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ABSTRACT

The solution structure of a locked nucleic acid
(LNA) quadruplex, formed by the oligomer
d(TGGGT), containing only conformationally
restricted LNA residues is reported. NMR and CD
spectroscopy, as well as molecular dynamics and
mechanic calculations, has been used to character-
ize the complex. The molecule adopts a parallel
stranded conformation with a 4-fold rotational
symmetry, showing a right-handed helicity and the
guanine residues in an almost planar conformation
with three well-de®ned G-tetrads. The thermal
stability of Q-LNA has been found to be comparable
with that of [r(UGGGU)]4, while a Tm increment of
20oC with respect to the corresponding DNA quad-
ruplex structure [d(TGGGT)]4 has been observed.
The structural features of the LNA quadruplex
reported here may open new perspectives for the
biological application of LNAs as novel versatile
tools to design aptamer or catalyst oligonucle-
otides.

INTRODUCTION

In recent years, considerable efforts have been dedicated to the
synthesis and investigation of new DNA analogs with
improved binding properties towards nucleic acids than the
canonical counterparts. In 1988 the ®rst oligonucleotides
containing one or more 2¢-O, 4¢-C methylene-linked bicyclic
ribonucleosides (LNAs, locked nucleic acids) (Fig. 1) were
prepared by the groups of Wengel (1) and Imanishi (2). They
also described the unprecedented hybridization af®nity of
LNAs towards complementary nucleic acids. In LNA residues
the distinctive conformational restriction arising from the
2¢-O, 4¢-C methylene bridge is mainly responsible for their
enhanced hybridization performance (3) and for their excep-
tional biostability (4). As a matter of fact, the methylene
bridge confers an RNA-like C3¢-endo (N-type) conformation
to the sugar moiety of the modi®ed nucleotide and reduces its
conformational ¯exibility, thus expanding the degree of local
organization of the phosphate backbone (5,6). This entropic

constraint leads to an enhanced af®nity towards complemen-
tary RNA and DNA targets, with an increase from 4.0 to 9.3°C
in thermal stability of the resulting heteroduplexes per
introduced LNA monomer (7).

The unprecedented hybridization properties suggest that
LNAs could be powerful agents for ®ne tuning drugs with a
very speci®c target potential, thus providing a new class of
therapeutics (8±10). Actually, LNAs represent very versatile
tools for the control of gene expression, the treatment of
various human diseases and diagnostic assays. In fact,
chimeric 2¢-O-methyl/LNA oligoribonucleotides were found
to inhibit RNA±protein interactions important for HIV
replication by sterically blocking the trans-activation respon-
sive region TAR (11). Furthermore, incorporation of LNA
monomers into the binding arms of the `10±23' DNAzyme,
yielding an LNAzyme, markedly increases cleavage proper-
ties towards the target RNA (12). For antisense applications of
LNAs, it is important to note that the introduction of just two
or three LNA monomers in a DNA strand, or the use of LNA/
DNA mixmers also elicited RNase H activity (13): the LNA
bases confer enhanced binding to mRNA target, while DNA
bases create a suitable RNA±DNA hybrid to act as a substrate
for RNase H. Furthermore, homopyrimidine LNAs can also
bind to duplex DNA by triple helix formation (14,15), even
at neutral pH. Central incorporation of one LNA monomer
in TFOs (triplex forming oligonucleotides) signi®cantly
increased the melting temperatures of the resulting triplexes
by 4±5°C (15), constituting a possible avenue for gene
regulation.

In view of the ability of short LNAs to stably bind
complementary sequences, it is possible to use them for
competitive blocking of the RNA template component of
human telomerase (16). This RNA domain contains an 11mer
sequence that binds telomeric DNA and guides the addition of
telomeric repeats, constituting an attractive target for
oligonucleotide-induced inhibition. Elayadi et al. (16) have
targeted the telomerase template with LNA oligonucleotides
and found them to act as potent and selective inhibitors.
Another interesting application of LNAs is represented by
strategies targeting transcription-activating proteins. Double
stranded DNAs including the consensus binding sequence of a
speci®c transcription factor can act as decoy, inactivating this
target protein and, hence, blocking the transcription of the
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corresponding gene (17). Incorporation of one or two terminal
LNA monomers outside the transcription factor kB (NF-kB)
sequence markedly increased the stability towards nuclease
digestion without interfering with kB interaction (18). This
clearly indicates that LNAs can operate as aptamers and that it
could be possible, at least in principle, to design NF-kB LNA
decoys provided with excellent nuclease stability and still
capable to be ef®ciently recognized by the protein.

On the contrary, very little is known about the capability of
LNAs to form quadruplex structures (19). DNA and RNA
quadruplex structures contain stacks of cyclic hydrogen-
bonded arrays of four co-planar guanine bases (G-quartets).
Particularly, G-rich sequences can fold in a number of
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 (20±22), two, by dimerization of a
folded-back hairpin (23,24), or four separate strands (25±27).
These structures have recently received considerable attention
as G-rich sequences are found in a number of biologically
important DNA regions, including telomeres (28,29), the
immunoglobuline switch region (30), the c-myc promoter (31)
and in other hot spots for genetic recombination (32).
Moreover, some examples exist where aptameric nucleic
acids possess quadruplex structures (33). The biological
relevance of quadruplexes has already led to the use of
nucleic acid analogs such as peptidic nucleic acids (PNAs) in
order to improve their physical and biological properties. Very
recently, several studies about the formation of PNA/DNA
hybrid quadruplexes con®rmed the ability of PNA to mimic
DNA even in more complex multi-stranded structures (34,35).
However, the poor water solubility of PNAs limits their
potential applications.

In light of the above and considering the advantageous
characteristics of LNAs, such as high water solubility, easy
handling and synthetic accessibility through the conventional
phosphoramidite chemistry, we have undertaken a study
concerning the capability of these nucleic acid analogs to form
quadruplex structures.

In this paper we report the structural characterization, based
on NMR and CD spectroscopy, associated with molecular
mechanics and dynamics calculations, of a parallel stranded

quadruplex formed by the sequence 5¢-(TGGGT)-3¢ (`Q-LNA'
in short), containing all LNA monomers.

MATERIALS AND METHODS

LNA and DNA oligonucleotides

The pentanucleotide 5¢-(TGGGT)-3¢ (54 O.D.), containing all
LNA residues, was purchased from Exiqon AS (Vedbaek,
Denmark) and successively desalted by Sep-Pak cartridges
(C18).

The pentanucleotide 5¢-r(UGGGU)-3¢ (26 O.D.), was
purchased from Primm (Milano, Italy).

The regular DNA oligonucleotide d(TGGGT) was synthe-
sized on a Millipore Cyclon Plus DNA synthesizer, using solid
phase b-cyanoethyl phosphoramidite chemistry at 15 mmol
scale. The oligomer was detached from the support and
deprotected by treatment with conc. aqueous ammonia at 55°C
for 12 h. The combined ®ltrates and washings were concen-
trated under reduced pressure, redissolved in H2O and
analysed and puri®ed by HPLC on a Nucleogel SAX column
(1000-8/46, Macherey-Nagel, DuÈren, Germany); using buffer
A: 20 mM KH2PO4 aq. solution, pH 7.0, containing 20% (v/v)
CH3CN; buffer B: 1 M KCl, 20 mM KH2PO4 aq. solution,
pH 7.0, containing 20% (v/v) CH3CN; a linear gradient from 0
to 100% B in 30 min and ¯ow rate 1 ml/min were used.

All oligomers were >98% pure [nuclear magnetic resonance
(NMR)].

Nuclear magnetic resonance

The NMR sample had a concentration of ~1.80 mM, in 0.6 ml
(H2O/D2O 9:1) buffer solution having 10 mM KH2PO4,
70 mM KCl, 0.2 mM EDTA, pH 7.0. For D2O experiments,
the H2O was replaced by drying down the sample, lyophiliza-
tion and redissolution in D2O. NMR spectra were recorded
with Bruker AMX 500, Varian UnityINOVA 600 and 750 MHz
spectrometers at 27°C. 1H chemical shifts were referenced
relative to external sodium 2,2-dimethyl-2-silapentane-5-
sulfonate, whereas 31P chemical shifts were referenced to
external phosphoric acid (H3PO4 85% v/v). 1D proton spectra
of samples in H2O were recorded using the watergate
sequence (36). A proton-detected 1H-31P heteronuclear
COSY was recorded in D2O in the hypercomplex mode with

Figure 1. Chemical structure of DNA, RNA and LNA.

3084 Nucleic Acids Research, 2004, Vol. 32, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/32/10/3083/1053447 by guest on 20 August 2022



2048 t2 points and 96 t1 increments, and a spectral width of
500 Hz along the 31P dimension. Phase sensitive NOESY
spectra (37) were recorded with mixing times of 100 and
180 ms (T = 27°C). The watergate (36) technique was also
used for acquiring NOESY spectra in H2O. TOCSY spectra
(38) with mixing times of 120 ms were recorded with D2O
solution. NOESY and TOCSY were recorded using the TPPI
(39) procedure for quadrature detection. In all 2D experiments
the time domain data consisted of 2048 complex points in t2
and 400±512 FIDs in t1 dimension. The relaxation delay was
kept at 1.2 s for all experiments. The NMR data were
processed on a SGI Octane workstation using FELIX 98
software (Accelrys, San Diego, CA).

Structure calculations

The structure calculations were performed with the program
CYANA (40) starting from 200 random conformations. Upper
limit distance constraints for both exchangeable and non-
exchangeable hydrogens were classi®ed according to the
intensity of the cross peaks in the NOESY spectra (with 180 ms
mixing time) with the CALIBA tool of the program CYANA
(40). Pseudo-atoms were introduced where needed. 544 upper
distance restraints were calculated (136 per strand) and
reduced to 292 (73 per strand) after removal of irrelevant
restraints. Hydrogen bond constraints (16 upper and 16 lower
limit constraints/G-tetrad) were incorporated with upper and
lower distance limits of 2.0 and 1.7 AÊ for the hydrogen-
acceptor distance and 3.0 and 2.7 AÊ for the donor-acceptor
distance, respectively. These constraints for H-bonds did not
lead to an increase in residual constraints violation. Backbone
torsion angle constraints for a and z were restricted to a range
of ±115°/±15° and ±95°/±35°, respectively, in accordance to
the observed 31P chemical shifts (41±43). Glycosidic torsion
angles for all guanines were kept in a range of ±190°/±140°
(anti conformation), whereas a range of ±157°/±117° (anti
conformation) was used for thymine residues. The remaining
backbone torsion angles (b, g and e) were kept in range of
±210°/±150°, 30°/80° and ±180°/±140°, consistently with the
torsion angles observed in regular A-DNA. The 20 structures
with the lowest CYANA target functions were subjected to
energy minimization (with no angle constraints) using the
conjugate gradient method and the CVFF force ®eld as
implemented in the program DISCOVER (Accelrys). During
energy minimization, interproton distances and H-bond con-
straints involving G-tetrads were used with a force constant of
20 and 100 kcal mol±1 AÊ ±2, respectively. Illustrations of
structures were generated with the INSIGHTII program
(Accelrys). All the calculations have been performed on a
SGI Octane workstation.

The ®nal set of coordinates has been deposited in the
Protein Data Bank (accession code 1S9L).

Circular dichroism and CD melting experiments

CD samples of Q-LNA and natural counterparts [d(TGGGT)]4

and [r(UGGGU)]4 were prepared at a concentration of 2.5 3
10±5 M, by using the buffer solution used for NMR experi-
ments: 10 mM KH2PO4, 70 mM KCl, 0.2 mM EDTA, pH 7.0.
CD spectra of both quadruplexes and CD melting curves were
registered on a Jasco 715 circular dichroism spectrophot-

ometer in a 0.1 cm pathlength cuvette. For the CD spectra, the
wavelength was varied from 220 to 340 nm at 5 nm min±1, and
the spectra recorded with a response of 16 s, at 2.0 nm
bandwidth and normalized by subtraction of the background
scan with buffer. The temperature was kept constant at 20°C
with a thermoelectrically controlled cell holder (Jasco
PTC-348).

CD melting curves were registered as a function of
temperature from 20 to 90°C at 261 and 288 nm (data not
shown) for Q-LNA, and 264 nm for both [d(TGGGT)]4 and
[r(UGGGU)]4. The CD data were recordered in the same
buffer as used for NMR experiments in a 0.1 cm pathlength
cuvette with a scan rate of 10°C h±1.

RESULTS

Proton assignment of Q-LNA resonances

The NMR sample (see Materials and Methods) was annealed
for 5±10 min at 80°C and slowly cooled down to room
temperature. The 1H-NMR spectrum (Fig. 2) of Q-LNA shows
eight sharp resonances. Three resonances in the low ®eld
region correspond to the three imino protons involved in
Hoogsteen hydrogen bonds. In addition, ®ve base protons and
two methyl resonances (data not shown) are observed in the
respective high ®eld regions. The appearance of the 1H-NMR
spectrum already suggests the absence of conformational
heterogeneity and a high symmetry of the Q-LNA.

Assignment of Q-LNA resonances started with the analysis
of the TOCSY spectrum. All H1¢ and H2¢ resonances in a
given sugar were identi®ed from this spectrum. Some of the
H2¢/H3¢ crosspeaks were not observed in the TOCSY
spectrum (Fig. 3) due to the small J-coupling constant.
Hence, information from the NOESY spectra was used to
complete the assignment of the H3¢, and to fully assign the
H5¢/H5¢¢, H6¢/H6¢¢, aromatic and exchangeable protons. The
NOE pattern of Q-LNA turned out to be similar to that
observed for other parallel quadruplex structures (Fig. 4)
(26,44±47) and, hence, the assignment was accomplished
mainly following the standard procedures (48). However, it is
interesting to note that H6¢/H6¢¢ protons in the C2¢/C4¢ linker
of the LNA sugar form an independent spin system; therefore,
the assignment of the pertinent signals was accomplished by
the analysis of the NOESY spectrum, on the base of their
strong intranucleotide crosspeaks to H1¢ (Fig. 5) (49). The
H5¢/H5¢¢, instead, are scalar coupled with the adjacent 31P of
the phosphate backbone. Therefore, the assignment of these
protons has been achieved by the analysis of both NOESY
spectrum (containing crosspeaks between H5¢/H5¢¢ and H8/H6
resonances of the same residue) and heteronuclear 1H-31P
COSY (see below).

Observation of an unbroken path of NOE connectivities
between H8/H6 protons and the ribose protons of the
adjacent nucleoside at the 5¢ side, suggests that the back-
bone conformation resembles that of a duplex DNA or
RNA and that the Q-LNA adopts a right-handed helix
structure (26±27,44±47). Furthermore, the lack of strong
NOEs between G H8 and the H1¢ of the same residue, in
comparison with those observed between G H8 and its ribose
H2¢, suggests that all G residues are in an anti glycosidic
conformation (26±27,45±47).
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No NOE crosspeaks correlating exchangeable protons
could be observed since imino±imino contacts within each
tetrad involve magnetically equivalent protons due to the
4-fold symmetry of Q-LNA. Nevertheless, the assignment of
the three imino protons has been accomplished through the

connectivities between imino protons of G2 and G4 residues
with the adjacent methyls of T1 and T5 residues, respectively.

Phosphorus assignments

The proton decoupled phosphorus spectrum of Q-LNA in D2O
at 27°C shows that all four 31P signals fall in the region
between ±1 and ±3 p.p.m., characteristic of A-type DNA form
(41±43). The 2D proton-detected heteronuclear 1H-31P COSY
allowed the assignment of each phosphorus resonance by
its correlation to the respective 5¢-coupled H3¢ proton and

Figure 3. An expanded TOCSY (500 MHz, 120 ms mixing time) contour
plot correlating sugar H1¢ resonances (depicted by vertical dashed lines) and
the corresponding H2¢/H3¢ resonances (between 4.0 and 5.5 p.p.m. and
between 4.4 and 5.1 p.p.m., respectively) of Q-LNA 1.80 mM in 0.6 ml
D2O buffer solution having 10 mM KH2PO4, 70 mM KCl, 0.2 mM EDTA,
pH 7.0 at 27°C. Since the J-coupling constants between H2¢/H3¢ are small,
some crosspeaks are weaker or missing.

Figure 2. Imino and base proton NMR spectrum (6.5±12.5 p.p.m., 500 MHz) of Q-LNA 1.80 mM in 0.6 ml (H2O/D2O 9:1) buffer solution having 10 mM
KH2PO4, 70 mM KCl, 0.2 mM EDTA, pH 7.0 at 27°C. The guanine imino protons involved in G-tetrad formation resonate between 11.0 and 12.0 p.p.m. The
narrow non-exchangeable base protons resonate between 7.0 and 8.0 p.p.m.

Figure 4. Expanded region of a NOESY spectrum (750 MHz, 180 ms
mixing time) containing aromatic and H2¢/H3¢ (dashed and continous lines,
respectively) sequential crosspeaks of Q-LNA 1.80 mM in 0.6 ml D2O
buffer solution having 10 mM KH2PO4, 70 mM KCl, 0.2 mM EDTA,
pH 7.0 at 27°C.
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3¢-coupled H5¢ and H5" protons. The phosphorus resonances
at GT (and TG) steps were slightly different from those
observed for the phosphorus at GG steps (see Table 1)
indicating structural differences in these two regions.

Experimental restraints and structure calculations

The crosspeaks in the NOESY spectrum of Q-LNA are well
dispersed, thus allowing an easy quanti®cation of the experi-
mental NMR data. From a total of 544 upper distance
restraints for Q-LNA, 292 (73 per strand) turned out to be non-
trivial and were used in the ®nal calculations. Proton/proton
scalar couplings for the de®nition of the sugar pucker of Q-
LNA have not been measured since X-ray crystallography,
NMR spectroscopy and molecular modeling studies have
already shown that the LNA sugar is locked in an N-type
conformation with a pseudorotation angle of P = 17° (2±4,50±
53). Constraints for the backbone torsion angles a and z were
deduced from the 31P chemical shift. 31P resonates down®eld
when both a and z are not in the usual gauche± conformation.
As shown in Table 1, 31P chemical shifts of Q-LNA range
between ±3 and ±1 p.p.m., typical for an A-type DNA
conformation. Thus, the torsion angles a and z were restricted
in range of ±115°/±15° and ±95°/±35°, respectively. The
backbone torsion angles b and e were estimated from the
scalar coupling measured in the 2D proton-detected hetero-
nuclear 1H-31P COSY by using the semi-empirical Karplus

equation (41,54). The b torsion angles were estimated from
31P-H5¢/H5¢¢ scalar coupling constants, 3JP,H5¢ and 3JP,H5¢¢,
whereas the e torsion angles were estimated from 31P-H3¢
scalar coupling constants, 3JP,H3¢. As no stereospeci®c assign-
ments for the H5¢ and H5¢¢ resonances could be deduced and
since the self-cancellation of antiphase splittings of the signal
in the 2D 1H-31P COSY lead to unreliable measurements for
3JP,H5¢ and 3JP,H5¢¢, the b and e torsion angles were only
restricted to very broad ranges consistent with the torsion
angles observed in A-type DNA. Due to the lack of H4¢
protons 3JH4¢,H5¢ and 3JH4¢,H5¢¢ coupling constants were not
accessible, and the g torsion angles were restricted in the range
observed for A-type DNA. The ®nal structures obtained from
calculations were checked for consistency with measured
3JP,H3¢ coupling constant.

According to the presence of three imino protons involved
in Hoogsteen hydrogen bonds and their symmetry indicated in
the 1H-NMR spectrum, a total of 48 supplementary distance

Table 1. Proton chemical shifts (750 MHz) of Q-LNA in 10 mM KH2PO4, 70 mM KCl, 0.2 mM EDTA (pH 7.0, T = 300 K)

Base (5¢±3¢) H8/H6 H1¢ H2¢ H3¢ H6¢/H6" H5¢/H5" H2/Me NH 31P

T 7.41 5.47 4.98 4.46 3.95/4.10 4.06 1.39
±1.59

G 7.74 5.58 5.25 4.84 4.03/4.20 4.31/4.38 11.16
±2.85

G 7.48 5.96 5.22 5.08 4.10/4.19 4.30/4.37 11.48
±2.66

G 7.52 6.16 4.77 4.83 4.11 4.23/4.37 11.56
±1.53

T 7.31 5.45 4.12 5.06 3.83/4.00 4.08/4.18 1.65

Figure 5. Expanded NOESY (750 MHz, 180 ms mixing time) contour
plots correlating sugar H1¢ protons (depicted by vertical dashed lines) and
H6¢/H6" resonances (3.8±4.3 p.p.m.) of the C2¢/C4¢ linker of the LNA sugar
of Q-LNA.

Figure 6. (A) Side view representation of the superimposed 20 best
structures of Q-LNA. Side (B) and top (C) view representations of the best
NMR structure of Q-LNA. Backbones are depicted in colored `sticks'
(carbons, green; nitrogens, blue; oxygens, red; hydrogens, white), whereas
bases in black `lines'.
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restraints (HN1-O6, N1-O6, HN2-N7, N2-N7) for the 24
hydrogen bonds in the three G-tetrads were included.

From the 200 structures calculated, starting from random-
ized conformers, the 20 structures with the lowest CYANA
(40) target functions (resulting from van der Waals and
restraints violations) were selected for ®nal analysis.

The ®nal structures were subjected to a restrained energy
minimization (no angle constraints were used) using the CVFF
force®eld. Average RMSD values of 0.94 6 0.31 and 0.80 6
0.30 AÊ for the backbone and all heavy atoms, respectively,
were obtained from their superimposition (Fig. 6A). These
data suggest that the structure adopted by Q-LNA is consistent
with the experimentally determined restraints. A summary of
the experimental constraints and structural statistics for the
best 20 structures is reported in Table 2. The molecule resulted
to be parallel stranded, with a 4-fold rotational symmetry,
showing a right-handed helicity and possessing three well-
de®ned G-tetrads. The appearances of the structures (Fig. 6B
and C) clearly indicate that the G-tetrads are planar and
parallel to each other. This observation was also con®rmed by
CURVES (55,56) analysis performed on the structure pos-
sessing the lowest energy after minimization. Buckle, Tilt and
Roll angles were calculated to be very close to 0°, whereas
Propeller angles were calculated to be very close to 180° (see
Tables 3 and 4). Twist angles for the core GGG segment
resulted to be ~30°. The Axial rise (the distance between two
adjacent tetrads) for Q-LNA is on average 3.41 AÊ (see
Table 4). Backbone conformation resembles the A-type DNA
form (Table 5) and the groove width for Q-LNA (measured as
the shortest P-P distance) varies between 8.13 and 8.30 AÊ in
the central core (GGG) of the quadruplex. The LNA
quadruplex structure is better de®ned at the 5¢ edge than at
3¢ end. This is mainly due to the fact that the 5¢ edge of Q-LNA
is characterized by a higher number of intra- and inter-strand
NOEs.

CD spectroscopy of Q-LNA

CD spectra for Q-LNA and the natural counterparts
[d(TGGGT)]4 and [r(UGGGU)]4 have been acquired at 20°C
and are reported in Figure 7. The spectrum of Q-LNA is
characterized by two positive bands at 261 and 288 nm, and by

a negative band at 239 nm. The spectrum of Q-LNA slightly
differs from those of [d(TGGGT)]4 and [r(UGGGU)]4, in that,
besides the typical bands of a parallel stranded quadruplex
(44), a shoulder at 288 nm is present. Also this unusual band,
however, can be con®dentially associated with the presence of
the quadruplex structure since the CD melting pro®le recorded
at 288 nm perfectly matches that at 261 nm.

In order to estimate the thermal stability, the Q-LNA was
subjected to both melting and annealing CD experiments.
Additionally, a comparison with the natural counterparts

Table 3. Shear, stretch, stagger, buckle, propeller, opening of the best-
minimized structure

Shear Stretch Stagger Buckle Propeller Opening

Strand 1/2
T1 ±10.13 ±1.37 0.01 ±6.27 165.29 ±88.37
G2 ±6.91 1.84 0.04 ±9.93 165.81 ±89.69
G3 ±6.88 1.83 0.05 ±5.63 163.37 ±90.15
G4 ±6.87 1.87 ±0.04 ±8.87 172.28 ±90.46
T5 ±5.09 0.35 0.14 10.69 186.83 ±74.27
Average value ±7.18 1.10 0.04 ±4.00 170.71 ±86.59
Strand 1/3
T1 ±10.23 ±1.39 ±0.02 ±5.62 165.61 91.56
G2 ±7.01 1.85 0.03 ±8.90 165.73 90.33
G3 ±6.98 1.83 0.05 ±4.35 163.12 89.89
G4 ±7.00 1.88 0.00 ±7.68 171.97 89.65
T5 ±5.20 1.34 0.21 11.92 186.57 105.61
Average value ±7.29 1.10 0.05 ±2.93 170.60 93.41
Strand 1/4
T1 ±10.02 ±1.21 0.06 ±6.86 163.53 ±0.33
G2 ±6.93 1.90 0.06 ±10.62 166.59 0.03
G3 ±6.93 1.86 0.07 ±5.49 165.63 0.02
G4 ±6.90 1.88 0.10 ±5.84 177.61 0.08
T5 ±2.79 0.11 0.06 7.30 188.91 0.31
Average value ±6.71 0.91 0.07 ±4.30 172.45 0.02

Table 4. Rise, tilt, roll, twist of the best-minimized structure

Rise Tilt Roll Twist

Strand 1
T1/G2 3.66 ±0.69 1.43 44.05
G2/G3 3.40 2.66 ±0.61 28.83
G3/G4 3.50 ±0.05 5.85 27.73
G4/T5 3.18 6.67 5.58 32.01
Average value 3.44 2.15 3.06 33.16
Strand 2
T1/G2 3.64 1.97 ±0.90 45.37
G2/G3 3.39 ±1.65 ±1.96 29.30
G3/G4 3.59 3.20 2.84 28.04
G4/T5 2.99 ±12.8 8.90 15.82
Average value 3.40 ±2.32 ±2.22 29.63
Strand 3
T1/G2 3.61 1.59 ±1.29 45.28
G2/G3 3.37 ±1.89 ±2.13 29.28
G3/G4 3.55 3.28 2.78 27.97
G4/T5 2.97 ±12.84 8.94 16.05
Average value 3.38 ±2.47 2.08 29.65
Strand 4
T1/G2 3.67 2.07 1.64 43.69
G2/G3 3.39 ±2.46 ±0.48 28.84
G3/G4 3.47 ±0.30 5.92 27.67
G4/T5 3.22 ±6.38 5.63 31.79
Average value 3.44 ±1.77 3.18 33.00

Table 2. Experimental constraints and structure statistics of the best 20
structures with the lowest CYANA target functions

Experimental constraints
Total NOEs 544 (136 per strand)
NOE-derived constraints used for
structure calculations

292 (73 per strand)

Hydrogen bonds 24 (three G-tetrads)
Dihedral angle constraints 96 (24 per strand)
Structure statistics
Dyana target function (AÊ 2) 0.62 6 7.43 3 10±3

CVFF energy (kcal/mol) of the
minimized structures
Total 936 6 16
Van der Waals 111 6 4
Electrostatic 824 6 19
r.m.s. deviations from the mean
structure (AÊ )
All backbone heavy atoms 0.94 6 0.31 AÊ

All heavy atoms 0.80 6 0.30 AÊ
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[d(TGGGT)]4 and [r(UGGGU)]4, under the same experimen-
tal conditions, was performed. From the results shown in
Figure 7, a signi®cant hysteresis emerges for each oligo-
nucleotide when comparing annealing and melting curves.
Furthermore, the former do not show a well de®ned sigmoid
shape and, in the case of [d(TGGGT)]4 and [r(UGGGU)]4, the
apparent annealing Tm could not be appraised. From the
melting curves, midpoint Tm values of 66, 46 and 67°C could
be measured for Q-LNA, [d(TGGGT)]4 and [r(UGGGU)]4,
respectively. Thus, whereas there is no signi®cant difference
with the Tm observed for [r(UGGGU)]4, a considerable
increase (20°C) in the melting temperature and, hence, in
the thermal stability could be determined for the Q-LNA when
compared with the DNA counterpart.

DISCUSSION

The NMR data indicate that, under the experimental condition
described here, Q-LNA forms a single well-de®ned quad-
ruplex structure consisting of three G-tetrads and possessing a
4-fold symmetry with all strands parallel to each other in
analogy with the unmodi®ed quadruplex [d(TGGGT)]4. The
2D NOESY spectrum clearly indicates that Q-LNA adopts a
right-handed helix. All bases are in anti conformation and all
Gs form Hoogsteen hydrogen bonds involved in G-tetrads. A
direct comparison of the most representative structures of Q-
LNA (the one with lowest energy after minimization), and the
already reported NMR structures of the RNA parallel
quadruplex [(UGGGGU)]4 (PDB code: 1RAU) and of the
DNA parallel quadruplex [d(TTGGGGT)]4 (PDB code: 139D)
has been accomplished by analyzing the helix parameters by
CURVES (55,56). These data clearly suggest that the structure
of Q-LNA differs from the others. The base stacking within all
quadruplexes is quite similar and is mostly intra-strand; in

fact, in any of the three structures, the ®ve-membered rings
of the guanines overlap with the six-membered rings of the
5¢-¯anking bases, whereas the imino and amino protons
overlap with the six-membered rings of the 3¢-¯anking bases.
This observation was con®rmed by the fact that all three
structures have basically the same base Twist angles for the
core GGG segment (~30°). Thus, the three structures seem to
have very similar geometry for the bases, while the major
differences could be observed at the backbone region. They
are characterized by different Axial rise. The rise value for
Q-LNA (3.41 AÊ ) was calculated to be in between the values
calculated for [(UGGGGU)]4 (3.94 AÊ ) and [d(TTGGGGT)]4

(3.30 AÊ ). Since all LNA nucleotides are locked in a C3¢-endo
(N-type) conformation, the backbone structure of the each
strand in the Q-LNA could resemble A-type rather than B-type
DNA as observed, for example, in other parallel DNA
quadruplex structures (44±47). In fact, the backbone torsion
angles for both Q-LNA (Table 5) and [(UGGGGU)]4 fall in
the same range of A-type DNA, while they differ in
comparison with [d(TTGGGGT)]4 especially for d and z
torsion angles. Particularly, d and z fall in the range of 60°/
100° and ±100°/±50°, respectively, for the former structures,
while they range between 130°/160° and ±100°/±140° for
[d(TTGGGGT)]4. The groove width for Q-LNA, calculated to
be between 8.13 and 8.30 AÊ in the central core (GGG), is the
smallest of the three compared structures.

The thermal stabilities of Q-LNA, [d(TGGGT)]4 and
[r(UGGGU)]4 were compared by CD melting and annealing
experiments. The observed hysteresis indicates that, in spite of
the very low scan rate used in the experiments, the cooling and
heating curves are not 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 re¯ects a difference in kinetics of

Table 5. Chi, gamma, delta, epsilon, zeta, alpha, beta angles of the best-minimized structure

c g d e z a b

Strand 1
T1 ±162.27 ±60.47 68.18 ±175.98 ±61.60 -63.19 167.25
G2 ±161.98 59.26 70.96 ±171.08 ±61.67 -66.58 170.38
G3 ±157.14 59.65 70.53 ±172.02 ±64.33 -64.00 167.48
G4 ±160.21 57.44 71.72 ±147.16 ±61.03 -63.55 163.01
T5 ±162.76 59.32 65.44
Strand 2
T1 ±163.60 ±60.40 68.35 ±175.77 ±61.58 ±62.86 166.63
G2 ±162.31 59.78 71.33 ±168.37 ±63.10 ±65.24 167.53
G3 ±157.82 60.58 71.43 ±172.84 ±64.01 ±64.25 165.49
G4 ±165.96 59.10 74.59 ±93.77 ±129.37 ±43.09 102.48
T5 ±164.23 62.30 64.15
Strand 3
T1 ±163.60 ±60.35 68.29 ±175.83 ±61.61 ±62.81 166.63
G2 ±161.97 59.81 71.26 ±168.48 ±63.13 ±65.20 167.49
G3 ±157.27 60.44 71.46 ±172.83 ±64.15 ±64.46 165.64
G4 ±165.99 58.65 74.63 ±93.35 ±129.55 ±42.93 102.39
T5 ±164.17 62.60 64.12
Strand 4
T1 ±162.13 ±60.46 68.10 ±175.86 ±61.69 ±63.15 167.18
G2 ±161.66 59.30 70.91 ±171.02 ±63.62 ±66.66 170.36
G3 ±156.78 59.67 70.45 ±171.87 ±64.50 ±64.24 167.45
G4 ±160.17 57.41 71.76 ±148.34 ±60.55 ±64.10 163.91
T5 ±162.58 59.35 65.49
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association versus dissociation, as is often found for multi-
strand nucleic acid structures. Even if a more detailed physico-
chemical study has not been yet accomplished, it is not
unreasonable to hypothesize a considerably slower kinetics of
association versus dissociation, considering that, in principle,
the former process requires the organization and the assem-
blage of four separate strands. For this reason we estimate the
melting pro®les a better descriptive picture of the situation at
the equilibrium than the annealing curves.

It is noteworthy that, according to CD melting experiments,
both Q-LNA and [r(UGGGU)]4 are characterized by higher
thermal stabilities than [d(TGGGT)]4. In analogy to that
reported for LNA containing duplex structures (5±7), it has to
be assumed that the huge increase in the melting temperature
for Q-LNA is, at least partly, entropy related, since the LNA
sugars are pre-organized for the formation of the quadruplex
(as also indicated by the smaller hysteresis; Fig. 7B). As a

matter of fact, no increment of base stacking or hydrogen
bonding is observed in the structure of Q-LNA in comparison
with other parallel DNA quadruplexes (44±47). However, the
N-type nature of LNAs sugar conformation itself might play a
role in stabilizing Q-LNA. This is suggested by the similar
thermal stability of the RNA quadruplex, which, on the other
hand, could be ascribed to the H-bonds formed by OH groups
at the C2¢ positions (27), as well. In order to further clarify this
topic, a more in depth study will be performed in our
laboratory.

The structures reported are, to the best of our knowledge,
the ®rst example of LNA quadruplex structures. These results,
particularly when viewed in the context of other recent
®ndings about LNA, serve to underscore further the poly-
morphic nature of LNAs. Furthermore, the many advanta-
geous characteristics of LNA usage, such as a very good
water solubility, easy handling, synthesis using conventional

Figure 7. CD spectra of Q-LNA (A), [r(UGGGU)]4 (C) and [d(TGGGT)]4 (E) at 20°C (continous lines) and 90°C (dashed lines). Melting (continous lines)
and annealing (dashed lines) CD experiments of Q-LNA (B), [r(UGGGU)]4 (D) and [d(TGGGT)]4 (F).

3090 Nucleic Acids Research, 2004, Vol. 32, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/32/10/3083/1053447 by guest on 20 August 2022



phosphoramidite chemistry, high thermal stability and the
markedly increased stability towards nuclease digestion,
demonstrate that LNAs might amplify the range of applic-
ability of synthetic oligonucleotides as aptamers or catalysts.
Numerous examples exist where nucleic acids (including
quadruplex structures) have been selected as aptamers for
proteins or small molecules (33). Thus, the new structural
features found here could be used for the creation of novel
aptameric and catalytic nucleic acids in order to provide novel
structural motifs for ligand-binding pockets with diverse
molecular recognition capabilities that would not be present
using native RNA/DNA sequences.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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