly owing to the relative instability of
Saccharomyces repeats in antiparallel quadruplexes) [157].

A number of basic proteins, including histone H1 and
polylysine, also accelerate the rate of G-quadruplex for-
mation by telomeric sequences in wvirro, although less effi-
ciently than the Oxymricha [ subunit with its cognate
Oxytricha telomeric sequences [184, 224]. However, neither
histone H1 nor polylysine appear to be able to promote
quadruplex formation by yeast telomeric sequences. The
possibility that the above telomeric proteins have quadru-
plex-accelerating activities because they are basic proteins is
negated by the observation that point mutations in the f
subunit of the Oxyrricha protein generate mutants far less
efficient at promoting G-quadruplex formation [224].

A third recent result of interest in this respect involves
another yeast protein, called KEMIlp (and also known as
Seplp, Dstlp, Xrnlp and Rar5p). This protein apparently
has nucleolytic activity that is activated by recognition of a
stack of guanine-quartets [227, 228]. The protein cleaves
the DNA in single-stranded overhang regions 5 to the
guanine-quartets and the cutting sites appear to localise con-
sistently 17-23 nucleotides from the edge of the guanine-
quartets and at 2-4 nucleotides from the 5 end. It has
therefore been proposed that the KEMI1 nuclease might
remove the highly stable G-quadruplex structures at telo-
meres during meiosis, or that it is involved in self-recog-
nition or recombination events mediated by the formation of
guanine-quartets. However, a number of seemingly unre-
lated phenotypes are associated with deletion of KEM1I (or
SEPI). In addition, KEM1p was found to be a microtubule-
associated protein, the role of which may be located exclu-
sively in the cytoplasm [229]. Thus, the relationship of
KEMI1p with telomere biology is not quite clear.

Possible biological roles for G-quadruplexes
No conclusive role for either the G-quadruplexes or the
i-motif structures has been confirmed. However, the evol-
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utionary conservation and strandwise segregation of the
telomeric G-rich and C-rich sequences by all but a few
eukaryotic organisms suggests a conserved function for
these sequences. Moreover, a study that examined the posi-
tioning of adenine residues relative to the guanine stretches
of a number of telomeric repeats suggests that eukaryotes
seem to have selected precisely those repeats for their telo-
meres, which are able to form quadruplex structures; con-
versely, those G-rich motifs that are unable to form
quadruplexes have been avoided [230]. The case for the
existence of G-quadruplex structures i» virro is further sup-
ported by the quadruplex-forming and removal activities of
the groups of telomere-associated proteins discussed above.
These proteins facilitate, under physiological conditions of
salt concentration and temperature, the formation and
removal of G-quadruplexes by the G-rich telomeric over-
hangs.

The most direct evidence for the existence of non-canoni-
cal telomeric structures based on guanine-guanine inter-
actions is derived from studies on telomere replication in
yeast. On telomeres of yeast chromosomes and linear plas-
mids, long (>30 nt) G-‘tails’ appear in a transient and cell-
cvcle-specific manner [18, 115, 116, 233]. When linear
plasmids with these tails were isolated from the cells and
analysed in two-dimensional agarose gels, a fraction of the
plasmids behaved like a nicked circular DNA of the same
size [115]. These and other data implied that the two G-
rich tails on each plasmid telomere were interacting with
one another by some non-Watson—-Crick means [113, 115].
However, the existence of the associations in vive could not
be inferred unequivocally from these experiments: the as-
sociation of the tails might have occurred during isolation of
the DNA and was not necessarily present within the cell.

What functions, if any, might G-quadruplex structures
have in vivo? The following proposals have been made.

Metoric and mitotic pairing. The formation of guanine-
quartets represents a different sort of ‘recognition’ process
than the formation of Watson—-Crick A-T and G-C base
pairs: the G—G bonding can represent a recognition of ‘self’,
whereas Watson—Crick base pairing involves the recognition
of complementarity. Two or four identical single-stranded
DNA molecules can recognise one another and bind specifi-
cally to one another via the formaton of G-quartets [130,
146]. A self-recognition between the single-stranded, G-rich
telomeric termini within a cell could take place at the onset
of meiotic pairing of chromosomes [146]. Furthermore, it
has been proposed that similar self-recognition mechanisms
may also occur at internal chromosomal loci.

This concept of self-recognition has been used to propose
a general mechanism for a DNA-mediated association of
chromatids (whether mitotic or meiotic) in a 2-fold or 4-
fold manner [130, 132, 146]. However, to date there is no
direct evidence for such DNA-DNA interactions and
whether any non-canonical base-pairings are involved in the
above-mentioned processes in vivo.

Cell-cycle control related funcrions. Although formally being
a double-stranded DNA break, a telomere is not recognised
by the cellular control mechanisms that ensure DNA
integrity [3]. The most prominent DNA damage checkpoint
in yeast is mediated by the RAD9 gene and arrests the cell
cycle in late-S/G2-phase [232]. Within the precision of the
experiments, this is exactly the phase in which yeast
telomeres acquire long, single-stranded G-tails [18, 115]. It
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is thus tempting to speculate that the formation of an
‘alternative  DNA  structure’, such as telomeric G-
quadruplexes, at this particular stage in the cell cycle, might
serve as signal for the completon of chromosome
replication. In addition, such a structure could be a terminal
DNA structure that is not recognised by the cell cycle
checkpoint and therefore allows the cell ¢ycle to progress
normally [18, 233].

Recombination. Interstitial telomeric sequences in the
Armenian hamster and in Paramecium exhibit high levels of
recombination [234, 235]. An explanation offered for these
recombinogenic properties of telomeric sequences, even
when such sequences are interstitial, is that the sequence
bias (and the presence of clusters of guanines) allow for the
potential formation of strong, alternative, non-Watson-
Crick base-pairing interactions by these sequences [146,
236-238]. For instance, telomeric sequences from
Tetrahymena are highly susceptible to cleavage by Sl
nuclease when present in a supercoiled plasmid [239]; and
vertebrate telomeric sequences, under similar conditions,
show evidence of being single-stranded and forming non-
canonical structures [240]. In addition, a number of studies
on illegitimate recombination have reported the
predominance of telomere-like, repetitive, guanine-rich
sequences at such sites [234-236, 241, 242]. Recently, it
has been shown that G-G base paired regions within
Watson-Crick duplexes, such as may transiently be formed
by either terminal or interstitial telomeric sequences, are li-
able to form G-quadruplexes, which may in turn lead to
illegitimate recombination events [138, 238].

Control of telomere replication and inhibition of telomerase.
Shortly after the first description of the formation of G-
quadruplex structures by telomeric sequences, Zahler and
associates [243] reported that the Oxymricha telomeric
sequence, while in the form of a G-quadruplex, was not a
substrate for elongation by telomerase. This inhibition
seemed to stem (1) from an inaccessibility of the telomeric
primers to telomerase and (ii) from a limited extension of
the primers by telomerase. It was therefore proposed that
the formation of G-quadruplexes by telomeric sequences
might serve to control telomere replication. However, it is
important to note that in vivo, such a control function could
only be effective once at least a few repeats have been
added to the substrate. The short, 12-base overhang in the
terminal complex of Oxytricha telomeres is recognised and
elongated efficiently by telomerase [244].

CONCLUSION

The telomeres have a number of essential functions and a
failure of any of them could lead to genetic instability, a
possible prelude to cancerous cell transformation, or cell
death. For these reasons, recently there has been heightened
interest in telomere research and our knowledge of the
actual sequence arrangements at the telomeres has increased
dramatically. Somewhat surprisingly, however, despite these
efforts, virtually nothing is known about the physical struc-
ture of the very ends of vertebrate chromosomes. Are mam-
malian chromosome ends also organised with an overhang
of the G-strand? How long are those overhangs and what
changes occur at the ends during the cell cycle, particularly
at times when the telomeres are replicated? What roles, if
any, have the proteins that bind those G-rich single strands?
In addition, many telomeric repeat sequences have a num-
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ber of very unique features, including an ability to form
alternative base interactions that could lead to non-canoni-
cal DNA structures. Again however, while substantial pro-
gress to understanding the in wirro physico-chemical
properties of these structures has been made, any occur-
rence or role of such structures in zivo still remain to be
demonstrated conclusively. It is thus conceivable that the
putative single-stranded tails, and the proteins that bind
them, play a much more prominent role in telomere biology
than was anticipated.
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