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5 LNAs (locked nucleic acids) are new DNA analogues with higher binding affinities toward nucleic
acids than the canonical counterparts mainly due to the characteristic conformational restriction arising
from the 2’-O, 4’-C methylene bridge. In light of the promising therapeutic applications and considering
the advantageous characteristics of LNAs, such as their high water solubility, easy handling, and
synthetic accessibility through the conventional phosphoramidite chemistry, we undertook a study
concerning the capability of these nucleic acid analogues to form quadruplex structures. Particularly, we
have been investigating the LNA/DNA chimeras corresponding to the well-known DNA sequences
5’-GGTTGGTGTGGTTGG-3’, capable of forming an unimolecular quadruplex. This article deals
with the study of the sequence 5’-ggTTggTGTggTTgg-3’ (upper and lower case letters represent
DNA and LNA residues, respectively), which, according to CD spectroscopy, is able to fold into a
quadruplex structure.

Keywords LNA, Locked Nucleic Acids, Quadruplex, Thrombin Binding Aptamer

INTRODUCTION

Noncoding repeat sequences of guanine-rich DNA are particularly important at
the ends of chromosomes, where they form protein-DNA assemblies, well known
as telomeres. Telomeric DNA contains runs of guanine bases that can adopt an
important structural motif based on the association of four guanines. In this
arrangement each guanine interacts with two neighbors via Hoogsteen-like
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hydrogen bonding, resulting in a square planar configuration called G-quartet.
Quadruplex structures are composed of stacks of G-quartets, which can be realized
in different ways, as far as strand stoichiometry and orientation are concerned.
Strand stoichiometry variation allows G-quadruplexes to be formed by association
of one, via intramolecular folding,[1–3] two, by dimerization of a folded-back
hairpin,[4,5] or four separate strands.[6,7] It has been demonstrated by footprinting,
strand mixing and cross-linking studies,[8–10] along with NMR spectroscopy and
X-ray crystallography,[6,11,12] that single dGn segments can form a tetramolecular
complex with all G bases in the anti conformation and all strands parallel to each
other in monovalent cation containing solution. In contrast, the folded-back dimeric
quadruplex has alternating syn and anti nucleotide conformations along each strand
and two pairs of adjacent parallel strands.[4,5,13,14] Furthermore, oligonucleotides,
forming an unimolecular quadruplex, as the thrombin-binding DNA aptamer
(TBA) 5’-GGTTGGTGTGGTTGG-3’, for example, show the residues of
the tetrads in an anti-syn-anti-syn conformation with alternating antiparallel
strands.[13,15,16]

In addition to their presence in the telomeric ends of eukaryotic chromo-
somes,[17,18] runs of dGs may also be involved in recombination and mutation hot
spots processes,[19–23] gene regulation,[24] and various human diseases.[25,26]

Considering that a wider biological relevance for quadruplex DNA is now
becoming apparent and that the G-tetrad repeating motif tolerates a surprisingly
broad range of structural features, it may be interesting to investigate changes in
structure and activity that occur upon chemical modification. In order to explore
this case, we have undertaken a study concerning the capability of locked nucleic
acids (LNAs) to form quadruplex structures. LNAs are new DNA analogues
characterized by a 2’-O, 4’-C methylene bridge (Figure 1) that is mainly responsible
for their enhanced hybridization performance[27] and for their exceptional
biostability.[28] The presence of the methylene bridge confers a RNA-like C3’-endo
(N-type) conformation to the sugar moiety of the modified nucleotide and reduces
its conformational flexibility, thus expanding the degree of local organization of the

FIGURE 1 Chemical structures of DNA, RNA, and LNA residues.
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phosphate backbone. These unprecedented hybridization properties suggest that
LNAs could be powerful agents for fine tuning drugs with very specific target
potential, thus providing a new class of therapeutics.[29–31] The solution structure of
a locked nucleic acid quadruplex, formed by the oligomer 5’-tgggt-3’, where lower
case letters represent LNA residues, has been already reported.[32] NMR and CD
spectroscopy, as well as molecular dynamics and mechanic calculations, were used
to characterize the complex. The molecule adopts a parallel stranded conformation
with a fourfold rotational symmetry, showing a right-handed helicity and the
guanine residues in an almost planar conformation with three well-defined G-
tetrads (Figure 2). A Tm increment of 20�C with respect to the corresponding
unmodified quadruplex [d(TGGGT)]4 was observed. Preliminary studies on
antiparallel LNA quadruplexes are reported here. We have first focused our
attention on the unimolecular quadruplex. Particularly we analysed the LNA
counterpart of the well-known DNA sequences 5’-GGTTGGTGTGGTTGG-3’
(TBA), since this sequence was found to be a potent inhibitor of thrombin with an
EC50 of 20 nM in a purified fibrinogen clotting assay.[33] Unfortunately, the LNA
sequence 5’-ggttggtgtggttgg-3’ (the lower case letters represent LNA residues) is not
able to fold into quadruplex structures (data not shown), most probably due to the
lower flexibility of the loops. For this reason, we designed and synthetized the
chimera 5’-ggTTggTGTggTTgg-3’, where the upper and lower case letters
represent DNA and LNA residues, respectively.

CD spectra of 5’-ggTTggTGTggTTgg-3’ were acquired at 20 and 75�C
(Figure 3). Particularly, while the spectrum at 75�C is characteristic of an un-
structured molecule, the spectrum at 20�C shows a maximum and minimum
Cotton effect at 262 and 241 nm, respectively, indicating the presence of a quad-
ruplex structure in solution.[34,35]

In order to estimate the effects of structural modification on the thermal stability
of the quadruplex formed by 5’-ggTTggTGTggTTgg-3’, CD melting and annealing

FIGURE 2 Side (A) and top (B) view representations of the best NMR structure of the tetramolecular LNA
quadruplex formed by the oligomer 5’-tgggt-3’ (lower case letters represent LNA residues). Backbones are depicted
in colored ‘‘stick’’ (carbons, green; nitrogens, blue; oxygens, red; hydrogens, white), whereas bases in black ‘‘lines.’’
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experiments were performed. All the measurements were performed at a
concentration of 5 � 10�5 M. Taking into account that the rates of quadruplex
formation/dissociation are extremely slow, to avoid a kinetic influence on the
collected data, we acquired all the experiments at a very low scan rate (10�C/h).
The curves for both 5’-ggTTggTGTggTTgg-3’ (Figure 4) and its natural counterpart
5’-GGTTGGTGTGGTTGG-3’ (Figure 5) were obtained collecting data in the
range 5–90�C. The CD signals at 262 and 293 nm for 5’-ggTTggTGTggTTgg-3’
and 5’-GGTTGGTGTGGTTGG-3’, respectively, were reported as a function
of temperature.

The very small observed hysteresis in the case of 5’-ggTTggTGTggTTgg-3’
indicates that, in spite of the very low scan rate used in the experiments, the cooling

FIGURE 3 CD spectra of 5’-ggTTggTGTggTTgg-3’at 20�C (continous lines) and 75�C (dashed lines). Lower
case letters represent LNA residues.

FIGURE 4 Melting (continous lines) and annealing (dashed lines) CD experiments of 5’-ggTTggTGTggTTgg-3’.
Lower case letters represent LNA residues.
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and heating curves are not completely in a thermodynamic equilibrium; i.e., the
temperature change is faster than the rate at which the folding/unfolding processes
reach a new equilibrium. On the other hand, the hysteresis reflects a difference in
kinetics of association versus dissociation, as is often found for multistranded
nucleic acid structures. Even if a more detailed physicochemical study has not been
yet accomplished, it is not unreasonable to hypothesize a considerably slower
kinetics of association versus dissociation. For this reason we believe that the
melting profiles provide a better descriptive picture of the situation at the equi-
librium than the annealing curves.

It is noteworthy that, according to CD melting experiments, 5’-
GGTTGGTGTGGTTGG-3’ is characterized by higher thermal stability than 5’-
ggTTggTGTggTTgg-3’. Particularly, a DTm of 20�C has been observed. The
structural features of the LNA-quadruplex examined may open new perspectives
for the biological application of LNAs as novel versatile tools to design aptamers.
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