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ABSTRACT

The G-quadruplex-forming VEGF-binding aptamer
V7t1 was previously found to be highly polymor-
phic in a K+-containing solution and, to restrict its
conformational preferences to a unique, well-defined
form, modified nucleotides (LNA and/or UNA) were
inserted in its sequence. We here report an in-depth
biophysical characterization of V7t1 in a Na+-rich
medium, mimicking the extracellular environment in
which VEGF targeting should occur, carried out com-
bining several techniques to analyse the conforma-
tional behaviour of the aptamer and its binding to the
protein. Our results demonstrate that, in the pres-
ence of high Na+ concentrations, V7t1 behaves in
a very different way if subjected or not to annealing
procedures, as evidenced by native gel electrophore-
sis, size exclusion chromatography and dynamic
light scattering analysis. Indeed, not-annealed V7t1
forms both monomeric and dimeric G-quadruplexes,
while the annealed oligonucleotide is a monomeric
species. Remarkably, only the dimeric aptamer effi-
ciently binds VEGF, showing higher affinity for the
protein compared to the monomeric species. These
findings provide new precious information for the
development of improved V7t1 analogues, allowing
more efficient binding to the cancer-related protein
and the design of effective biosensors or theranostic
devices based on VEGF targeting.

INTRODUCTION

The Vascular Endothelial Growth Factor (VEGF) family
comprises several cytokine homodimeric proteins playing
essential roles in physiological angiogenesis, lymphangio-
genesis and vasculogenesis (1). Besides being involved in
physiological processes, VEGF is also implicated in the

development and progression of several diseases, such as
age-related macular degeneration (2), diabetes (3), rheuma-
toid arthritis (4) and numerous cancer forms (5–9). Sev-
eral studies have also suggested its key role in angiogene-
sis and vascularization of a large number of solid tumours,
whereby the serum levels of VEGF are considered a use-
ful tumour marker (10–12). The VEGF family includes
six glycoproteins: VEGF-A, VEGF-B, VEGF-C, VEGF-D,
VEGF-E and the Placenta Growth Factor (PlGF) (13). The
most important protein in this family is VEGF-A, which
presents five different isoforms consisting of 121, 145, 165,
189 and 206 amino acids (14). In a large variety of bio-
logical systems, VEGF165 and VEGF121 represent the most
abundant isoforms, with distinct activities in promoting tu-
mour angiogenesis (15,16). The identification of VEGF as
the main regulator of angiogenesis has led to recognize it
as a major therapeutic target and therefore it is not surpris-
ing that most anti-angiogenic strategies are based on VEGF
inhibition (17–19). Using SELEX (Systematic Evolution
of Ligands by Exponential Enrichment) strategies, various
oligonucleotide aptamers have been identified against this
target. Among them, pegaptanib sodium, the active com-
ponent of Macugen, was approved by FDA in 2004 for the
treatment of age-related macular degeneration (20).

In 2010, Nonaka et al. (21) identified the DNA ap-
tamer Vap7 by three rounds of SELEX towards the iso-
form VEGF121, and subsequently evolved a truncated form,
named V7t1, able to bind the two most abundant VEGF
isoforms, VEGF121 and VEGF165. From the dissociation
constant values, determined by Surface Plasmon Resonance
(SPR) experiments, they showed that V7t1 has even higher
affinity than Vap7 for VEGF165 (Kd = 1.4 versus 20 nM),
with comparable affinity for VEGF121 (Kd ∼ 1.1 nM).

V7t1, with the sequence d(TGTGGGGGTGGACGGG
CCGGGTAGA), is a 25-mer DNA oligonucleotide pre-
senting four G-rich tracts, respectively consisting of five,
two, three and again three consecutive guanine residues,
along with two additional isolated guanines, that offer dif-
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ferent alternatives for the formation of a G-quadruplex
(G4) core.

Plavec et al. analysed this aptamer in K+-containing solu-
tions, evidencing its marked structural polymorphism and,
to reduce it, investigated V7t1 analogues containing LNA
(locked nucleic acid) and UNA (unlocked nucleic acid)
monomers in various positions of its sequence (22). Inser-
tion of three LNA monomers at specific sites of the oligonu-
cleotide sequence provided the so-called RNV66 aptamer,
forming a well-defined, parallel G4 structure, with three
stacked G-tetrads (22).

Among the studied V7t1 analogues, RNV66 proved to
be the best candidate, showing improved antiproliferative
activity on human breast cancer cells with respect to the
unmodified V7t1 aptamer, also displaying significant anti-
tumoral effects in breast cancer mice models (23). Molecu-
lar docking followed by molecular dynamic simulations on
RNV66 showed that this aptamer is able to bind to VEGF
in the receptor-binding region, thus inhibiting its recogni-
tion by VEGFR2 and further confirming its very promising
therapeutic potential (23).

Stimulated by the discovery of RNV66, we decided to re-
visit the unmodified V7t1 aptamer, whose structural fea-
tures, and particularly bioactive conformation, are still
largely unknown. Indeed, Plavec et al. (22) provided only
preliminary information on V7t1, proving its ability to
form several G4 structures in a K+-containing solution, ap-
parently also stabilized by a few Watson–Crick hydrogen-
bonded GC base pairs, as evidenced by the 1H NMR anal-
ysis of the imino protons region.

In particular, nothing is known on the structure and
properties of V7t1 in solutions with high content of Na+

ions, which represent the saline conditions of the extracel-
lular environment, in which VEGF is most abundant and
its recognition should occur.

Taking into account the strong interest for VEGF as an
essential therapeutic target and the antiproliferative activ-
ity shown by V7t1 on several cancer cell lines (23), a de-
tailed analysis has been here undertaken in order to elu-
cidate the biophysical properties of this oligonucleotide in
a Na+-rich buffer. In particular, we have studied the con-
formational behaviour of V7t1 and the thermal stability
of its structures in solution exploiting different techniques,
i.e. gel electrophoresis, size exclusion chromatography (SE-
HPLC), dynamic light scattering (DLS), circular dichroism
(CD), UV spectroscopy and differential scanning calorime-
try (DSC), also analysing its resistance to nuclease diges-
tion. A Na+-rich buffered solution (25 mM HEPES, 150
mM NaCl, pH 7.4, here named HEPES/Na+) was selected
as a good mimic of the extracellular media.

Additionally, the ability of V7t1 to bind VEGF165 was in-
vestigated by electrophoretic mobility shift assay (EMSA),
revealing new, unexpected insights on the conformations of
V7t1 preferentially recognized by the protein.

MATERIALS AND METHODS

Preparation of the oligonucleotide samples

The sequences of the here studied oligonucleotides are listed
in the Supplementary Material and are all purchased from
biomers.net GmbH, Germany. Purified and lyophilized

V7t1 was dissolved in Milli-Q water and its concentra-
tion was determined by UV–vis spectroscopy in a 1 cm
path length cuvette, measuring the absorbance at 260 nm
(at 90◦C) and using the molar extinction coefficient ε260
= 281 000 cm−1 M−1. Then, the oligonucleotide was di-
luted from the initial stock solution (>280 �M) in the se-
lected Na+-rich buffer solution (25 mM HEPES, 150 mM
NaCl, pH 7.4, here indicated as HEPES/Na+). Samples
of annealed V7t1 were obtained by heating the appropri-
ate aptamer solution at 95◦C for 5 min and then leaving
it to slowly cool to r.t. overnight, to allow their structur-
ing into the thermodynamically most stable conformations
(24). Not-annealed and annealed V7t1 samples were then
kept at 4◦C until use.

Protein samples

Recombinant human VEGF165 (GenScript) was purchased
from TwinHelix srl (Italy) and prepared according to the
manufacturer’s instructions. Protein concentration was con-
firmed by Bradford assay (Bio-Rad) using Bovine Gamma
Globuline (BGG) as a standard.

Gel electrophoresis

Not-annealed (N.A.) and annealed (A.) V7t1 samples (5
�M), in HEPES/Na+, were mixed with 4× loading buffer
(20% glycerol, 0.1% bromophenol blue in 20 mM Tris,
pH 6.8) and loaded on 10% polyacrylamide gels with
TBE (Tris–borate–EDTA) 0.5× as running buffer. Other
oligonucleotides used in PAGE experiments as size refer-
ences and their loading concentrations on the gels were:
the 26-mer tel26 from human telomere (2 �M), known to
adopt a monomolecular G4 structure in solution (25,26),
the 50-mer human telomeric DNA sequence (0.5 �M) able
to form two consecutive G-quadruplex structures (25) and
the 42-mer R1.2 (27,28) as a control G-rich oligonucleotide
(3 �M). Their sequences are specified in the Supplementary
Material. The gels were then run at 100 V for 45 min at r.t.,
stained with GelGreen Nucleic Acid Stain in 0.1 M NaCl
for 30 min and visualized with a UV transilluminator (Bio-
Rad ChemiDoc XRS). For the analysis of peak 1 and peak
2 (see below), proper solutions in HEPES/Na+ (4 and 3
�M, respectively), were supplemented with 5% glycerol im-
mediately before their loading on 10% polyacrylamide gel
with TBE 1× as running buffer. Then the gel was run at r.t.
and 70 V for 2 h, finally stained and visualized as described
above.

Size exclusion chromatography

SE-HPLC analyses were performed using an Agilent HPLC
system, equipped with a UV/vis detector, on a Yarra 3 �m
analytical column (300 × 4.60 mm; Phenomenex). The elu-
tion was monitored at � = 254 nm with 0.2 ml min−1 flow
rate. In order to directly compare the elution behaviour of
different oligonucleotide systems, the absorbance values at
254 nm were plotted against the relative elution volumes
Ve/V0 as x-axis, where Ve is the elution volume and V0 is
the dead volume (1.86 ml). The mobile phases used were:
(i) HEPES/Na+ (pH 6.8) for not-annealed and annealed
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V7t1 (2 �M); (ii) 10 mM phosphate buffer/100 mM KCl
(pH 6.8), for TBA, TBA–cTBA duplex, tel26 and its dimer
(2 �M) and (iii) 5 mM phosphate buffer/100 mM KCl (pH
6.8) for c-kit2 (5 �M). The solutions were chosen so that the
reference oligonucleotides adopted a unique, well-defined
secondary structure in solution. For the HPLC separation
of peak 1 and peak 2, a ca. 70 �M solution of not-annealed
V7t1 was used: the concentration of the two species sep-
arated by HPLC was determined by UV analysis, as de-
scribed above.

Dynamic light scattering

DLS measurements of V7t1 in HEPES/Na+ buffer solution
at 50 �M concentration were obtained on a Zetasizer Nano
ZS (Malvern Instruments) using 12 mm square polystyrene
cuvettes (DTS0012) from Malvern Instruments. In detail,
50 nmol of lyophilized V7t1 were dissolved in 1 ml of the se-
lected buffer and then filtered through a 0.2 �m membrane
filter (Merck Millipore), so to obtain a 50 �M solution (ca.
0.4 mg/ml, necessary to obtain a good signal/noise ratio).
All the measurements were carried out at r.t. with a scat-
tering angle of 173◦ and an equilibration time of 60 s. The
Z-average (radius, expressed in nm) and polydispersity in-
dex (PdI) values, with the associated standard deviations
of three determinations, were directly obtained from the
measurements fitting the correlation functions with the cu-
mulant analysis algorithm as implemented by the Malvern
software (ISO 13321).

Circular dichroism (CD) spectroscopy

CD spectra and CD-melting curves were recorded on a
Jasco J-715 spectropolarimeter equipped with a Peltier-type
temperature control system (model PTC-348WI), using a
quartz cuvette with a path length of 1 cm (3 ml inter-
nal volume, Hellma). CD parameters for the V7t1 spec-
tra recording were the following: spectral window 220–320
nm, data pitch 1 nm, band width 2 nm, response 4 s, scan-
ning speed 100 nm/min, 3 accumulations. The experiments
were performed on not-annealed and annealed samples in
HEPES/Na+ buffer at a concentration of 2 �M. Each ex-
periment was performed in duplicate.

The molar ellipticity [�] (deg cm2 dmol–1) was calculated
from the equation [�] = �obs/10 × l × C, where �obs is the
ellipticity (mdeg), C is the oligonucleotide molar concentra-
tion and l is the optical path length of the cell (cm).

Melting/annealing curves were recorded follow-
ing the CD signal (at 263 and/or 296 nm) upon
increasing/decreasing the temperature (1◦C/min) in
the temperature range 20–90◦C. The Tm values were de-
termined as the maxima of the first derivative plots of the
melting/annealing curves (associated error ± 1◦C). Each
experiment was performed in duplicate.

UV spectroscopy

The UV spectra and UV-melting curves were obtained on a
Cary 5000 UV-Vis-NIR spectrophotometer equipped with
a temperature controller system, using 1 cm path length

cuvette (1 ml internal volume, Hellma). The UV–vis spec-
tra were recorded in the range 220–320 nm using a scan-
ning speed of 100 nm/min with the appropriate baseline
subtracted. The TDS analysis was carried out by subtract-
ing the UV spectrum recorded at a temperature below the
Tm (20◦C), at which the aptamer is fully structured, from
that obtained at a temperature above the Tm (100◦C), when
the oligonucleotide is fully destructured (29,30). The ab-
sorbance versus temperature profiles of not-annealed and
annealed V7t1 samples were recorded following the ab-
sorbance changes (at 260 and/or 295 nm) in the tempera-
ture range 20–90◦C or 20–100◦C. The Tm values were calcu-
lated as the maxima of the first derivative plots of the melt-
ing curves (associated error: ±1◦C). Each experiment was
performed in duplicate. UV and CD melting curves of an-
nealed V7t1 were also modelled according to the van’t Hoff
analysis (29,31), allowing the determination of the thermo-
dynamic parameters of the unfolding processes.

Differential scanning calorimetry

Differential scanning measurements were performed on a
last generation nano-DSC (TA Instruments). The excess
molar heat capacity function �Cp was obtained after base-
line subtraction, assuming that the baseline is given by
the linear temperature dependence of the native-state heat
capacity (32). A buffer versus buffer scan was subtracted
from the sample scan and linear-polynomial baselines were
drawn for each scan. The baseline-corrected thermograms
were then normalized with respect to the DNA single strand
molar concentration to obtain the corresponding molar
heat capacity curves. The measurements were performed
with a DNA strand concentration of 140 �M in the se-
lected HEPES/Na+ buffer. All the systems were tested for
reversibility by running the heating and cooling curves at
the scan rate of 1◦C min−1 in the 5–115◦C temperature
range. A constant pressure of 3 atm was employed to pre-
vent bubble formation upon heating and expand the heat-
ing temperature range up to 115◦C. Model-free enthalpies
were obtained by integrating the area under the heat capac-
ity versus the temperature curves. Tm is the temperature cor-
responding to the maximum of each DSC peak. Only for
the reversible transitions, the entropy values were obtained
by integrating the curve �Cp/T versus T (where �Cp is the
molar heat capacity and T is the temperature in Kelvin).

Enzymatic stability assays

The stability of not-annealed and annealed V7t1 in biolog-
ical media was analysed by incubating the oligonucleotide
samples, dissolved in HEPES/Na+ buffer at 10 �M con-
centration, in 80% fetal bovine serum (FBS) at 37◦C. Then,
at fixed times, 2 �l aliquots were withdrawn from the mix-
tures, added to 4 �l of a gel-loading buffer containing for-
mamide (85% formamide, 2% 0.5 M EDTA pH 8.0, 5%
H2O, 8% bromophenol blue) to quench the enzymatic reac-
tions, heated at 95◦C for 3 min, and finally stored at –20◦C
until subsequent analysis. Thereafter, all the samples were
analysed by electrophoresis on 20% denaturing polyacry-
lamide gels using 8 M urea in TBE (Tris–borate–EDTA,
1×) as running buffer. The gels were run at r.t., first for 5
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min at 100 V and then for 130 min at 210 V, later stained
with GelGreen Nucleic Acid Stain for 30 min and finally
visualized with a UV transilluminator (BioRad ChemiDoc
XRS). PAGE experiments were carried out using two differ-
ent reference oligonucleotides, i.e. a 22-mer and a 24-mer of
the c-myc sequence, as a length control of the partially di-
gested oligonucleotides (see Supplementary Material).

Electrophoresis mobility shift assay (EMSA)

For the electrophoresis mobility shift assays, 30 pmol of
V7t1 were incubated with 40 pmol of VEGF165. In the titra-
tion experiments, 25 pmol of purified peak 1 were incubated
with different equivalents (0.3, 0.5, 0.7, 1.0, 1.5, 2.0, 2.5 eq.)
of the protein in 9 �l of HEPES/Na+ buffer at pH 7.4 for 30
min at 4◦C. Glycerol was added to all the samples to a final
concentration of 5% immediately before their loading on
the gel. Electrophoresis was carried out at constant 45 V on
7% polyacrylamide gels in 1× TAE (Tris Acetate EDTA),
pH 8.0 (33). The gels were stained for 30 min with GelGreen
Nucleic Acid Stain and visualized on a UV transillumina-
tor (BioRad ChemiDoc XRS). After the DNA staining, the
gels were washed in water and stained again with Colloidal
Coomassie G-250 to visualize the protein.

RESULTS

Biophysical characterisation of V7t1 aptamer in
HEPES/Na+ buffer solution

The VEGF-binding aptamer V7t1, dissolved in a K+-rich
medium, gave indication of high polymorphism (22). We
have investigated the conformational preferences of this
oligonucleotide in a Na+-rich medium, which mimics the
extracellular environment in which VEGF targeting and/or
inhibition should occur. We observed marked differences in
the behaviour of not-annealed and annealed V7t1 samples
(24).

Gel electrophoresis analysis

Native gel electrophoresis was used to characterize not-
annealed and annealed V7t1 samples in terms of number
and molecularity of the species present in solution. Appro-
priate reference oligonucleotides, i.e. a 26-mer, a 42-mer and
a 50-mer, were also loaded as standards (see Supplementary
Material).

In Figure 1A, a picture of the native 10% polyacrylamide
gel is reported. In comparison with the 26-mer tel26 (lane
1), which migrated on the gel as a single band, not-annealed
V7t1 showed two bands, with a marked difference in elec-
trophoretic mobility (lane 2), indicative of very different
structuring. The band with a gel mobility similar to tel26,
differing from V7t1 only for one nucleotide in length, could
be attributed to a species with similar overall size and shape.
On the other hand, the retarded band showed a gel mobility
similar to the 50-mer tel50 (lane 5), indicative of a species
with the overall size and charge of a dimeric V7t1 struc-
ture. In contrast, annealed V7t1 (lane 3) showed only one
band with electrophoretic mobility similar to tel26, compat-
ible with a monomolecular structure.

Figure 1. (A) 10% polyacrylamide gel electrophoresis analysis under native
conditions of V7t1 in the selected HEPES/Na+ buffer, run at 100 V and
r.t. for 45 min in TBE 0.5×. Lane 1: tel26 (2 �M); lane 2: not-annealed
V7t1 (N.A. V7t1, 5 �M); lane 3: annealed V7t1 (A. V7t1, 5 �M); lane 4:
R1.2 (3 �M); lane 5: tel50 (0.5 �M). (B) Size exclusion HPLC analysis of
not-annealed and annealed V7t1 (green and blue lines, respectively) at 2
�M concentration in the selected HEPES/Na+ buffer.

These results provided clear evidence that not-annealed
V7t1 is present in solution as two different species with a
gel mobility similar to tel26 and tel50, respectively, suggest-
ing the coexistence of a monomeric and a dimeric structure.
Notably, after annealing, the retarded band disappeared, in-
dicating that the dimeric species did not reform after the
heating/cooling cycle.

Size exclusion chromatography analysis

Size exclusion chromatography (SE-HPLC) can be a useful
tool for studying the conformational behaviour of polymor-
phic G4 structures (34,35). Thus, in order to further investi-
gate the number and nature of the species formed by V7t1 in
HEPES/Na+ buffer, we exploited also this technique for its
analysis, using tel26 as a reference. Indeed, tel26 is similar in
size and known to fold in solution as a monomolecular G4
structure, forming, in the presence of Na+ ions, one main
species consisting in an antiparallel basket-type G4 struc-
ture (26). Accordingly, tel26 gave only one peak on an ana-
lytical SEC column (tR = 12.7 min), consistent with a single,
monomolecular G4 structure (Supplementary Figure S1).

The analysis of not-annealed V7t1 (Figure 1B, green line)
resulted in a main peak with tR = 11.1 min, accompanied
by another peak (ca. 27% in area) at tR = 12.7 min. In the
chromatogram of annealed V7t1 (Figure 1B, blue line), the
relative abundance of the two peaks was approximately in-
verted: the peak with longer elution times represented ca.
84% of the total area. SE-HPLC data confirmed the elec-
trophoretic results, proving the co-existence of two forms
for V7t1 under the studied conditions, plausibly a dimeric
and a monomeric structure. In particular, the species with
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tR = 12.7 min was consistent with a monomeric G4 struc-
ture.

To further corroborate the idea that the faster elut-
ing species in the SE-HPLC profile of V7t1 was a dimer,
we compared its migration with standard oligonucleotides
(whose sequences are listed in Table S1), known to fold ei-
ther as monomers or dimers. It is in fact known that the re-
tention times of different oligonucleotides depend on their
molecularity, shape and length in bases. In particular, we
compared monomolecular TBA versus the TBA–cTBA du-
plex (Supplementary Figure S2-I); monomolecular tel26 vs.
tel50, known to form two consecutive G4 structures (25)
(Supplementary Figure S2-II) and monomolecular versus
dimeric c-kit2 G4 structures (36) (Supplementary Figure
S2-III). The experimental differences for all the investigated
cases were similar to the one found for the two peaks of V7t1
(Supplementary Figure S2-IV), further supporting the hy-
pothesis that they correspond to monomeric and dimeric
species, respectively.

DLS experiments

To analyse the size of the species formed by V7t1, we
also performed DLS measurements. Due to the inher-
ent low sensitivity of the technique and the small size of
our samples, DLS experiments were performed at 50 �M
V7t1 concentration, i.e. more than one order of magni-
tude higher than in the aforementioned experiments. The
DLS profiles of not-annealed and annealed V7t1 samples
in HEPES/Na+ buffer are shown in Supplementary Figure
S3a, while the Z-average size (radius, expressed in nm) and
associated polydispersity index (PdI) values are reported in
Supplementary Figure S3b. The DLS profile of annealed
V7t1 indicated the presence of one population with hydro-
dynamic radius (RH) centered at 2.77 nm, reasonably corre-
sponding to a monomolecular G4 (37). In the case of not-
annealed V7t1, the DLS measurements showed one main
population with hydrodynamic radius (RH) centered at 4.49
nm, compatible with a dimeric species (37,38). In both cases,
large aggregates were not found in the studied samples, in-
dicating their high homogeneity within the detection limits
of the technique.

DLS results completed the overall picture observed by
gel electrophoresis and SE-HPLC analyses, confirming that
V7t1 - in the HEPES/Na+ buffer - mainly consisted of
dimeric structures, which could be converted to monomers
upon annealing, also when analysed at very high concentra-
tions.

Spectroscopic properties of V7t1

The CD spectrum of the not-annealed V7t1 sample showed
two positive bands––the main one, very intense with a max-
imum centred at 263 nm, and another, very weak, at about
299 nm––together with a negative band with a minimum at
240 nm (Figure 2A). These spectroscopic features resemble
the CD spectrum of V7t1 previously reported in a K+-rich
buffer (50 mM) (22) and are consistent with the presence in
solution of parallel G4 structures (39).

The CD spectrum of the annealed V7t1 sample was dra-
matically different, showing two positive bands, with max-
ima centered at 256 and 296 nm, together with a negative

band with minimum at 237 nm (Figure 2B). These spectral
features––similar to those found by Nonaka et al. in TBSE–
KCl buffer (10 mM Tris/HCl, 100 mM NaCl, 50 mM KCl,
0.05 mM EDTA, pH 7.0) (21)––may account for the coexis-
tence in solution of several G-quadruplex structures, essen-
tially of hybrid and antiparallel topologies (40). The differ-
ent conformational behaviour of V7t1 when in annealed or
not-annealed form had indeed been observed also by Plavec
et al. (22) in a K+-containing buffer, but not further inves-
tigated.

Remarkably, the overall intensity of the CD signals of the
annealed sample was almost 10-fold lower than that of the
not-annealed one at the same concentration: this so dra-
matic CD signal intensity difference could be reasonably
due to two different contributions. Indeed, the high CD sig-
nal intensity of the not-annealed sample may indicate ad-
ditional G-tetrad stacks compared to the annealed one, as
expected for dimeric structures, probably including also in-
termolecular G4–G4 association, (41,42) which could fur-
ther reinforce the overall base stacking interactions respon-
sible for the large positive CD band centered at ca. 260 nm.
On the other hand, the very weak CD signal intensity of the
annealed sample could be the result of the presence of dif-
ferent G4 conformations, with positive and negative bands
counterbalancing their contributions.

The samples were also analysed by UV thermal differ-
ence spectra (TDS): both not-annealed and annealed sam-
ples showed a TDS with a maximum at 273 nm and a min-
imum at 295 nm, consistent with the typical ‘fingerprint’
of G4 structures (Supplementary Figure S4) (29,30). How-
ever, the characteristic minimum at 295 nm was not very
pronounced, suggesting that perhaps not all the oligonu-
cleotide is folded into a G4 and other structures can be also
present in the investigated samples.

The thermal stability of V7t1 was then analysed by
CD- and UV-melting experiments (43). In the case of not-
annealed V7t1, both the CD- and UV-melting profiles
showed a marked decrease of the signal upon increasing the
temperature (Figure 3A–C) (29). Notably, in both cases the
profiles did not show the sigmoidal behaviour expected for
a unique, cooperative transition, but rather a curve with at
least two transitions and apparent Tm values of ca. 50◦C
and 80◦C, respectively. These profiles could be due to the
presence of mainly two different species in solution, i.e.
monomeric and dimeric G4s, in accordance with the re-
sults of the native PAGE and SEC analyses, and/or to
multi-process denaturation pathways. Remarkably, the CD-
and UV-annealing profiles, recorded upon cooling down
the samples from 90 to 20◦C, were not superimposable to
the corresponding melting profiles. In particular, the CD-
annealing profile (Figure 3B) did not show a clearly defined
sigmoidal behaviour. In turn, the UV-annealing profile pro-
vided a sigmoidal curve in the range 65–20◦C, with an ap-
parent Tm value of ca. 46◦C (Figure 3D).

The analysis of the CD spectra of not-annealed V7t1 ac-
quired at different temperatures during the melting pro-
cess revealed that its denaturation was not complete even
at 90◦C (Supplementary Figure S5A). Interestingly, in the
successive cooling experiment the CD signal at 296 nm was
detectably enhanced on decreasing the temperature from 50
to 20◦C (Supplementary Figure S5B), suggesting that, af-
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Figure 2. CD spectra of not-annealed (A) and annealed (B) V7t1 samples recorded at 2 �M concentration in the selected HEPES/Na+ buffer. The inset
in A shows the very weak band at 299 nm.

Figure 3. Not-annealed V7t1 sample at 2 �M concentration in the selected HEPES/Na+ buffer analysed by CD- (A, B) and UV-melting experiments
(C, D): CD-melting (A) and CD-annealing (B) profiles, recorded at 263 nm; UV-melting (C) and UV-annealing (D) profiles recorded at 295 nm. All the
experiments were performed at a scan rate of 1◦C/min. n.d. = not determined. (E) overlapped CD spectra at 20◦C of V7t1 samples: not-annealed V7t1
(black line), after fast cooling the sample from 90 to 20◦C at 1◦C/min (blue line) and after slow annealing from 95 to 20◦C at ca. 0.3◦C/min (red line).

ter heating, different G4 structures were formed. Particu-
larly, by plotting the CD signal at 296 nm as a function
of the temperature, an almost sigmoidal behaviour with
an apparent Tm of ca. 50◦C was observed (Supplementary
Figure S5C), in approximately good accordance with the
UV-annealing data, clearly indicating that the thermally-
induced reorganization of the systems in solution provided
G4 structures with antiparallel or hybrid-type topologies,
not initially present in the not-annealed sample. Remark-
ably, the initial CD signal intensity of not-annealed V7t1

sample at 20◦C (Figure 3E, black line) after the cooling
process was not restored (Figure 3E, blue line), thus indi-
cating irreversible folding/unfolding processes. In line with
this observation, the annealing processes proved to be also
affected by the scan rate: notably, the spectrum recorded go-
ing back to 20◦C after a heating/cooling cycle at 1◦C/min
(fast annealing, Figure 3E, blue line) was also different from
the spectrum obtained for the slowly annealed V7t1 sample
(ca. 0.3◦C/min, Figure 3E, red line); thus, fast and slow an-
nealing procedures resulted in different refolded G4 topolo-
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