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NOVEL STRUCTURAL MOTIFS IN TELOMERE DNA SEQUENCES
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Maintenance of linear DNA in chromosomes during replication and other biological functions of telomeric DNA and its
associated proteins have been widely investigated in recent years. Advances in NMR methodologies have led to
characterization of many telomeric repeat sequences, which have exhibited a great degree of structural polymorphism.
Many new structural motifs and folding topologies have been discovered in telomeric DNA repeats. A number of proteins
have also been identified which have specific binding for higher order structures formed by telomeric DNA repeat sequences.
In this review, we have discussed the various new motifs experimentally observed in telomeric repeat sequences.
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Introduction

The ultimate mystery of life is how a single cell, dividing
and subdividing again and again, in the well-ordered
drama of conception, birth, and development, becomes
in time a complex, sentiment organism such as man.
Within a living cell there go on a large number and
variety of tightly regulated biochemical processes,
almost all of which involve, or are controlled by, large
helical molecules called deoxyribose nucleic acid
(DNA). Four bases, which make nucleic acids, are,
with minor reservations, same throughout Nature. They
carry the genetic information in any organism, although
certain small viruses use RNA as their genetic material.
Much of this information is used to determine the amino
acid sequence of the proteins of that organism.

DNA exists as a compact mass, occupying a limited
volume; and its various activities, such as replication
and transcription, are confined within these confines.
The organization of this type accommodates transitions
between inactive and active states. So, in contrast with
the customary picture of DNA as an extended double
helix, structural deformation of DNA to bend or fold
into a more compact form is a rule rather than an
exception. In eukaryotes, DNA is organized with the
help of certain basic proteins like histones into
nucleosome and further into chromosome. An essential
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feature of all chromosomes is the ‘telomere’, which
‘seals’ the end and confers stability to the linear
molecule. It has a special structure as it is sticky and
tends to react with other chromosomes, whereas natural
ends are stable.

Telomeres are nucleo-protein structures containing
a long stretch of duplex DNA (hundreds to thousands
of base pair) with evolutionarily conserved tandem
repeats of short G-rich sequences (6-10 nucleotide in
each repeat) in one strand (in 5’ to 3’ direction) and
their complimentary sequences in the other
strand!"’°. The G-rich strand contains about 2-3
repeats of a single strand overhang at 3’ end except
in the case of telomere in human somatic cells, which
have 20-30 repeats'"*. A unique feature of this 3’
overhang is its exceptional resistance to nuclease
degradation'*'S. Although the telomeric DNA
contains evolutionarily conserved tandem repeats of
short G-rich sequences, the exact telomeric sequence
repeat varies among species*® (Table I). Detailed
information on telomere and telomere proteins can
be found at http://www.genlink.wustl.edu/teldb/
index.html.

Telomeres have two important duties. First, they
are caps that protect chromosome ends from vandalistic
nucleases and other damaging activities such as
unwanted end-joining events. Second, they enable the
ends of chromosomes to be completely replicated. It
has also been shown that telomeres may function as
regulators for gene expression'é. The length of
telomeric DNA is related to aging and diseases like
cancer>"2, Thus, detailed structural and dynamic
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Table I
Telomeric Repeat Sequences

Group/organism Telomeric repeats
Ciliated protozoa (Euplotes, Oxytricha, Stylonichia) ..TG,...
Ciliated protozoa (Tetrahymena, Glaucoma) ..T,G,...
Ciliated protozoa (Paramecium) .. T,Gy(G/T)...
Coccidial protozoa (Plasmodium) ... T,(CITAG,...
Budding yeast (Saccharomyces cerevisae) .. TG;...
Alga (Chlamydomonas) .. T,AG,...
Mammals (Homosapiens sapiens)

Slime mold (Physarum, Didymium) ...T,AG,...
Filamentous fungus (Neurospopra)

Kinetoplastid protozoa (Trypanosoma, Crithidia)

Higher plant (Arabidopsis) ...TLAG,...
Fission yeast (Saccharomyces prombe) ...T,AC(A)G,...
Cellular slime mould (Dictyostelium) ...AG,...

characterization of telomere is important for better
understanding of life and it could have important
implication for curing such diseases. Pursuing this goal
many structures of telomeric DNA have been solved
and they have added to the family of multistranded
structures??. Proteins that interact with telomeric G-
strand, C-strand and duplexes have been identified and
could play a role in the relative stabilities of these
structures?. A possible model for organization of
duplex, i-motif and G-quadruplex in human telomeric
DNA has been recently proposed?. Duplex-quadruplex
inter-conversion has been studied for a number of
different sequences?’-*.

Discovery of a number of proteins binding
specifically to the quadruplex DNA344 and cytosine
rich sequences*’>! lead to the belief that these higher
order structures may be involved in several biological
functions®5254, Elongation step of telomerase is
known to get inactivated by quadruplex
formation®>%. Analogues of a 2, 4, 6-triamino-1, 3,
5-triazine which stabilize the quadruplex structure help
in arresting the growth of the cells. This provides
indirect evidence for the in vivo formation of
quadruplex and the compound has potential for use
as anti-tumor drug”. Discovery of nuclease® and
helicases?*#1:43:4446 gpecific for quadruplex DNA
provide strong evidence that these higher order
structures may be playing regulatory functions in the
cell. The current evidence on prokaryotic linear
chromosomes and the eukaryotes that do not use
telomerase and quadruplex DNA has led to the
suggestion that quadruplex DNA might have played
arole in the evolution of the protection mechanism of
linear chromosomes rather than in overcoming the
end replication problem®,

A recent 1.8 A crystal structure of a complex of a
rat hepatocytes protein uqTBP25 and Oxythricha
telomere d(G,T,G,) repeat DNA showed the formation
of hairpin dimer quadruplex in addition to single stranded
state. This quadruplex occupies a cavity created by three
protein molecules in the crystal and interacts with each
protein through either one of its two loops or one of its
grooves®. The protein ugTBP25 is known to bind both
unfolded, single-stranded telomeric DNA as well as the
same DNA folded unimolecularly into a quadruplex®.

NMR Studies of Telomeric DNA

Nuclear Magnetic Resonance (NMR) spectroscopy
has been extensively used for in vitro structural
characterization of DNA sequences®®. Precise
description of structure and dynamics of DNA in
solution and difficulty in getting good crystals of nucleic
acids gives NMR an added advantage over X-ray
crystallography. This is evident from the number of
DNA structures deposited in the Protein Data Bank
(PDB). Though X-ray crystallography is a much older
technique, there are almost the same number of DNA
structures solved by NMR spectroscopy as by X-ray
crystallography®'.

Exchangeable imino and amino protons resonances
in the NMR spectra have characteristic shifts according
to the structure present in the molecule under
investigation. Imino proton chemical shifts are also
indicative of Watson-Crick (>12 ppm), Hoogsteen (10.5-
12.0 ppm), C-C* (16-17 ppm) type of base pairing.
Multiple quantum NMR spectroscopy helps in
identification of spin systems in oligonucleotides®.
Uniform and selective *C and/or N isotope labelling
and heteronuclear experiments have been very useful
for resonance assignment in complex DNA structures?.
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J correlated and 'H-*'P experiments provide
dihedral restraints®, while NOESY provides distance
restraints for structure calculations. Isotope labelling
and development of new NMR techniques have also
helped in direct identification of H-bond via
measurement of scalar coupling constants across the
H-bonds®*. Dipolar coupling restraints are used to fix
H-bond length® and refinement of structures®%. Using
these restraints structure of DNA is calculated by
simulated annealing or distance geometry techniques
followed by restrained molecular dynamics and energy
minimization’®"2, Relaxation matrix analysis is often
used for structure refinements.

G-Quadruplex Structure and Variety in
Telomere DNA Sequences

NMR has contributed immensely in delineating the
details of structure and variety in G-quadruplex.
G-quadruplex structures are formed by association of
four strands of continuous G-stretches (Fig 1)%7377,
This relies on the property of G-nucleotides that four G
bases in a plane can form a G-tetrad via Hoogsteen
type H-bonds between the adjacent bases as shown in
Fig 1a. Whenever, there are several continuous G’s in
a sequence, such G-tetrads would stack on top of each
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other to give rise to a highly stable helical structure,
namely, G-quadruplex. G-stretch associations can be
inter-molecular (Fig 1b, 1c, 1d) or intra-molecular
(Fig le) in nature. In intra-molecular structures, a single
nucleotide chain having four stretches of G nucleotides
folds into a unimolecular quadruplex. The chain folds
three times to bring the four stretches of G nucleotides
in proper alignment (Fig le). An inter-molecular
quadruplex is formed by association of two hairpins
having two G-stretches each (Fig 1d) or by linear
association of four different strands forming either a
parallel (Fig 1b) or an anti-parallel quadruplex (Fig 1c)
depending on the orientation of the four strand. The
structure of the G-quadruplex depends critically on the
exact sequence, chain length, salt type and its
concentration’. Effects of divalent and monovalent
cations on the G-tetrad have been extensively
studied”* and recently an interesting Ca** induced
structural transition from the antiparallel to parallel G-
quadruplex, and finally G-wire formation has been also
observed?®!. Theoretical calculations have been
performed to understand the effects of cations in the
formation of the tetrads®?. Thermodynamic and kinetics
of dissociation and assembly of quadruplexes has also
been studied®. The biological aspects of quadruplex
DNA has been recently reviewed*>>*.
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Fig.1 The schematic representation of the H-bond pairing seen in G-tetrad (a) and different G-quadruplex structures. Intermolecular
quadruplex can be formed by linear association of four different strands, either in parallel (b) or anti parallel (c) fashion or by
dimerization of two hairpins (d) where as intermolecular quadruplex is formed by extensive folding of a single strand DNA having
four streches of G-nucleotides (e). Each shaded plane represents a G-tetrad.



608 NEEL S BHAVESH et al.

As can be seen from Table I, the telomeric repeat
sequences contain also other nucleotides like A/T/C.
Studies on these telomeric sequences have shown that
while G nucleotides form the basis of G Quadruplex,
T nucleotides participate in the loop structures. Various
triad, tetrad, pentad, hexad and heptad structures have
been reported in various designed DNA sequences,
which have showed interesting H-bonding patterns
between different nucleotides (reviewed in ref. [25]).
The structural features of quadruplexes involving novel
A/T/C tetrad are discussed below.

T-Tetrad

The role of T nucleotide has been investigated in
the various structures solved for different telomeric
repeat sequences®-%, In general, the T nucleotide takes
part in the formation of a loop and various different
kinds of loop structures in G quadruplexes have been
extensively investigated (reviewed in ref.[23,25]). To
further investigate the role of single T nucleotide, the
structure of d-TGGTGGC containing two repeats of
TG, sequence of Saccharomyces cerevisiae telomere
DNA was solved at physiological pH by NMR
methods?®®. Interestingly, in the NMR spectrum
T4-imino and methyl proton were shifted quite upfield
to 9.6 ppm and 0.78 ppm respectively indicating the
strong shielding ring current shifts from adjacent guanine
bases. This indicated proper stacking of T4 base over
G tetrads. Strong NOE cross peaks from T4NH to

(A)

T4Me and G5NH protons and melting curve spectra
led to the conclusion about the presence of a
symmetrical T tetrad with four Ts in a plane held together
by H-bonds. Similar characteristic features were also
observed for T1 at lower pH (4.8) and temperature
(5° C). T tetrad formation can occur via O4-H3
H-bond. The formation of T tetrad caused slight
underwinding of the helix in the middle (Fig. 2) causing
a decrease in the intertwining of the helices as compared
to other G quadruplex structures®’.

A-Tetrad

Telomeric DNA of human contains about 5 to
8 Kb tandem repeats of the sequence d-TTAGGG with
a 3’ overhang of 100-200 bases. Various structures
solved for this repeat sequences have shown the
formation of parallel/anti-parallel quadruplexes®®-°,
i-motif or loop?. The solution structure of the sequence
d-AGGGT at physiological pH showed the formation
of a novel A-tetrad in the parallel stranded
quadruplex®-!. Intense cross peaks from AINH, to
A1HS8 and A1H?2 protons in low mixing time NOESY
spectrum provided strong evidence for an inter-strand
interaction where the A-bases come close and arrange
in a symmetrical fashion. At the end of structural
calculation, the final structures were seen to be
distributed between two distinct patterns of A alignment
which were termed as N61 and N67 having AINH,
H-bond to N1 and N7 respectively (Fig. 3).

Fig.2 The H-bonding pattern in the T4 nucleotides in the average structure of the sequence d-TGGTGGC (a). Comparison of quadruplex
structures of the DNA sequence d-TGGTGGC, (b) and d-TTGGGGT, (c) determined in presence of 100mM KCl. The flattening

of the back bone in the latter quadruplex can be seen.
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Fig.3 Two distinct patterns of A-tetrad formation, N61 (c) and N67 (d) depending on the nitrogen atom on A accepting the amino
hydrogen in each of the H-bonds observed in the structure of d-AGGGT with corresponding views of superpositions of 8

relaxation matrix refined structures (a and b).

Simultaneous observation of AINH,-A1H8 and
AINH,-A1H2 NOEs and presence of only one
resonance for each proton indicated the existence of
dynamism in the structure. A rapid equilibrium between
the two modes accounted for the chemical shift of 6.8
ppm, for both AINH, protons, since both of them would
be exchanging between H-bonded state (8.0-9.5 ppm)
and a free state (5.0-6.5 ppm). Theoretical calculations
on these tetrads have found N67 model to be more
stable, which has a more planar A alignment™**.

C-Tetrad

Complementary strand of the G rich telomeric
repeat sequence containing C nucleotide repeats has
shown the formation tetrameric structures®. The
formation a symmetrical C-tetrad stacked in parallel
stranded G quadruplex was observed in the solution
structures of the sequences d-TGGGCGGT,
d-TGGCGGGT and d-TGGCGGC?'*3 (Fig. 4). A cross
peak from CNH, to CH1’ apart from CHS indicated
inter strand interaction. In the final structure
symmetrical pairing of four Cs in a plane via NH,-O,

H-bond was seen (Fig. 4a). The formation of C-tetrad
in the middle of the G quadruplex caused an under-
winding of the helix. The cavity in the centre of the
C-tetrad is larger than that in the G-tetrad. Formation
of C-tetrad was also seen in the structure of the
Saccharomyces cerevisiae telomere DNA repeat
sequence d-TGGTGGC (Fig. 4b). A planar C-tetrad is
formed at the 3* end with NH,-N3 H-bonds. The cavity
of this C-tetrad is smaller than the cavity in C-tetrad
formed via NH,-O, H-bond. Detailed theoretical
calculations have been performed on possible
arrangement of C-tetrad in presence and absence of
different monovalent cations®>%.

Interesting cation dependent duplex-qaudruplex
conformation switch was observed in the sequence
d-TG,CG,C. The sequence forms a parallel stranded
quadruplex in the presence of K* ion while it forms a
mismatch duplex in the presence of Na* ions at
physiological pH. As the pH of the Na* sample is
lowered to pH 2.2 the molecule transforms to a
quadruplex3!.
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Fig.4 Two distinct patterns of C-tetrad formation: (a) observed in the structure of the sequence d-TGGGCGGT, d-TGGCGGGT and
d-TGGCGGC and, (b) observed in the structure of d-TGGTGGC at the 3’ end, (c) superpositions of 10 relaxation matrix refined

structures of d-TGGGCGGT

GCGC-Tetrad

A unique GCGC tetrad was observed in the structure
of d(GGGCT,GGGC)***. Simultaneous formation of
ATAT and GCGC tetrads stabilized by inter subunit
Watson-Crick AT and GC pairs was observed in
d(GAGCAGGT) sequence®”. These structures in
telomere can form if there is any systematic mutation or
there is involvement of the C rich strand of telomere in
the formation quadruplex structures.

i-Motif

i-motif is a tetrameric DNA structure formed by
the interdigitation of two parallel stranded duplexes

containing C-C* base pairs running in opposite directions
(Fig. 5b,c). The H-bonding pattern is shown in
Fig. 5a%%190.191 This kind of association requires
protonation of one of the cytosines at N3 position and
consequently is better stabilized at acidic pH
conditions'®. This requirement of low pH, at first sight,
suggests an unlikelyhood for i-motif occurrence in vivo.
However it is conceivable that supercoiling of DNA
may change the pKa values and likewise, binding of
different proteins may be thought to provide low pH
environments at localized positions!®191193 Ag with
G-quadruplex structures, i-motif structures may be
formed by either intermolecular (Fig. 5b) or
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Fig.5 (a) C-C* H-bond scheme seen in i-motif. (b,c) schematic drawing of intermolecular, (b) intramolecular, (c) i-motif. The shaded
boxes indicate the base-pair formation between parallel strands.

intramolecular (Fig. 5¢) associations depending on the
exact DNA sequence and the length of the chain'®.

A novel i-motif topology was observed in the NMR
structure of a human telomere repeating unit,
d(CCCTAA). In this i-motif topology (T form) T4 is
intercalated between C1 and C2 of the other duplex.
Besides two other topologies: (i) where C1 is
intercalated between C2 and C3 of the other parallel
duplex, resulting in the non-stacking of T4 residues (R-
form), and (ii) where C1 is stacked between C3 and
T4 of the other duplex (S-form) have also been
described®. Details about different i-motif structures
have been reviewed in ref.[22].

Concluding Remarks

With the realization of biological and therapeutic
significance of higher order telomeric DNA structures
it has become very important to characterize these
motifs in detail. The development of various
experimental techniques and in particular the advent
of newer NMR methodologies has provided a great
impetus to the study of these structures and their
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