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ABSTRACT

INTRODUCTION

Trinucleotide repeats are microsatellite sequences
that are polymorphic in length. Their expansion
in specific genes underlies a number of neurodegenerative disorders. Using ultraviolet-visible, circular dichroism, nuclear magnetic resonance (NMR)
spectroscopies and electrospray ionization mass
spectrometry, the structural preferences of RNA
molecules composed of two and four repeats
of AGG, CGG and UGG in the presence of K+ ,
Na+ and NH4 + were analysed. (AGG)2 A, (AGG)4 A,
p(UGG)2 U and p(UGG)4 U strongly prefer folding
into G-quadruplexes, whereas CGG-containing sequences can adopt different types of structure depending on the cation and on the number of repeats. In particular, the two-repeat CGG sequence
folds into a G-quadruplex in potassium buffer. We
also found that each G-quadruplex fold is different: A:(G:G:G:G)A hexads were found for (AGG)2 A,
whereas mixed G:C:G:C tetrads and U-tetrads were
observed in the NMR spectra of G(CGG)2 C and
p(UGG)2 U, respectively. Finally, our NMR study highlights the influence of the strand sequence on the
structure formed, and the influence of the intracellular environment on the folding. Importantly, we highlight that although potassium ions are prevalent in
cells, the structures observed in the HeLa cell extract are not always the same as those prevailing in
biophysical studies in the presence of K+ ions.

Guanine-rich DNA and RNA sequences can fold into
inter- and intramolecular structures called G-quadruplexes.
The fundamental unit of the G-quadruplex is a G-tetrad
composed of a planar array of four guanine bases. Gquadruplex formation requires the presence of monovalent
cations, in particular, K+ or Na+ (1–4). G-quadruplexes reveal remarkable thermodynamic and kinetic stability resulting from stacking interactions, hydrogen bonding, coordination of cations between the adjacent tetrads and hydration (5). The final topology of G-quadruplexes does not
depend solely on their primary sequence, but is greatly affected by environmental conditions (6–9). Recently, many
G-quadruplex structures have been reported to contain,
apart from G-tetrads, other homo-tetrads (A-, T-, C- or Utetrads) or mixed tetrads (G:C:G:C, G:T:G:T or A:T:A:T)
(10). It has been demonstrated that even more than four nucleobases can be associated into a planar array of H-bonds,
forming pentads, hexads, heptads or octads (10–14).
G-rich sequences occur in several biologically important
DNA regions, such as telomeres, promoter regions of some
human oncogenes and some variable number tandem repeats (15). Additionally, recent reports clearly indicate their
existence in vivo (16,17). Also, a number of well-annotated
transcripts of human genes have already been shown to contain G-rich sequences (18). Many more are still to be identified within the non-coding part of the transcriptome, which
has been shown to cover over two-thirds of the human
genome (19). Therefore, RNA G-quadruplexes are likely to
be involved in various biological processes. For instance,
it was shown that the G-quadruplex structures are implicated in specific protein binding and modulation of gene
expression by regulating splicing, polyadenylation, translation and transcript turnover (20).
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the best of our knowledge there is yet no detailed structural
information on RNA sequences containing UGG repeats.
In the present study, we have focused on the structural preferences of RNA molecules composed of two and
four repeats of AGG, CGG and UGG in the presence of
K+ , Na+ and NH4 + ions. We employed ultraviolet (UV)
molecular absorption, circular dichroism (CD), NMR spectroscopies and electrospray ionization mass spectrometry
(ESI-MS) to obtain comprehensive information on the
structural forms existing in different solution conditions. To
maintain comparable conditions between different experimental methods, we have recorded the 1 H NMR spectra using the same solutions as for the CD and UV experiments.
Only the ESI-MS could be carried out only in NH4 + . Additionally, to complement our studies, we have tested the
effect of intracellular environment on the folding of analysed molecules. In order to mimic the physiologically relevant conditions the 1 H NMR spectra were acquired in the
HeLa cell extract.
MATERIALS AND METHODS
RNA sample preparation
(AGG)4 A,
All
oligoribonucleotides:
(AGG)2 A,
G(CGG)2 C, G(CGG)4 C, p(UGG)2 U and p(UGG)4 U
were chemically synthesized on the Applied Biosystems
DNA/RNA synthesizer using ␤-cyanoethyl phosphoramidite chemistry on solid support (36–38). The samples
preparation procedure can be found in the Supplementary
Data.
Our earlier experience with molecules composed of
AGG, CGG and UGG repeats have shown that occasionally their spectroscopic features can be improved adding 5 phosphate group. The role of 5 -phosphate has been discussed several times in the context of the G-quadruplex
structures (39,40). In this study, this type of modification
was used only for UGG repeats, because it improved the
quality of the 1 H NMR spectra.
Electrospray mass spectrometry
ESI-MS experiments were carried out with a Synapt
HDMS (Waters, Manchester, UK) with electrospray ionization in the negative ion mode (direct infusion at 4
l/min). Sodium and potassium ions were not used in ESIMS experiments because they condense around negatively
charged nucleic acid backbones in solution and during solvent droplet evaporation, without a possibility of cleanup by evaporation once in the gas phase. To overcome
this problem, we used NH4 + ions, which can stabilize Gquadruplexes by coordination in-between G-tetrads in a
similar way as K+ ions (41), but can evaporate as ammonia when bound to external phosphate sites (42–44). The
stock solution was prepared from 500 M RNA (single
strand concentration) in 150 mM NH4 OAc. All the samples were annealed by heating at 90◦ C for 5 min and then
slowly cooled down to the room temperature and stored at
4◦ C at least one day before the experiments. The final injection concentration of RNA (single strand) was 18 M (prepared from 500 M) in 150 mM NH4 OAc. About 1 h before
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The trinucleotide repeats (TNRs) belong to a subclass
of microsatellite sequences also known as short tandem
repeats. TNRs represent the most abundant type of simple sequence repeats in eukaryotic genomes and in transcripts (21,22). Some types of TNRs are widespread in exons while others are very rare, suggesting that their occurrence in exons is not random, but undergoes positive or
negative selective pressure. These sequences have received
special attention, primarily because some are known to undergo pathogenic expansions that cause triplet repeat expansion diseases (TREDs). More than 20 genetic disorders
belong to this group, and most are neurodegenerative and
neuromuscular disorders (23).
In several TREDs, stable RNA structures formed by
triplet repeats present in untranslated regions of the responsible genes are implicated in pathogenesis (24). Of interest to
us are RNA sequences composed solely of AGG, CGG and
UGG repeats, with a potential to fold into a G-quadruplex
structure. It was determined that AGG and CGG repeats
are overrepresented in the human exonic sequences, whereas
UGG repeats have been found to be underrepresented.
TNRs occurring in different mRNA regions may have different functions. It was shown that AGG-rich sequences occur mainly in the open reading frames (ORF), that CGG repeats are most frequent in the 5 -UTR and that UGG TNRs
appear mainly in the 3 -UTR (22). The CGG triplet repeats
that have been found within the 5 -UTR of the FMR1 gene
are polymorphic in length in a normal population and may
undergo pathogenic expansions being responsible for both
fragile X-associated tremor/ataxia syndrome (25) and fragile X syndrome, which is the most common inherited form
of the mental impairment (26).
An interesting insight into the structural diversity of
RNA triplet repeats was published recently (24,27). It was
demonstrated that oligoribonucleotides composed of 17
AGG or UGG repeats form G-quadruplexes, while CGG
repeats have been found to form hairpins with a tendency to
adopt several alternative alignments (27). Recently, a crystal structure of molecule composed of two CGG repeats
has been determined (28), in which G(CGG)2 C forms an
A-type duplex with typical C:G Watson–Crick interactions
and the non-canonical G·G pairs. A sequence comprising
three GGC repeats was studied by nuclear magnetic resonance (NMR) spectroscopy and a duplex structure was proposed with G·G mismatches intercalated between the adjacent G:C pairs (29). In contrast, there is also evidence that
CGG repeats can fold into a G-quadruplex (30–33), so the
folding rules are yet unclear and may depend on the exact
sequence and experimental conditions.
Tetramolecular and bimolecular G-quadruplex structures containing trinucleotide repeats have also interesting
applications as biological therapeutics. An RNA aptamer
containing four repeats of GGA has been isolated against a
recombinant bovine prion protein and its structure was determined by NMR spectroscopy (34). It was found that two
(GGA)4 G-quadruplexes form a dimer stabilized through a
stacking interaction between A:(G:G:G:G):A hexad planes
of the two G-quadruplexes. Although experimental data
available in the literature on RNA UGG repeats underline
their tendency to form G-quadruplex structures (27,35), to
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measurement methanol was added to the final concentration 10% v/v. A fixed concentration of dT6 molecule (as an
intensity reference) was also present in the sample. The part
where ions are most activated is upon entering the IMS cell,
because a bias voltage is required for the ions to enter the
higher-pressure region of the cell. Therefore, the mass spectra were systematically recorded at different bias voltages,
from 15 to 25 V, and the number of ammonium ions remaining bound to the RNA multistranded structures was monitored. Typically, ammonium ions persisting at up to 25 V
bias voltage indicate very tight binding sites in-between Gtetrads. For more experimental details see the Supplementary Data.
UV thermal denaturation curves

NMR studies in HeLa cell extract
HeLa cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 1× RPMI-1640
vitamin solution and 1× antibiotic antimycotic in 5% CO2
for 48 h. In the next step, cells were trypsinized and subsequently washed three times with phosphate buffered saline
to remove any remaining trypsin and medium. Cell extract
was prepared by sonication of 1.6 × 107 cells in 1 ml deionized water with subsequent centrifugation at 20 000 × g, 5
min. For the NMR experiments 0.15–0.5 mM RNA samples were dissolved in 180 l HeLa cell extract and 20 l
D2 O. The 3 mm thin wall sample tubes were used with the
final sample volume of 200 l. At those RNA concentrations, 256–2048 scans were usually sufficient to obtain a
good signal-to-noise ratio. All spectra were recorded immediately after dissolving in HeLa extract and after 24 h. In
all cases, the spectra remained unchanged, indicating that
RNA samples were stable in HeLa cell extract.

Thermal difference spectra (TDS)
The TDS were obtained by subtracting the UV spectra
recorded above and below the melting temperature (90◦ C
and 20◦ C, respectively). TDS were recorded in the range between 220 and 340 nm on JASCO V-650 spectrophotometer
using quartz optical cuvettes of 0.5 and 1 cm path lengths
with the sample volumes of 150 and 300 l, respectively.
Circular dichroism
The JASCO J815 spectropolarimeter equipped with a
Peltier temperature controller was used to collect CD spectra. A quartz cuvettes with a path length 0.5 and 1 cm
were used with the sample volumes of 1300 and 2500 l,
respectively. Spectra were collected in the range between
220 and 340 nm at 25◦ C, from three scans and a buffer
baseline was subtracted from each spectrum. CD was expressed as the difference in the molar absorption of the
right- and left-handed circularly polarized light. ⑀, in units
of cm2 mmol−1 , was normalized to the number of nucleoside residues in the RNA samples (45).
Nuclear magnetic resonance
The 1D 1 H NMR spectra as well as 2D homo- and
hetero-nuclear spectra were collected on a 700 MHz Bruker
AVANCE III spectrometer, equipped with a QCI CryoProbe. The 5 mm thin wall tubes were used with the final
sample volume of 600 l (90% H2 O/10% D2 O, v/v). The 1 H
NMR spectra were collected with water suppression using
excitation sculpting scheme with gradients (46), typically
from 20 480 scans with 1.0 s relaxation delay. Experiments
were performed at 25◦ C for AGG and UGG, whereas for
G(CGG)2 C and G(CGG)4 C NMR spectra were recorded at

RESULTS
(AGG)2 A and (AGG)4 A fold into G-quadruplex structures
The melting profiles of (AGG)2 A and (AGG)4 A obtained at
295 nm in the presence of 50 mM K+ , 150 mM NH4 + or 150
mM Na+ were typical of G-quadruplexes, with a decrease of
absorbance upon melting (Figure 1A, Supplementary Figure S1A and B) (47). The TDS of (AGG)2 A and (AGG)4 A
shown in Supplementary Figure S2A and B, respectively,
also display a negative band at 295 nm in all conditions
and support G-quadruplex formation (48). All these profiles are similar, with the exception of the TDS of (AGG)2 A
obtained in the presence of sodium ions for which a slight
shift of the band at ∼250 nm toward a higher wavelength
was observed (Figure 1B).
The use of CD spectroscopy to determine the topology
of DNA G-quadruplexes is well established (49) and was
applied here. Note, however, that its use in studies of RNA
G-quadruplexes can be problematic because CD spectra of
the DNA and RNA parallel G-quadruplexes are very similar to those of A-form duplexes. The CD spectra recorded
for (AGG)2 A and (AGG)4 A in the presence of K+ , Na+
and NH4 + ions have positive bands at ∼265 nm and negative bands at 240 nm (Supplementary Figure S3A and B),
a pattern characteristic of a parallel G-quadruplex. In a
solution containing K+ or NH4 + ions, an additional positive band of small intensity was detected around 305 nm.
This band was previously observed in CD spectra of other
RNA G-quadruplexes and was attributed to the formation of a dimer of G-quadruplexes stabilized by hexad–
hexad stacking (50,51). The shape of the CD spectrum of
(AGG)2 A in solution containing Na+ ions was different
(Figure 1C). That observation, together with the observed
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Thermal denaturation curves were obtained at 295 nm with
JASCO V-650 spectrophotometer using quartz optical cuvettes of 0.5 and 1 cm path lengths with the sample volumes of 150 and 300 l, respectively. The samples were
protected against evaporation by the silicone oil. Before
measurements the cuvettes filled with samples were spun at
5000 revolutions per minute by 3 min in order to avoid air
bubbles formation during measurements. The temperature
range was 5–93◦ C, using the scan rate 0.5◦ C min−1 .

10◦ C in order to observe imino proton resonances from less
thermodynamically stable forms, which were not observed
at 25◦ C. The 1 H-1 H NOESY and 1 H-15 N HSQC spectra
were collected for selected samples. Experimental details are
given in the Supplementary Data. Spectra were processed
and prepared with TopSpin 3.0 Bruker Software.
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Figure 1. (A) Normalized UV melting profiles of (AGG)4 A at 295 nm,
(B) normalized thermal differential spectra of (AGG)2 A and (C) CD spectra of (AGG)2 A at 25◦ C. All the spectra were recorded in the presence of
50 mM KCl, 10 mM potassium phosphate and 0.1 mM EDTA, pH 6.8
(green), 150 mM NH4 Cl, 10 mM Tris/HCl, 0.1 mM EDTA, pH 6.8 (red)
and 150 mM NaCl, 10 mM sodium phosphate, 0.1 mM EDTA, pH 6.8
(blue).

shift of the maximum TDS band, suggest the formation of
a G-quadruplex with a different topology.
We then established the molecularity of the Gquadruplexes as well as the number of the adducted
ammonium ions preserved in the structure using negative ion mode ESI-MS. For parallel-stranded structures,
ammonium ion preservation in the gas phase is easier
than for antiparallel structures (42–44). As the structures
formed here are parallel-stranded both in ammonium
and in potassium, we are in a favourable case where the
ammonium ion count by ESI-MS allows us to deduce the
number of adjacent stacked tetrads. The ESI-MS spectrum
of (AGG)2 A shows two significant peaks (Supplementary
Figure S4A). The peak at m/z 1151.86 corresponds to a
monomer at charge state 2- without adducted ammonium
ions, whereas the peak at m/z 1859.57 corresponds to the
tetramolecular G-quadruplex structure at charge state 5with three, four or five trapped ammonium ions. The distribution of ammonium ion adducts is presented in the insert
of Supplementary Figure S4A. The ESI-MS spectrum of
(AGG)4 A is presented in Figure 2. Only one peak at m/z
1747.82 and charge state 5- was observed, corresponding
to the bimolecular G-quadruplex structure stabilized by
three ammonium ions, suggesting the contiguous stacking
of four tetrads.
Another method that we used to assess G-quadruplex
formation was NMR spectroscopy. We have used the same
RNA solutions for NMR measurements as for CD and UV
experiments. Consequently, the very low concentration of
NMR samples (0.01 mM) entailed long acquisition times,
typically about 14 h, in order to obtain a satisfactory signalto-noise (S/N) ratio. Additionally, we have recorded 1 H
NMR spectra at higher concentrations for each RNA sequence, in order to determine the effect of strand concentration on RNA structure. A comparison of 1 H NMR spectra of (AGG)2 A recorded in solutions containing K+ , Na+
or NH4 + ions is depicted in Figure 3A (a–c). A spectrum
recorded in K+ solution revealed the presence of two major
and one minor forms. However, when the sample concentration was increased (1.14 mM) only one of these two major
species was observed (Figure 3Ad). In NMR spectra of both
concentrated and diluted samples, a characteristic signal appeared around 10 ppm. Signals in this region were previously observed in the NMR spectra of oligoribonucleotides
containing an A:(G:G:G:G):A hexad motif (Figure 4A) and
were assigned to guanosine amino protons involved in hydrogen bonding with adenosine (34,51,52). We recorded the
1
H-15 N HSQC spectrum for concentrated samples, in order to confirm that this high-field signal is due to amino
proton (Supplementary Figure S5). The imino and amino
protons can be easily distinguished based on the analysis
of 15 N chemical shifts in 1 H-15 N HSQC spectra (53). Indeed, the chemical shift of the nitrogen atom corresponding to the proton at 10.14 ppm allowed us to unambiguously attribute this signal to the guanosine amino group.
Finally, taking into account the results from the ESI-MS,
we assumed that (AGG)2 A folds into a dimer of bimolecular G-quadruplexes (Figure 4E), similar to that previously
published (51).
In the presence of NH4 + ions the spectrum indicative of a
single G-quadruplex form was acquired (Figure 3Ac). The
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Figure 3. Imino region of the 1 H NMR spectra of (A) (AGG)2 A and (B) (AGG)4 A at 25◦ C in the presence of 50 mM KCl, 10 mM potassium phosphate
and 0.1 mM EDTA, pH 6.8 (Aa, Ba, Ad, Bd), 150 mM NaCl, 10 mM sodium phosphate, 0.1 mM EDTA, pH 6.8 (Ab, Bb), 150 mM NH4 Cl, 10 mM
Tris/HCl, 0.1 mM EDTA, pH 6.8 (Ac, Bc) and the HeLa cell extract (Ae, Be). The poor S/N ratio observed for (AGG)4 A is due to polymorphism or/and
the presence of higher order structures.
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Figure 2. Electrospray mass spectrum of (AGG)4 A in the presence 150 mM ammonium acetate. The final single strand RNA concentration was 18 M.
10% v/v of methanol was added 1 h before measurement. The peak annotation [n]z- indicates the number of strands (n) and the total charge (z). The
distribution of the number of ammonium ions preserved in the structure is shown in the inset. The distribution is presented at three bias voltages.

Nucleic Acids Research, 2014, Vol. 42, No. 15 10201

high-field resonance characteristic of the hexad motif also
occurred, suggesting that (AGG)2 A adopts a similar fold to
that obtained in the potassium buffer. In the NMR spectrum of (AGG)2 A in a buffer containing Na+ ions (Figure 3Ab), only three major imino resonances were visible,
two of which were shifted high-field in respect to the spectra recorded in K+ and NH4 + solutions. The absence of
characteristic guanosine amino resonance around 10 ppm,
together with the observed shift of a positive band in the
TDS spectrum and the different shape of the CD spectrum,
suggested that (AGG)2 A folds differently in the presence of
Na+ ions. Next, we have performed a study in the HeLa cell
extract, to find out how the intracellular environment could
influence the (AGG)2 A folding. Since the 1 H NMR spectrum of such an extract does not contain any signals in the
region above 9.5 ppm, therefore, this model system is very
convenient to monitor RNA structures. The 1 H NMR spectrum recorded in the HeLa cell extract is presented in Figure
3Ae. The number of proton resonances indicated the formation of a single G-quadruplex form. However, the spectrum
was different from those recorded in other conditions. The
chemical shifts of the observed imino protons were similar
to that of the minor form (marked by *) present in the 1 H
NMR spectrum recorded in the potassium buffer at a low
concentration of RNA (Figure 3Aa,e).
The 1 H NMR spectra of diluted and concentrated
(AGG)4 A samples obtained in the presence of K+ ions
are similar (Figure 3Ba,d) and resemble that previously
published for (GGA)4 (34), suggesting the formation

of the dimer of unimolecular subunits including the
A:(G:G:G:G):A hexad (Figure 4E). It is difficult to interpret the NMR spectrum of (AGG)4 A obtained in solution
containing NH4 + ions (Figure 3Bc), because of the lack of
spectral resolution and the extensive line broadening leading to a low signal-to-noise ratio. Inspection of Figure 3Bb
implies that the major structure of (AGG)4 A in buffer containing sodium ions can be different from that existing in
potassium and ammonium buffers, which together with results obtained for (AGG)2 A suggests that the presence of
sodium ions can induce a different fold in the case of AGGrich sequences. Finally, the spectra of (AGG)4 A obtained
in the HeLa cell extract and potassium buffer were virtually identical, regardless of the RNA concentration (Figure
3Be).
Structural preferences of G(CGG)2 C and G(CGG)4 C
The same set of experimental methods was applied to the
other sequences. Supplementary Figure S1C and D show
the UV melting curves obtained at 295 nm for G(CGG)2 C
and G(CGG)4 C, respectively, in the presence of K+ , NH4 +
and Na+ ions. Here, we observed melting profiles typical
of G-quadruplexes only in the presence of K+ ions. In the
melting curve of G(CGG)4 C, besides the decrease of absorbance visible at higher temperatures, an additional, low
temperature transition with absorbance increase occurred
in K+ solution. This observation suggested that other types
of structure could co-exist with the G-quadruplex. No fea-
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Figure 4. Schematic outline of (A) A:(G:G:G:G):A hexad, (B) G-tetrad, (C) G:C:G:C tetrad, (D) U-tetrad motifs and fold of (E) (AGG)2 A, (F) G(CGG)2 C
and (G) p(UGG)2 U.
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and mixed G:C:G:C tetrads (Figure 4B, C and F) in the K+ containing solution.
The 1 H NMR spectrum of G(CGG)2 C obtained in Na+
solution revealed the presence of a mixture of conformers
(Figure 5Ab). Although neither the UV melting analysis at
295 nm nor the TDS spectrum indicated the formation of
a G-quadruplex under the Na+ environment, the appearance of four sharp signals in the 11.01–11.22 ppm region of
the 1 H NMR spectrum revealed that a minor population of
the G-quadruplex form also exists in these conditions. We
attributed resonances of the major form in the 12.5–13.2
ppm region to the G:C base pairs, and the broad signal at
10.61 ppm to a G·G mismatch (Figure 5Ab). Subsequently,
we have studied the effect of oligoribonucleotide concentration on the G-quadruplex-duplex equilibrium in the sodium
buffer. When the RNA concentration was increased, signals
corresponding to the duplex diminished notably, and the Gquadruplex emerged as the dominant form (Figure 5Ad).
The observed down-field shift of G:C imino resonance relative to that in the presence of K+ could be related to the
deshielding effect of the ion, or could reflect different metal
binding sites within the G:C:G:C tetrad (55). In the ammonium buffer, only two sharp imino resonances at 12.63 and
12.71 ppm were visible and no signals corresponding to the
G-quadruplex form could be determined (Figure 5Ac).
The dependence of the 1 H NMR spectra of G(CGG)4 C
on the solution conditions is presented in Figure 5B. Severe
broadening of imino resonances was observed in a buffer
containing potassium ions, indicating the coexistence of
several species. We recorded 1 H NMR spectra as a function
of the temperature in order to verify whether these species
differ in thermal stability. Because the 1 H NMR spectra
of diluted (0.01 mM) and concentrated (0.45 mM) samples
were similar (Figure 5Ba,d), we performed this experiment
on the most concentrated sample (Supplementary Figure
S8). Imino resonances at about 12.7 ppm and a broad signal at 10.65 ppm diminished upon heating and vanished
at 50o C. On the other hand, resonances around 11.4 ppm
sharpened upon heating and remained very intense even at
50o C, a behaviour that is typical of G-quadruplexes. When
the 1 H NMR spectrum of G(CGG)4 C was recorded in
the presence of Na+ ions, only signals representing a hairpin (or duplex) form were detected (Figure 5Bb). No resonances corresponding to a G-quadruplex form were observed in buffer containing NH4 + ions either (Figure 5Bc).
The ESI-MS spectrum of G(CGG)4 C corresponds to the
monomolecular form without adducted ammonium ions
(Supplementary Figure S4D). This stoichiometry suggests
that a hairpin, and not a duplex, is the preferred form of
G(CGG)4 C.
In the NMR spectrum of G(CGG)2 C recorded in the
HeLa cell extract, only signals characteristic of Watson–
Crick base pairs appeared, demonstrating that the duplex is
the dominant structure (Figure 5Ae). In the NMR spectrum
of G(CGG)4 C, the hairpin is the major form, even though
a small population of G-quadruplex could also be detected
(Figure 5Be).
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tures characteristic of the G-quadruplexes were detected in
the melting curves of G(CGG)2 C and G(CGG)4 C obtained
in sodium and ammonium-containing buffers.
To get more insight into the type of structures which were
formed in the sodium and ammonium buffers, we analysed
the melting curves at 260 nm (Supplementary Figure S6).
The concentration dependence of melting temperature (Tm )
of G(CGG)2 C was characteristic of melting profile of bimolecular form, such as a duplex (Supplementary Figure
S7). The sigmoidal shape of the profiles at 260 nm obtained
for G(CGG)4 C in the ammonium and sodium buffers suggested that this molecule can fold into a duplex or hairpin
structure. TDS of G(CGG)2 C and G(CGG)4 C are shown
in Supplementary Figure S2C and D, respectively. A negative band at 295 nm was found only when potassium ions
were present in solution. The shapes of the CD spectra
of both molecules were similar, except for the spectrum of
G(CGG)2 C recorded in potassium buffer (Supplementary
Figure S3C and D).
The ESI-MS spectrum of G(CGG)2 C shown in Supplementary Figure S4C revealed the presence of bimolecular
and tetramolecular structures. The major peak (100%) at
m/z 1288.89 and minor peak at m/z 1718.85 correspond to a
bimolecular structure at charge states 4- and 3-, respectively.
The absence of specifically bound ammonium ion adducts
suggests the absence of stacked G-tetrads, and hence that
this bimolecular structure may be stabilized by Watson–
Crick base pairs instead of G-tetrads. Another minor peak
at m/z 1724.54 corresponding to the tetramolecular structure at charge state 6- appeared, in this case with adducted
ammonium ions. The ammonium ion distribution was monitored with the increase of the bias voltage and is shown
in the insert of Supplementary Figure S4C, and the biased
distribution toward two coordinated ammonium ions suggests that this tetramolecular structure, in contrast to the bimolecular one, contains stacked G-tetrads. In the ESI-MS
spectrum of G(CGG)4 C (Supplementary Figure S4D) the
main peak observed at m/z 1141.49 and the minor peak at
m/z 1522.42 correspond to a monomolecular form without
adducted ammonium ions at charge state 5- and 3-, respectively. An additional, less intense peak corresponding to a
bimolecular structure was observed at m/z 1844.32 (charge
5-). The distribution of ammonium adducts in this structure
at low voltages is broad as a result of the mild desolvation
conditions and makes it difficult to conclude whether or not
different structures (G-quadruplex with labile ammonium
ions (43) and non-G-quadruplex) coexist.
Figure 5Aa represents an 1 H NMR spectrum of
G(CGG)2 C in the presence of K+ ions. In these conditions,
four imino resonances appear in the region distinctive of
G-quadruplex structures and one guanosine imino proton
resonates at 12.44 ppm, a region characteristic of Watson–
Crick G·C base pairs. It has been previously demonstrated
that the presence of 5 -GC ends can lead to the association of two G-quadruplex moieties through G·C base pairs
and the formation of two G:C:G:C-tetrads (54). Overall, the
observation of the inverted UV melting profile at 295 nm
and a negative band at this wavelength in the TDS spectrum, together with the analysis of the ESI-MS and 1 H
NMR spectra indicated the formation of a highly symmetric tetramolecular G-quadruplex structure with G:G:G:G
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G-quadruplex is the preferred form of p(UGG)2 U and
p(UGG)4 U
Inverted UV melting profiles observed at 295 nm for
p(UGG)2 U and p(UGG)4 U in the presence of K+ , Na+ and
NH4 + indicated the formation of G-quadruplexes (Supplementary Figure S1E and F). The tendency of these
molecules to form G-quadruplexes was further confirmed
by the presence of the negative band at 295 nm observed
in the TDS (Supplementary Figure S2E and F). All CD
profiles of p(UGG)2 U were similar (Supplementary Figure
S3E), including the presence of a small negative band at
∼290 nm. The CD shape of p(UGG)4 U obtained in ammonium buffer (Supplementary Figure S3F, red) differed
from that recorded in potassium and sodium buffers (Supplementary Figure S3F, green and blue curves, respectively).
In addition to the positive band at ∼264 nm, a relatively intense positive band at ∼290 nm and the absence of the negative band at 240 nm are clearly notable.
We have observed two types of peaks in ESI-MS spectra of p(UGG)2 U. The peak at m/z 1157.86 corresponding to a single strand at charge state 2-, and two peaks at
m/z 1555.31 and 1870.34 corresponding to charge states 6and 5- of a tetramolecular structure with four or five ammonium ion adducts (Supplementary Figure S4E). The evolution of the ammonium ion distribution upon increasing bias
voltage for both peaks (shown in the insert of Supplementary Figure S4E) revealed that the structure stabilized by
four ions were the most stable. In the ESI-MS spectrum of
p(UGG)4 U (Supplementary Figure S4F) only one peak at
m/z 1733.50 was observed, corresponding to a bimolecular
structure at charge state 5-, stabilized by three ammonium
ions.
The 1 H NMR spectra of p(UGG)2 U obtained in solutions containing K+ , Na+ and NH4 + (Figure 6A) provided

additional evidence for a G-quadruplex formation. In the
1
H NMR spectrum of p(UGG)2 U recorded in the presence of K+ (Supplementary Figure S9), several resonances
sharpened with the increase in temperature and were visible even at 80◦ C. Additionally, new resonances appeared at
3◦ C. To elucidate their origin and, in particular, to distinguish guanosine from uridine imino protons, we acquired a
1
H –15 N HSQC spectrum at 3◦ C. Four guanosine and three
uridine imino protons were identified based on the chemical shifts of the attached nitrogen (Supplementary Figure
S10). The appearance of uridine imino signals suggested the
formation of U-tetrads (56). To verify whether the uridine
residues constitute part of the G-quadruplex architecture,
we assigned all guanosine and uridine imino protons based
on the analysis of a 2D NOESY spectrum (data not shown).
Each of the three observed uridine imino resonances exhibited a strong NOE to H5 and much weaker one to H6
protons (Supplementary Figure S11), a pattern that is distinctive of a U-tetrad motif (55). The 3 -end uridine imino
proton at 11.08 ppm and that at 9.85 ppm, assigned to the
internal uridine residue, sharpened with increasing temperature and were still observed at a high temperature, revealing the formation of two stable U-tetrads. Although there
is no NMR structure known with an internal U-tetrad, a
similar shift ∼9.5 ppm was observed for imino protons of
the thymidine tetrad accommodated in the centre of the
DNA G-quadruplex (13,57,58). The 5 -end uridine imino
proton at 10.74 ppm was observed only below 25◦ C (Supplementary Figure S9). These results, together with ESI-MS
data (four very stable cation binding sites and one additional, more labile binding site in the tetramer), indicate that
p(UGG)2 U folds into a symmetrical tetramolecular parallel G-quadruplex with four G-tetrads and three U-tetrads
(Figure 4B, D and G).
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Figure 5. Imino regions of the 1 H NMR spectra of (A) G(CGG)2 C and (B) G(CGG)4 C at 10◦ C in the presence of (Aa, Ba, Ad, Bd) 50 mM KCl, 10 mM
potassium phosphate and 0.1 mM EDTA, pH 6.8, (Ab, Bb) 150 mM NaCl, 10 mM sodium phosphate, 0.1 mM EDTA, pH 6.8, (Ac, Bc) 150 mM NH4 Cl,
10 mM Tris/HCl, 0.1 mM EDTA, pH 6.8 and (Ae, Be) HeLa cell extract. The poor S/N ratio observed for G(CGG)4 C is due to polymorphism or/and
the presence of higher order structures.
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The imino proton spectrum obtained in ammonium
buffer was similar to that recorded in the presence of K+
(Figure 6Aa,c). The main change observed in the spectrum
recorded in Na+ solution (Figure 6Ab) was the sharpening
of two resonances and the down-field shift of one of the uridine resonances (10.27 ppm). This could be explained by
the different binding of sodium ions within U-tetrads, due
to the smaller ionic radii of Na+ relative to K+ and NH4 + .
We have also observed sharp imino resonances in the NMR
spectrum of p(UGG)2 U in the HeLa cell extract (Figure
6Ae). The similarity between the spectra obtained in the cell
extract and in potassium buffer strongly suggest that also in
cellular conditions, the p(UGG)2 U adopts a G-quadruplex
structure with at least two stable U-tetrads.
As for the four-repeat sequence p(UGG)4 U, independently of the conditions used including cell extract, all 1 H
NMR spectra were typical of G-quadruplexes. However,
a strong tendency to form aggregates and multiple conformations was observed (Figure 6B). Due to the broadness of imino resonances we were not able, using the methods of NMR spectroscopy, to determine the role of uridine
residues in a G-quadruplex fold of p(UGG)4 U, as we had
succeeded in doing for p(UGG)2 U.
DISCUSSION
We examined here the structural differences between
molecules composed of two or four AGG, CGG and UGG
repeats. In general, all these molecules can fold into Gquadruplex structures, but for sequences comprising CGG
repeats, the G-quadruplex structure competes with duplex
or hairpin structures. We have identified G-quadruplex formation by combining different experimental techniques:
UV, CD and NMR spectroscopies along with ESI-MS. The
observation of an inverted profile of melting curve at 295

nm demonstrated, with a high degree of confidence, the existence of a G-quadruplex structure. The use of CD spectroscopy in the study of RNA G-quadruplexes has some
limitations arising from the fact that spectra of RNA Gquadruplexes are very similar to those of A-form duplexes.
Nevertheless, careful analysis of the shape of the CD curve
may provide supporting arguments for the presence of specific structural motifs. For example, a small negative band at
∼290 nm in the CD spectrum of p(UGG)2 U was attributed
to the U-tetrad formation. A similar negative band had also
been observed, but not discussed, in the CD spectra of other
RNA sequences containing U-tetrads (55,59).
Using ESI-MS in NH4 + , we determined that all three
two-repeat sequences form tetramolecular G-quadruplexes,
while (AGG)4 A and p(UGG)4 U fold into bimolecular Gquadruplexes. The number of ammoniuim ions remaining
coordinated as detected by ESI-MS, however, differed depending on the sequence, suggesting different structural
arrangements. The interpretation of the ESI-MS results
obtained for G(CGG)4 C was ambiguous: the presence of
peaks with no ammonium ions remaining bound can be
attributed to non-G-quadruplex structures (as confirmed
with the other technique) but ESI-MS alone would be inconclusive because the absence of bound ammonium ions
could also be due particularly to high lability in the gas
phase (44).
The presence of structural motifs, such as
A:(G:G:G:G):A hexads, mixed G:C:G:C tetrads and
U-tetrads, was confirmed mainly through the analysis of
1D and 2D NMR spectra. NMR spectroscopy helped
not only in the identification of the various structural
motifs, but also allowed us to observe the formation of various alternate structures in different environments. DNA
and RNA sequences containing the GGAGG motif are
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Figure 6. Imino region of the 1 H NMR spectra of (A) p(UGG)2 U and (B) p(UGG)4 U at 25◦ C in the presence of (Aa, Ba, Ad, Bd) 50 mM KCl, 10 mM
potassium phosphate and 0.1 mM EDTA, pH 6.8, (Ab, Bb) 150 mM NaCl, 10 mM sodium phosphate, 0.1 mM EDTA, pH 6.8, (Ac, Bc) 150 mM NH4 Cl,
10 mM Tris/HCl, 0.1 mM EDTA, pH 6.8 and (Ae, Be) HeLa cell extract. Asterisks indicate imino proton resonances of uridines. The poor S/N ratio
observed for p(UGG)4 U is due to polymorphism or/and the presence of higher order structures.

Nucleic Acids Research, 2014, Vol. 42, No. 15 10205

for short, tetramolecular G-quadruplexes, more thorough
structural investigations on larger systems are needed to
generalize these conclusions to longer sequences.
CONCLUSIONS
In summary, using UV molecular absorption, CD, NMR
spectroscopies and ESI-MS, we have demonstrated that
all oligoribonucleotides comprising two TNRs fold preferentially into G-quadruplexes in solution containing
potassium ions. In their structure, these G-quadruplexes
have distinct structural motifs characteristic of the type
of repeats. Additionally, spectral features indicative of
A:(G:G:G:G):A hexads have been found for (AGG)2 A,
whereas signals characteristic of mixed G:C:G:C tetrads
and U-tetrads have been observed in NMR spectra of
G(CGG)2 C and p(UGG)2 U, respectively. The knowledge
of the structures formed by CGG repeats is crucial for understanding the pathogenesis of the family of fragile Xassociated disorders, where the structure of RNA molecules
play important role. Then, detailed understanding of the
structural preferences of AGG and UGG trinucleotide tandem repeats may help in the recognition of the biological
functions of these sequences.
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