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ABSTRACT: Telomeres are DNA-protein structures at the ends of eukaryotic chromosomes, the DNA of
which comprise noncoding repeats of guanine-rich sequences. Telomeric DNA plays a fundamental role
in protecting the cell from recombination and degradation. Telomeric sequences can form quadruplex
structures stabilized by guanine quartets. These structures can be constructed from one, two, or four
oligonucleotidic strands. Here, we report the thermodynamic characterization of the stability, analyzed by
differential scanning calorimetry, of three DNA quadruplexes of different molecularity, all containing
four G-tetrads. The conformational properties of these quadruple helices were studied by circular dichroism.
The investigated oligomers form well-defined G-quadruplex structures in the presence of sodium ions.
Two have the truncated telomeric sequence fromOxytricha, d(TGGGGT) and d(GGGGTTTTGGGG),
which form a tetramolecular and bimolecular quadruplex, respectively. The third sequence, d(GGGGT-
TGGGGTGTGGGGTTGGGG) was designed to form a unimolecular quadruplex. The thermodynamic
parameters of these quadruplexes have been determined. The tetramolecular structure is thermodynamically
more stable than the bimolecular one, which, in turn, is more stable than the unimolecular one. The
experimental data were discussed in light of the molecular-modeling study.

Telomeres, the end of chromosomes, contain guanine-rich
DNA sequences. Telomeric DNA preserves chromosome
ends from damage and recombination. Although most
telomeric DNA is double-stranded, the extreme 3′ end of
the telomere consists of single-stranded G-rich DNA over-
hangs (1, 2). Structural studies (X-ray crystallographic and
solution NMR1 methods) have indicated that telomeric DNA
sequences form a variety of quadruplex structures depending
on the specific sequence, chain length, and presence of mono-
and divalent cations (3-6). In all of these cases, the inter-
or intramolecular quadruplex structures are stabilized by
cyclic Hoogsteen hydrogen bonds of four guanines, called
G-quartets or G-tetrads (7).

Telomerase is a ribonucleoprotein that adds repeating units
of oligonucleotides to the 3′ ends of chromosomes (1, 8),
and its activity is highly correlated with tumorogenesis (9).
The enhanced activity in the tumor cells is clearly related to
the immortalization process (10). Consequently, telomerase
inhibitors can be used as anticancer agents (11-13). One
approach for inhibiting telomerase involves targeting the

G-quadruplex DNA structures thought to be involved in
telomere and telomerase function (14).

G-quadruplex structures have also been found in the
aptamers against thrombin and HIV-1 integrase. These
G-quadruplexes are able to inhibit thrombin and HIV-1
integrase activity, respectively (15-17). G-quadruplexes are
thermodynamically stable although in some cases the qua-
druplex formation is kinetically controlled (for review, see
ref 18). Despite extensive investigations on the stability of
G-quadruplexes (6, 18-21), the influence of some factors
(such as the molecularity of the complex, guanine number,
role of cations) on the thermodynamic properties must be
clarified.

In this paper, we report on a physicochemical character-
ization of three oligonucleotidic sequences, which in the
presence of sodium ions assemble to form quadruplex
structures at different molecularity, each containing four
G-quartets. The first deoxynucleotide d(TGGGGT), from the
3′ overhang ofOxytrichatelomere, forms a parallel-stranded
quadruplex, [d(TGGGGT)]4 (Figure 1A). The second oligo-
nucleotide, d(GGGGTTTTGGGG), also deriving from the
3′ overhang ofOxytrichatelomere, forms a complex contain-
ing two molecules, [d(GGGGTTTTGGGG)]2 (22, 24) (Fig-
ure 1B). The third sequence d(GGGGTTGGGGTGTGGGGT-
TGGGG) was designed to form a unimolecular quadruplex
(24), very similar to that observed for the thrombin-binding
aptamer (TBA) (25-26) (Figure 1C). In this paper, CD
spectroscopy was used to confirm the conformational
structure adopted by the oligomeric sequences. Differential
scanning calorimetry (DSC) was performed to determine the
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stability and the melting behavior of the DNA quadruplexes,
thereby providing a complete thermodynamic characteriza-
tion of DNA quadruple-helical structures. Molecular model-
ing was used to compare the quadruplex structures and to
examine them in light of the existing experimental data.

MATERIALS AND METHODS

Substances.The oligonucleotides d(TGGGGT), d(GGG-
GTTTTGGGG), and d(GGGGTTGGGGTGTGGGGTTG-
GGG) were synthesized by theâ-cyanoethylphosphoram-
midite method on a Millipore Cyclon Plus DNA synthesizer
and purified by a HPLC Waters 515, followed by desalting
on Sep-pak C18 columns. DNA quadruplexes were formed
by dissolving solid lyophilized oligonucleotide in the ap-
propriate buffer and were annealed by heating to 90°C for
5 min and slow cooling to room temperature. The solutions
were equilibrated at 4°C for 1 day before performing the
experiments. The buffer consisting of 10 mM sodium
phosphate, 200 mM NaCl, and 0.1 mM EDTA was used.
d(TGGGGT), d(GGGGTTTTGGGG), and d(GGGGTTG-
GGGTGTGGGGTTGGGG) concentrations were determined
from their adsorption measured at 90°C, in the same buffer,
using molar extinction coefficientsε(260 nm)) 57 800 M-1

cm-1, 121 200 M-1 cm-1, and 228 099 M-1 cm-1, respec-
tively. The molar extinction coefficients were calculated by
the nearest neighbor model (27).

CD Spectroscopy.The conformation of the quadruplexes
was derived by inspection of their CD spectra. The spectra
were obtained on a JASCO 715 CD spectrophotometer
equipped with a programmable, thermoelectrically controlled
cell holder (JASCO PTC-348). The wavelength was varied
from 200 to 340 nm at 10 nm min-1. The measurements
were made at 20°C, using a square quarts cell with a 0.1
cm path length. The molar ellipticity was calculated from
the equation [ϑ] ) 100ϑ/cl, whereϑ is the ellipticity value,
c is the concentration of the quadruplex, andl is the path
length of the cell in centimeters. CD spectra were recorded
with a response of 8 s, at a 2.0 nm bandwidth. The sample
spectra were subtracted by the buffer spectrum. Each
spectrum reported is an average of at least three scans.

DSC.Differential scanning measurements were performed
on a second generation Setaram Micro-DSC. The energy of
dissociation/unfolding processes is measured in power units,

with the raw output data expressed as power units versus
temperature. The power units are converted into apparent
molar heat capacity,∆CP

0, in J mol-1 K-1, using the
equation

whereP is power in J s-1, σ is the scan rate in K s-1, andm
is the number of moles of quadruplex in the sample. The
instrument was interfaced to an IBM PC computer for
automatic data collection and analysis using the software
previously described (28). The excess molar heat capacity
function 〈∆CP

0〉 was obtained after a baseline subtraction,
assuming that the baseline is given by the linear temperature
dependence of the native-state heat capacity (29). A buffer
versus buffer scan was subtracted from the sample scan. All
systems were tested for reversibility by running heating and
cooling curves at the same scan rate (in the range of 0.3-1
°C min-1). The process enthalpies,∆H°(Tm), were obtained
by integrating the area under the heat capacity versus the
temperature curves;Tm is the temperature corresponding to
the maximum of each DSC peak. The thermodynamic
parameters in Table 1 represent averages of heating curves
from three to five experiments. The reported errors for
thermodynamic parameters are the standard deviations of the
mean from the multiple determinations.

Modeling Study.Complete structural and modeling studies
are reported in the literature for the tetra- and bimolecular
quadruplexes (22-24, 30-34), while the only existing NMR
data for the d(GGGGTTGGGGTGTGGGGTTGGGG) se-
quence are recently reported by some of us (24). To built
this quadruplex, it was first generated from the four G-tetrads
by using the coordinates of the dG residues in the crystal
structure of the d(GGGGTTTTGGGG) reported by Kang et
al. (35). Indeed, in this quadruplex, each quartet has its
guanines in a G(syn)-G(anti)-G(syn)-G(anti) arrangement and
each strand has only an antiparallel neighbor, which the
previously reported NMR study suggests for the d(GGGGT-
TGGGGTGTGGGGTTGGGG) sequence (24). Then, the TT
loops and the TGT loop were added to the four G-tetrads to
obtain the final unimolecular chair-type structure. The
resulting coordinates of the quadruplex were energy-
minimized in a vacuum for 200 steps of the steepest descent
method keeping the four G-tetrads fixed in position, allowing
only the loops to relax.

Three internal sodium ions were positioned in the central
channel to allow coordination for each sodium ion, with the
four carbonyl oxygen atoms of the two adjacent G-quartets
completing the octahedral coordination sphere. The remain-
ing sodium counterions were added to give electrical
neutrality and then the neutralized system was solvated with
a 40× 40 × 40 Å box of Monte Carlo TIP3P water (36),
with periodic boundary conditions. The water molecules that
were nearest to 2.6 Å from any of the solute atoms were
removed. The Amber force field was utilized (37). The
solvated system was minimized using 1000 steps of the
steepest descent method followed by the conjugate method
until the convergence to a root-mean-square gradient of 0.1
kcal mol-1 Å-1.

For comparative purposes, the structures of the [d(GGG-
GTTTTGGGG)]2 and [d(TGGGGT)]4 quadruplexes were

FIGURE 1: (a) Schematic structures of the parallel-stranded tet-
ramolecular quadruplex [d(TGGGGT)]4, (b) antiparallel folded-back
bimolecular quadruplex [d(GGGGTTTTGGGG)]2, and (c) folded-
back unimolecular quadruplex d(GGGGTTGGGGTGTGGGGT-
TGGGG).

∆CP
0 ) P

σm
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also built by using the coordinates of the previously reported
structures (22, 31), and the corresponding solvated systems
were minimized with the same protocol described above. For
the [d(TGGGGT)]4 quadruplex, both the 3′- and 5′-terminal
thymine residues, which do not participate in the quadruplex
motif, were omitted (32).

RESULTS

CD Studies.Figure 2 shows the CD spectra of the three
oligonucleotides at pH 7.0,T ) 20 °C, andC ) 5 × 10-6

M. The spectrum of d(TGGGGT) is distinctly different from
the spectra of d(GGGGTTTTGGGG) and d(GGGGT-
TGGGGTGTGGGGTTGGGG). The former exhibits a strong
positive band at 263 nm and a negative band at 241 nm. It
corresponds to that assigned to the parallel-stranded qua-
druplex formed from four strands of d(TGGGGT) (38 and
references therein,39). The spectra of d(GGGGTTTTGGGG)
and d(GGGGTTGGGGTGTGGGGTTGGGG) are similar to
each other, and signature bands for antiparallel quadruplexes
were observed, a negative band at 263 nm and a positive
band at 295 nm. The spectrum for the d(GGGGTTTTGGGG)
corresponds to that assigned to the quadruplex formed by
dimerizing two hairpins, while the spectrum for the
d(GGGGTTGGGGTGTGGGGTTGGGG) is identical to that
for the unimolecular quadruplex formed from the folding of
one strand (6, 40-42).

Thermodynamic BehaVior. We have investigated the
unfolding of the quadruplexes using microcalorimetry. The

first step of our study was to determine the molecularity of
each quadruplex at the buffer and concentration conditions
used for DSC studies. Thus, all three samples were analyzed
by 1H NMR. The structures of [d(TGGGGT)]4 and [d(GGG-
GTTTTGGGG)]2 have been already characterized by NMR
(22-24, 30-31). Both complexes were easily prepared (see
the Materials and Methods), and their one-dimensional proton
spectra clearly showed that a single, well-defined complex
is plainly observable in solution, thus suggesting the absence
of conformational heterogeneity. Two-dimensional nuclear
Overhauser effect spectrometry (NOESY) spectra show very
characteristic nuclear Overhauser effect (NOE) connectivities
that are consistent with the structure reported in the literature.
Hence, the NMR data confirm that d(TGGGGT) and
d(GGGGTTTTGGGG) form tetra- and bimolecular com-
plexes, respectively. In particular, [d(TGGGGT)]4 is char-
acterized by four grooves of identical medium width and all
nucleotides in the anti conformation, whereas [d(GGG-
GTTTTGGGG)]2 is characterized by four G-tetrads with
guanosines that adopt thesyn-syn-anti-anti conformations.
Each tetrad stacks upon the other, so that consecutive Gs in
each DNA strand adopt an alterning 5′-3′-syn-anti relation-
ship. Consequently, this quadruplex is characterized by two
medium, one wide, and one narrow groove between strands.
Concerning d(GGGGTTGGGGTGTGGGGTTGGGG), its
NMR study was already reported by some of us (24) by using
a potassium buffer. To confirm the molecularity of this
quadruplex in the presence of Na+, we repeated an in-depth
structuralstudy.Asford(TGGGGT)andd(GGGGTTTTGGGG),
despite the high number of Gs present in the sequence, one-
dimensional1H NMR spectrum of d(GGGGTTGGGGT-
GTGGGGTTGGGG) shows that a single, well-defined
complex is plainly observable in solution, thus indicating
that the oligomer forms 100% the expected complex. All of
the resulting resonances were extremely similar to those
observed for the same molecule in K+. Although the
observed number of resonances would also be consistent with
a symmetrical four-stranded parallel quadruplex, the line
widths of the nonexchangeable resonances (<10 Hz) are only
compatible with a low molecular weight, thus being indica-
tive of a unimolecular-folded species. Further, NOESY data
demostrate that eight guanosines are in a syn conformation
because the G-H8/H1′ intraresidue NOEs of these residues
are very strong. This is in perfect agreement with a
quadruplex structure formed by antiparallel strands (25, 26).
Moreover, the CD spectrum of d(GGGGTTGGGGT-
GTGGGGTTGGGG) is typical of folded quadruplexes
involving deoxyguanosine alternating between syn and anti
conformations about the glycosidic bond, exhibiting a
maximum at 293 nm and a minimum at 265 nm. Therefore,
the whole data suggest that d(GGGGTTGGGGTGTGGGGT-
TGGGG) is a unimolecular quadruplex, whose structure is

Table 1: Thermodynamic Parameters for the Dissociation/Unfolding of the Three Quadruplexes

quadruplex
Tm

(°C)
∆H°(Tm)

(kJ mol-1)
∆S°(Tm)

(kJ mol-1 K-1)
∆G°(298 K)
(kJ mol-1)

[d(TGGGGT)]4 74.6( 0.2 320( 8 0.73( 0.04 102.5( 2.6
[d(GGGGTTTTGGGG)]2 47.0( 0.2a 100( 11 0.31( 0.03 7.6( 0.6

66.6( 0.2b 340( 22 1.00( 0.03 42.0( 7.2
d(GGGGTTGGGGTGTGGGGTTGGGG) 86.0( 0.2 209( 10 0.58( 0.02 36.2( 2.9

a Premelting process: A2* / A2. b Dissociation process: A2 / 2A.

FIGURE 2: CD spectra at 20°C of tetramolecular (b), bimolecular
(2), and unimolecular (O) quadruplexes.
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basically superimposable to that observed in the presence
of K+ and similar to that possessed by thrombin-binding
aptamer (TBA) (25-26), with four G-tetrads formed from
guanosines of alternating anti-syn-anti-syn conformation and
with eachsyn-guanosine donating hydrogen bonds to an
adjacentanti-guanosine and accepting hydrogen bonds from
the other adjacent guanosine.

The DSC melting profiles are shown in Figure 3. The
comparison of the calorimetric profiles of these quadruplexes
at different molecularity is a suitable method to extract the
energetic contributions of the G-tetrads in structures with
different topological arrangements. All of the measurements
were performed at the constant quadruplex concentration (1.6
× 10-4 M) because the dissociation of the complexes of
molecularity greater than one result in a concentration
dependence of the thermodynamic parameters (43). In the
selected conditions, the dissociation/unfolding process is
highly reversible, as demonstrated by the recovery of the
original signal by rescanning the same sample. Furthermore,

the change of the heating rate from 0.3 to 1°C min-1 does
not alter the thermodynamic parameters significantly, thereby
demonstrating that the studied processes are not kinetically
determined. Hence, the dissociation and formation rates of
the complexes are equal at any temperature; i.e., the
equilibrium was achieved. The Gibbs energy value at 298
K can be calculated by the experimental thermodynamic
parameters.∆G° values are a rigorous measurement of the
thermodynamic stability. Thermodynamic parameters ob-
tained by DSC curves are listed in Table 1. The calorimetric
profiles of each quadruplex present some peculiarities. The
calorimetric curve of [d(TGGGGT)]4 shows a symmetric
shape with a maximum centered to 74.6°C (Figure 3A).
The dissociation process can be described by a two-state
mechanism in

where A4 represents the quadruplex complex and A is the
single strand.

The ∆H°(Tm) value is 320 kJ mol-1, corresponding to a
value of 80 kJ mol-1 per tetrad, in good agreement with the
value of 77 kJ mol-1 found by us for the [d(TGGGT)]4

quadruplex (39) and by other authors for different quadru-
plexes (5, 42, 44). The entropy change,∆S°(Tm), was
determined from integrating the curve obtained by dividing
the heat capacity curve by the absolute temperature, i.e.,∆S°-
(Tm) ) ∫Ti

Tf(∆Cp/T) dT.
The ∆G° value was calculated at 298 K from the

relationship∆G°(298)) ∆H°(Tm) - 298∆S°(Tm), assuming
a negligible difference in the heat capacity between the initial
and final states.∆G°(298) is 102.5 kJ mol-1. This value
reveals that the [d(TGGGGT)]4 exhibits considerable stability
at 298 K and each G-tetrad contributes to the stability with
25.6 kJ mol-1.

The bimolecular complex, [d(GGGGTTTTGGGG)]2, dis-
sociates in a biphasic transition, as indicated by the presence
of an additional small peak as a shoulder at a lower
temperature (Figure 3B). On the other hand, as previously
cited,1H NMR measurements performed in the same solution
conditions of calorimetric experiments show that a single,
well-defined species is plainly observable in solution. The
dimer adopts a symmetric hairpin structure, where the planes
of the two thymine loops are mutually perpendicular (22).
Hence, the presence of a biphasic calorimetric profile is not
imputable to different topological arrangements. It is possible
to rationalize these observations supposing that the experi-
mental curve can be represented as the sum of two sequential
two-state transitions, an intramolecular premelting event
followed by a melting transition, according to

where A2* and A2 represent two different states of quadru-
plex and A represents the single strand. The experimental
calorimetric curves were analyzed using a deconvolution
procedure (see the Appendix), which assumes the overall
melting to be composed of two sequential two-state transi-
tions with∆Cp for the overall transition being equal to zero.

FIGURE 3: Excess heat capacity versus temperature profiles for (a)
tetramolecular, (b) bimolecular, and (c) unimolecular quadruplexes.

Scheme 1

A4 / 4A

Scheme 2

A2* / A2 / 2A
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Figure 4 shows the good agreement between the experimental
curve and that simulated on the basis of Scheme 2. The
thermodynamic parameters obtained by the deconvolution
procedure are listed in Table 1. The low-temperature peak,
centered at 47.0°C, is attributable to the A2* / A2 process,
while the high-temperature peak, centered to 66.6°C, is due
to the dissociation of the quadruplex structure in two single
strands. The two sequential processes contribute to the total
enthalpy with 100 and 340 kJ mol-1, respectively. The total
∆G°(298) is 49.6 kJ mol-1, about half of the value found
for the tetramolecular quadruplex.

Finally, the unimolecular quadruplex, d(GGGGTTGGGGT-
GTGGGGTTGGGG), exhibits the highest melting temper-
ature at 86.0°C (Figure 3C). The unfolding process follows
a two-state mechanism, and the integration of the denatur-
ation peak gives a∆H°(Tm) of 209 kJ mol-1, a lower value
than that of the tetra- and bimolecular quadruplexes. The
∆G°(298) value is 36.2 kJ mol-1 and reveals that the

unimolecular quadruplex is the thermodynamically least-
stable quadruplex.

Molecular Modeling.Molecular modeling was used to
compare the structure of the studied quadruplexes. The
molecular model of the unimolecular quadruplex is shown
in Figure 5 in comparison with the models of the bi- and
tetramolecular complexes. In all of the minimized structures,
there is a slight displacement of the internal sodium ions
from the center of the consecutive quartets, which is
attributable to the effect of the electrostatic repulsion. In the
unimolecular quadruplex, the thymines at the 3′ end of the
short T2 loops are completely exposed toward the solvent
and do not stack over the neighboring G-quartet, while the
thymine residues in the TGT loop stack on the adjacent
guanine residues involved in the G-tetrad. On the other hand,
the thymine residues in the T4 loops of the bimolecular
quadruplex are highly structured, forming hydrogen bonds
and stacking interactions also reported in a previous study
(32). The different glycosidic bond conformation of the
guanosine residues and the different strand orientation for
the three quadruplexes bring nonequivalent G-tetrads. In
particular, it can be noted that the degree of coplanarity
between the dG residues in each G-tetrad is greater in the
tetra- and bimolecular quadruplexes than that in the uni-
molecular one. It is important to underline that the perturba-
tion of each G-tetrad directly affects the stacking energy of
the neighboring G-tetrad. Furthermore, analysis of the
hydrogen-bond scheme inside the G-tetrads reveals that, in
the tetramolecular and bimolecular complexes, each G-tetrad
shows the same hydrogen-bond scheme with an optimum
distance and angle between the donor and acceptor atoms
resulting in a strong hydrogen bond. Indeed in the unimole-
colar quadruplex, there is a change in the direction of
hydrogen-bond donors and acceptors between adjacent
quartets, with a weakness in the hydrogen bonds compared
to the tetra- and bimolecular quadruplexes.

FIGURE 4: Excess heat capacity of the bimolecular quadruplex. (s)
Experimental data, (b) total simulated transition, and (- - -) and
(- ‚ - ‚ -) deconvolution in two transitions.

FIGURE 5: Structures of (a) tetramolecular, (b) bimolecular, and (c) unimolecular quadruplexes generated by molecular mechanics. The
internal sodium ions are shown as open circles. At the bottom the structure of the G-tetrad, adjacent to the T2 loop, the unimolecular
quadruplex (c) is compared to the characteristic G-tetrad of the tetra- (a) and bimolecular (b) quadruplexes.
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DISCUSSION

We have examined the thermodynamic stability of three
quadruplexes, each containing four G-tetrads. NMR and
CD measurements show that the investigated sequences,
d(TGGGGT), d(GGGGTTTTGGGG), and d(GGGGTTGG-
GGTGTGGGGTTGGGG), assemble to form tetra-, bi-, and
unimolecular quadruple helices, respectively. The thermo-
dynamic stability of the quadruplexes was investigated by
DSC following their dissociation/denaturation process. Be-
cause the process was found reversible for all the quadru-
plexes, equilibrium thermodynamic laws were applied and
∆G° values at 298 K were calculated. The∆G° values were
calculated with the assumption that there is no difference in
the heat capacity between the initial and final states, as
commonly accepted (43-47).

Inspection of Table 1 reveals that the unimolecular
quadruplex melts at a higher temperature than the bi- and
tetramolecular quadruplexes. The melting temperatures do
not reflect the thermodynamic stability trend, based on the
Gibbs energy values, which follows the order: tetramolecular
> bimolecular> unimolecular. This order is also retained
when the quadruplex concentration is decreased from 160
to 1 µM.

DSC data for the [d(GGGGTTTTGGGG)]2 quadruplex
reveal a two-step dissociation. The good agreement between
the experimental and deconvoluted curves demonstrates that
the experimental curve can be reproduced by the sum of two
sequential two-state transitions. The deconvolution protocol
(described in the Appendix) allowed us to characterize each
of the two-step transitions. The first process is probably
attributable to a conformational change in the T4 loop. This
hypothesis is reinforced by the results of the molecular
mechanics calculations showing that the thymine residues
are arranged in four-nucleotide loops and are capable of
forming hydrogen bonds and stacking interactions, which
stabilize the quadruplex structure, as already reported in the
literature (32). The deconvolution analysis allowed us to
assign to this intramolecular transition, centered at 48.0°C,
an enthalpy value of 100 kJ mol-1. On the other hand, the
∆H° value for the dissociation/unfolding process, subtracted
by the loops contribution, is 340 kJ mol-1 (85 kJ mol-1 per
tetrad) in good agreement with the value of 320 kJ mol-1

(80 kJ mol-1), found for the tetramolecular quadruplex. It
can be underlined that for both tetra- and bimolecular
quadruplexes the∆H° values per quartet are in perfect
agreement with previously reported values on other quadru-
plexes (5, 39, 48). Instead, the∆G° value per quartet for
the tetramolecular quadruplex is higher (25 kJ mol-1) than
that for the bimolecular quadruplex (10.5 kJ mol-1). The
higher thermodynamic stability of [d(TGGGT)]4 is due to
the lower entropic contribution to the dissociation process.
The higher entropic contribution in the dissociation/unfolding
process determined for the bimolecular complex, which
cannot simply be explained on the basis of molecularity,
suggests more rigid structures with respect to that of the
tetramolecular complex. This is probably due to the presence
of the two “structured” T4 loops at the ends that force the
G-quartets in more rigid positions.

With regard to a previous DSC study on the d(GGGGTT-
TTGGGG) sequence (40), our thermodynamic parameters
are in sufficient agreement. The substantial difference is that

in their paper the authors analyze the calorimetric profile as
a single-step transition, although they declare that “formation
of tetraplex is very nearly a fully cooperative reaction, with
only minor populations of any intermediates”. Our analysis
shows that a one-step transition interpretation of the calo-
rimetric profile is insufficient.

A rather unexpected finding is that the unimolecular
quadruplex is the least stable among the studied quadru-
plexes, as shown by the∆G° value. It should be noted that
the high melting temperature is due to the entropic term that
is the lowest among the studied systems. In the case of the
unimolecular quadruplex, the presence of short loops does
not produce a premelting transition but reduces the thermo-
dynamic stability, making the enthalpic term less favorable
at 209 kJ mol-1, i.e., 52 kJ mol-1 per tetrad, a value
remarkably lower than the values found and commented on
above. The∆G° value per tetrad is 9 kJ mol-1. Hence, the
lowest stability among the three quadruplexes is mainly due
to the enthalpic term. Molecular modeling reveals that in
the unimolecular quadruplex the coplanarity between the dG
residues in each G-tetrad is partially lost, which results in a
weakening of hydrogen bonds and stacking interactions
compared to the tetra- and bimolecular quadruplexes. In
particular, in the tetrad formed by the guanine residues,
linked by-TT- loops, two hydrogen bonds are completely
lost (bottom of Figure 5C). These findings reflect the steric
effects involved in the two short-TT- loops in comparison
with the longer-TTTT- loops of the bimolecular complex
and could justify the lower enthalpy observed for the
dissociation/unfolding of the unimolecular quadruplex (42).
In fact, a calorimetric value of 107 kJ mol-1, corresponding
to 53 kJ mol-1 per tetrad, was reported for the thrombin
aptamer that contains two G-quartets and includes two
-TT- loops (6). In conclusion, the detailed analysis of
enthalpic and entropic contributions for the dissociation/
unfolding processes of the three quadruplexes, all containing
four G-tetrads, shows that the tetramolecular complex is the
most stable among the studied systems.

DNA quadruplex structures have been implicated in many
biological processes. They are involved in telomeric DNA
structure and telomerase inhibition and may exert a biological
role in several different ways depending on the particular
quadruplex topology. For example, alignment of certain
sequences on separate duplexes, necessary for recombina-
tional events, may be facilitated by parallel quadruplex
formation. The formation of a folded quadruplex in a gene
promoter region may be important for gene activation in vivo
(49). A detailed thermodynamic study is the first step in
determining what type of the possible different stable
structures will be formed by the G-rich strand depending on
the molecularity, the G-tetrad conformation, and the presence
and length of the loops. It provide more insight into the
factors that govern the interconversion processes between
different topological motifs.

APPENDIX

The global unfolding/dissociation process for [d(GGGGT-
TTTGGGG)]2 can be represented as the sum of two
sequential two-state transitions, an intramolecular premelting
event followed by a melting transition, according to the
following scheme:
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where A2* and A2 represent two different states of the
quadruplex and A represents the single strand. Considering
the stoichiometry and conservation of mass, the following
equations hold at any temperature:

whereCt is the molar concentration of the quadruplex. The
equilibrium constantsK1 andK2 are

The fractional population of each species can be defined as

wherex represents A2*, A 2, and A. We can recast the above
equations as

The eqs 5-7 describe the set of sequential reactions. Their
solution permits the determination of the excess enthalpy
〈∆H〉 of this system according to the equation

where∆H1 and ∆H2 are the enthalpy changes of the two
sequential transitions.

The corresponding excess heat capacity,〈∆Cp〉, can be
calculated by the numerical differentiation of eq 8

At any temperature, the equilibrium constants have been
determined according to the equation

where we assumed that the values ofK1(Tm1) and K2(Tm2)
are 1 andCt/2, respectively.
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