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Nucleic acids represent the alphabet of the cellular language
and through their sequence and topology regulate vital
cellular functions. In recent years, it has been found that
many variations from the Watson–Crick duplex structure[1]

play key roles in many cellular processes. Examples are
hairpins,[2] cruciforms,[3] parallel-stranded duplexes,[4] tri-
plexes,[5] G-quadruplexes,[6] and the i-motif.[7] These structures
can be formed by nucleotide sequences distributed through-
out the whole human genome, their location is not random
and often associated with human diseases.[8] These complexes
are formed from one to four strands, stabilized by base
stacking and hydrogen bond interactions, with a variety of
non-standard pairings. For instance, DNA triplexes can
present G:G-C, A:A-T, C+:G-C, and T:A-T pairings, with
two strands in the standard Watson–Crick duplex structure
(i.e. G-C and A-T) and the third one lying in the major groove
of the duplex. In contrast, G-quadruplexes are four-stranded
structures stabilized by stacking of two or more guanine
tetrads (Figure 1).

These examples highlight the structural polymorphism of
DNA and suggest that other structures might exist, perhaps
with specific cellular functions that are, to date, unknown.
Herein, using metadynamics simulations,[9] we have identified
a stable folding intermediate of the thrombin binding aptamer
(TBA) quadruplex.[10] This intermediate is characterized by
a “G-triplex” structure, having G:G:G triad planes stabilized
by an array of Hoogsteen-like hydrogen-bonds (Figure 1).
This kind of structure has been already hypothesized in other

investigations on different DNA sequences,[11] but never
experimentally proven. Herein, for the first time, we have
structurally and thermodynamically characterized this DNA
structural motif, through a combination of biophysical experi-
ments.

Well-tempered metadynamics[9b] simulations have been
used to study the folding of TBA, which is a 15-mer
oligonucleotide (5’-dGGTTGGTGTGGTTGG-3’) organized
in an anti-parallel monomolecular G-quadruplex with a chair-
like structure (Figure 2a). This structure consists of two G-
tetrads, able to coordinate a metal ion at the center,
connected by two TT loops and a single TGT loop.

Metadynamics accelerates the sampling, adding a bias on
a few degrees of freedom of the system, called collective
variables (CVs). In such a way, long time scale events, such as
ligand/protein docking[12] or protein/DNA folding, can be
sampled in an affordable computational time and the free
energy surface (FES) of the process can be computed. In the
present case, the FES was calculated as a function of two CVs,
the radius of gyration CV defined by the oxygen atoms of the
guanines forming the G-tetrads and a second CV that counts
the number of hydrogen bonds between these guanines (see
Supporting Information). Looking at the FES obtained after
approximately 80 ns of metadynamics simulation, three main
energy minima can be identified (Figure 2b). The deepest
one, basin A, corresponds to the experimental G-quadruplex
structure of TBA.[13] In the second minimum, basin B, TBA
shows a partial opening of the 3’ end with residue G15
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oriented towards the solvent. In this basin G14 moves slightly
from its original position, with the oxygen of the base pointing
towards the center of the planes formed by G1:G6:G10 and
G2:G5:G11 (Figure 2b). In such a way, G14 conserves the
hydrogen bond interactions with G2 and G11 and at the same
time it partially fills the vacancy in the coordination shell of
the metal present in the core. This step can be considered the
very first event in the unfolding process of TBA. In basin C,
the 3’ end opens completely with G14 and G15 leaving the G-
tetrad planes and pointing towards the solvent (Figure 2 b).
This minimum is approximately 6.5 kcal mol�1 higher in
energy than basin A and here TBA assumes a number of
different conformations owing to the conformational flexi-
bility of the 3’ overhang formed by T13-G14-G15. In fact,
these bases rearrange to form a single helix that assumes
a number of conformations, all of them stabilized by stacking
interactions. While the 3’ overhang is flexible, the rest of TBA
is rather stable forming two G:G:G planes, namely G-triads,
composed by G1:G6:G10 and G2:G5:G11, that form an array
of Hoogsteen-like hydrogen bonds (Figure 1 and 2b). In this
conformation, the metal ion is coordinated at the center of the
two triads in a way similar to that of the G-quadruplex
structure. This structure, named “G-triplex”, differs from the
known triplex structures not only for the base pairing but also
for the structure (Figure 1).

It can be observed that during the metadynamics simu-
lations the 3’ end of TBA opens and closes several times,
passing from basin A to basin B and basin C, and then folded
again in the G-quadruplex structure, basin A (see Figure 2c
and movie in the Supporting Information). Thanks to these

recrossing events, the calcu-
lated FES is accurate and
quantitatively well charac-
terized. The stability of the
TBA conformations in the
three energy minima A, B,
and C, has been further
assessed through molecular
dynamics simulations (see
Supporting Information).

To establish the intrinsic
stability of the G-triplex, we
removed from the 3’ end of
TBA, the last four residues
that are highly mobile in
basin C. The resulting struc-
ture was found stable in an
ordinary MD simulation
that lasted over 100 ns (see
Supporting Information).
Its coordinates are provided
in the Supporting Informa-
tion.

This prediction of
a stable G-triplex structure
needed to be validated by
experiments. Thus, we per-
formed a number of experi-
ments on the same trun-

cated form of TBA (5’-GGTTGGTGTGG-3’, I). First, I was
studied using 1H NMR spectroscopy at 25 8C showing the
presence of a predominant well-defined hydrogen-bonded
structure in solution. This was supported by the presence of
four well-defined exchangeable proton signals in the 11.0–
12.5 ppm region of the 1D 1H NMR spectrum (Figure 3a).
These signals are typical of DNA structures with Hoogsteen
hydrogen bonds.[14] On the other hand, the region of aromatic
protons (6.5–8.5 ppm) is characterized by the presence of
eleven intense signals that can be attributed to the seven
guanine H8 and four thymine H6 protons, and by a number of
minor signals (Figure 3a). The latter might be due to the
presence of unstructured DNA in equilibrium with the
structured one. This equilibrium is very sensitive to temper-
ature with the structured form highly favored at low temper-
ature, as shown by the spectrum obtained at 1 8C (Figure 3b).
The structure adopted by I turned out to be very stable over
the course of weeks.

The non-exchangeable base and sugar protons of I were
assigned through the analysis of 2D NOESY, 2D TOCSY, and
2D COSY NMR spectra (see Table S2 and Supporting
Information). Interestingly, the presence of three intense
cross-peaks between the H8 proton bases and sugar H1’
resonances for residues G1, G5, and G10 in the NOESY
spectrum (900 MHz, T= 1 8C, mixing time 100 ms), along with
the presence of weak cross-peaks between the same aromatic
protons and the H2’ and H2’’ protons of their own ribose
moiety, indicated that these three residues adopt a syn
glycosidic angle conformation (Figure 3c). On the contrary,
G2, G6, G8, and G11 turned out to have an anti glycosidic

Figure 1. DNA structural motifs. Top: Schematic illustration of the duplex, triplex, G-triplex, and G-quadruplex
structures. Bottom: Examples of base pairing: T-A and C-G for the duplex, T-A:T and C-G:C+ for the triplex
(where C-G and T-A form the standard Watson–Crick duplex structure, whereas the colon signs indicate the
pairing with the third strand, which lies in the major groove of the duplex), G-triad for the G-triplex, and G-
tetrad for the G-quadruplex.
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conformation, with the intensity of the cross-peaks mentioned
before inverted (Figure 3c). The three H8 peaks of syn
G residues are downfield shifted with respect to those of the
anti ones, exactly as reported for TBA.[15] Furthermore, the
three anti-Gs (G2, G6, and G11) show H8/H2’-H2’’ sequential
connectivities with the 5’ neighboring syn-Gs (G1, G5, and
G10). This suggests the presence of the tracks G1-G2, G5-G6,
G10-G11 (italic residues have a syn conformation) and the
formation of a helical structure. The presence of unusual
NOE connectivities between a number of Gs and Ts indicates
that 5’-TG-3’ and 5’-GT-3’ do not adopt a helical winding, and
that the TT and TGT tracts realistically form loops. Finally,
the alternation of syn and anti G residues implies that I, as
TBA does, folds into an antiparallel structure.

The assignment of the exchangeable imino protons was
instead obtained by JR-HMBC[16] correlation experiment (see
Figure 4a and Supporting Information). Once the imino
protons were assigned, we could determine the folding
topology of I using the JR-NOESY experiment. This allows
us to identify NOE interactions representing the interaction
between the imino proton of one base and the H8 proton of
the other. Generally, these NOE interactions are diagnostic of

the presence of Hoogsteen base pairings. In our
case, we observed NOE interactions between
G11-NH (12.08 ppm)/G5-H8 (7.44 ppm) and G5-
NH (12.23 ppm)/G2-H8 (8.04 ppm). These two
correlations indicate that, as in TBA, G5 is
involved in the formation of Hoogsteen hydro-
gen-bonds with both G11 and G2, and this is in
agreement with the calculated structure (Fig-
ure 4b,c). We have also observed an NOE
between G1-NH (12.00 ppm) and G6-H8
(8.26 ppm), indicating that G1 and G6 are also
paired. All of this indicates that the structure of I
could be characterized also by a second G-triad
formed by G10, G6, and G1. Because of unfav-
orable T1 noise, no NOE between G6-NH and
G10-H8 could be unambiguously detected. Never-
theless, the fact that the subunit G10-G11 adopts
a helical winding strongly supports the idea that
G10 also takes part in the second G-triad. The
formation of the G-triplex is also supported by the
presence of further NOE interactions between
NH protons and other exchangeable protons
identified by 1H-15N-HSQC experiments (see
Supporting Information). In particular, we
observed strong NOE interactions between G1-
NH/G5-NH and G6-NH/G11-NH, medium inten-
sity NOE interactions between G1-NH/G6-NH
and G5-NH/G11-NH, and weak NOE interac-
tions between G5-NH/G6-NH, which also support
the formation of the G-triplex, having two G-
triads: G1-G6-G10 and G2-G5-G11, character-
ized by a syn-anti-syn and anti-syn-anti arrange-
ment of the residues, respectively. Finally,
a number of other NOE interactions definitively
confirmed the structure of the G-triplex (see
Supporting Information).

The thermodynamic stability of I was inves-
tigated by circular dichroism (CD) and differential scanning
calorimetry (DSC) experiments. The CD spectrum of I shows
two positive bands at 289 nm and 253 nm, and two negative at
235 nm and 265 nm, indicative of a homopolar stacking of the
nucleobases,[17] in agreement with the proposed G-triplex
structure (see Supporting Information). This spectrum resem-
bles that of TBA (Figure 5a). However, both positive and
negative bands are slightly shifted, thus suggesting that the
stacking of the bases is not identical to TBA. The CD melting
profile of I, recorded at the wavelength of maximum
absorbance variation upon folding (l = 289 nm), shows
almost superimposable heating and cooling curves (Fig-
ure 5b), therefore the melting profile was reversible, with
no significant hysteresis. From these measurements, a melting
temperature, Tm, of 33.5(�1.0)8C and a van�t Hoff enthalpy
change, DH8vH, of 145(�15) kJ mol�1 are derived (see Sup-
porting Information).

DSC experiments were carried out to characterize the
denaturation thermodynamics of I with a model-independent
analysis method.[18] DSC thermograms for denaturation of I
(Figure 5c) were obtained at two different heating rates, 0.5
and 1.0 8C min�1. The different heating rate does not alter the

Figure 2. The 3’ end opening of TBA. a) 3D representation of the NMR structure of
TBA (PDB ID: 1qdf).[13] b) The free energy surface (FES) of the 3’ end opening of
TBA shows three main energy minima: one deep and narrow, basin A, which
represents TBA in the G-quadruplex structure; the second one, basin B, which
represents an intermediate state; and the last one, basin C, which shows the G-
triplex structure formed by the triads G1:G6:G10 and G2:G5:G11. Residue labels are
the same as in (a). c) Plots showing the phase space, represented as the Hcore and
Rcore CV, explored during the metadynamics simulation.
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thermodynamic parameters significantly, thereby demonstrat-
ing that the investigated process is not kinetically con-
trolled.[19] Furthermore, the unfolding of I is a highly rever-
sible process, since the original signal is recovered by
rescanning the same sample. The DSC curves show a sym-
metric shape with a maximum at Tm of 34.0(�0.5)8C, in good
agreement with that obtained by CD. The melting temper-
ature was almost concentration-independent, consistent with
a structure resulting from unimolecular folding. The integra-

Figure 5. Biophysical characterization of I. a) CD spectra of I (solid line) and TBA (dashed line) at 1 8C. b) Normalized CD melting curves of I
recorded at 289 nm at a scan rate of 0.5 8C min�1. Heating and cooling curves are shown with solid and dashed lines, respectively. c) DSC profiles
for I at 0.58C min�1 (solid line) and 1.08C min�1 (dashed line) heating rate. All experiments were performed in a buffer solution containing 10 mm

potassium phosphate, 70 mm KCl, and 0.2 mm EDTA (pH 7.0).

Figure 3. 1D 1H NMR and 2D NOESY spectra of 5’-GGTTGGTGTGG-3’
(I ; 70 mm KCl, 10 mm KH2PO4, 0.2 mm EDTA, pH 7). Imino, amino,
and aromatic regions of the 1D 1H NMR spectra of I acquired at
25 8C (a) and 1 8C (b). In (b), the signal at 7.63 ppm, attributed to G10-
H8, is slightly broad, suggesting that its conformation can vary on the
NMR timescale. c) Two expanded regions of the NOESY spectrum
(900 MHz, T = 1 8C, mixing time 100 ms). d) Distances of the corre-
lated protons in the NOESY spectrum.

Figure 4. JR-HMBC and JR-NOESY spectra of I (70 mm KCl, 10 mm

KH2PO4, 0.2 mm EDTA, pH 7). a) Expanded regions of the JR-HMBC
spectra (600 MHz, T = 1 8C) showing correlations between H8 and H1
guanine protons with C5 carbon atoms. b) Expanded region of the 2D
JR-NOESY (900 MHz, T = 1 8C) showing correlations between H8 and
H1 protons of paired bases. c) 3D representation of the G-triplex
structure adopted by I (Supporting Information). d) G-triads involved
in the formation of the G-triplex. Red arrows show NOE correlations
between H8 and H1 protons of paired bases.
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tion of the denaturation peak gives a DH8cal of
135(�5) kJ mol�1, which is almost identical to the van�t Hoff
enthalpy calculated from DSC curves and very close to that
calculated from CD. This indicates that the transition of I is
a two-state process. Finally, the calculated Gibbs energy
value, DG8, at 298 K is 4(�1) kJmol�1, and results from the
compensation of the favorable enthalpy term with an
unfavorable entropy contribution (DS8= 0.44-
(�0.02) kJmol�1 K�1). The whole set of thermodynamic
parameters show that, as expected, the structure of I is less
stable than that of TBA.[20] In particular, the enthalpy term is
lower than the one derived for TBA, probably owing to the
greater contribution resulting from the stronger base stacking
and larger number of hydrogen bonds involved in the
quadruplex structure. This is consistent with the lack of G-
tetrads in the structure adopted by I.

In summary, during the folding process of the G-quad-
ruplex aptamer TBA, we have observed the formation of the
G-triplex structural motif. The existence of this structure has
been proven in an 11-mer oligonucleotide, whose structural
and thermodynamic properties have been characterized. At
variance with the already known triplex structures, the G-
triplex presents G:G:G triad planes stabilized by an array of
Hoogsteen-like hydrogen bonds. Although this kind of
structure was already hypothesized as an intermediate in
the folding process of other quadruplex forming sequences,[11]

this is the first time that DNA has been unambiguously
isolated and structurally characterized in this conformation.

G-rich regions, potentially able to form G-triplex struc-
tures, are very abundant in the genome and our study paves
the way for further investigations into the presence of these
structures in vivo, their biological role, and ways of interacting
with them.
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