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ABSTRACT: Recent theoretical studies performed on the folding/
unfolding mechanism of the model telomeric human DNA, 5′-
AGGGTTAGGGTTAGGGTTAGGG-3′ (Tel22), have indicated
that in the presence of K+ ions Tel22 folds into two hybrid G-
quadruplex structures characterized by one double and two reversal
TTA loops arranged in a different way. They predicted a new
unfolding pathway from the initial mixture of hybrid G-quadruplexes
via the corresponding intermediate triplex structures into the final,
fully unfolded state. Significantly, no experimental evidence
supporting the suggested pathway has been reported. In the current
work, we performed a comprehensive global thermodynamic analysis of calorimetric (DSC, ITC) and spectroscopic (CD) data
obtained on monitoring the folding/unfolding of Tel22 induced by changes of temperature and K+ concentration. We show that
unfolding of Tel22 may be described as a monomolecular equilibrium three-state process that involves thermodynamically
distinguishable folded (F), intermediate (I), and unfolded (U) state. Considering that calorimetric methods cannot distinguish
between energetically similar G-quadruplex or triplex conformations predicted by the theoretical model one can conclude that
our results represent the first experimental support of the suggested unfolding/folding mechanism of Tel22. This conclusion is
confirmed by the fact that the estimated number of K+ ions released upon each unfolding step in our thermodynamic model
agrees well with the corresponding values predicted by the theoretical model and that the observed changes in enthalpy, entropy,
and heat capacity accompanying the F → I and I → U transitions can be reasonably explained only if the intermediate state I is
considered to be a triplex structural conformation.

■ INTRODUCTION
It is well-known that guanine-rich DNA sequences can form
complex structures called G-quadruplexes in which four
guanines are held in plane with eight Hoogsteen hydrogen
bonds and are additionally stabilized with stacking interactions
between the neighboring G-quartets.1 Such G-quadruplex
structures require cations for their formation. Depending on
their size, cations are localized between the two G-quartets or
within the plane of G-quartet and form coordination bonds
with the carbonyl oxygen of guanines. It is now well established
that sequence details and the nature of the ion play a crucial
role in the structure stability and structural diversity of G-
quadruplexes.2−12 In general, G-quadruplexes may be formed
via intramolecular folding (monomolecular) and by association
of two (bimolecular) or four (tetramolecular) DNA chains.
According to the mutual orientations of the core segments of
DNA, the G-quadruplex structure can be further arranged into
parallel or anti-parallel configuration. Also possible are so-called
hybrid structures in which the orientation of guanine segments
is neither fully parallel nor anti-parallel.8,13−15 Overall, the
existing data on G-quadruplex structures reveal that no simple
correlation has emerged among their structural diversity and
the molecularity, strand polarity, guanine glycosidic conforma-
tion, and the nature of the cations.

Numerous investigations have shown that G-quadruplexes
can be formed in the G-rich regions of telomeric DNA which
by capping the ends of linear chromosomes prevents
recombination and fusion of different parts of the DNA chains
and/or degradation of DNA by the action of nucleases. In
humans, telomers consist of tandem repeats of d(TTAGGG)
for 5−8 kb in length structured in double helical form. They
terminate in single chain 3′-overhangs of 100−200 bases in
length. The telomere serves as a biological clock since in
normal cells each cell replication is accompanied by a 50−200
base loss of the telomere and such progressive decrease in
length eventually leads to the cell apoptosis. Telomers of the
cancer cells, however, do not shorten on replication and in 85−
90% of human cancer cells increased activity of the enzyme
telomerase which prevents such shortening has been detected.
Moreover, the formation of stable G-quadruplexes in the region
of the telomeric single-stranded overhangs has been found to
inhibit telomerase activity.16−19 Therefore, telomeric G-
quadruplexes are emerging as promising targets for anticancer
agents able to inhibit the telomerase activity by binding to G-
quadruplexes and thus stabilizing them.20−22 Evidently,
successful anticancer ligands used in such interventions should
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exhibit an exquisite specificity for G-quadruplexes over duplexes
and ability to discriminate one G-quadruplex over the
other.23,24 In attempting to find such ligands, understanding
the driving forces that determine the stability and folding
pathways of G-quadruplex structures and their dependence on
the solution conditions (temperature, cation type) and the type
of the ligand undoubtedly plays a crucial role.12,25−27

Despite tremendous progress in understanding of G-
quadruplexes made over the last years, there are still many
unanswered questions concerning their biological role,
formation, structure, and physicochemical properties. In this
context, X-ray crystallography and NMR spectroscopy can
provide important structural information. However, attempts to
investigate the G-quadruplex structures in a solution as a
function of temperature and salt type (Na+, K+) by these two
techniques may lead to contradictory results.28−30 Thus, X-ray
crystallography shows that sequence 5′-AGGGTTAGGGT-
TAGGGTTAGGG-3′ (Tel22) in the presence of K+ ions
adopts a propeller-type structure in which four parallel strands
are connected with three external loops.28 By contrast, NMR
and some biophysical techniques indicate that in K+ solutions at
room temperature, Tel22 exists as a mixture of unknown
topologies.14,31,32 Recently, Chaires et al. have suggested, based
on NMR, fluorescence, CD experiments, and molecular
modeling, that Tel22 in K+ solutions appears as an equilibrium
mixture of two (3 + 1) hybrid-type G-quadruplex structures,
Hybrid-1 and Hybrid-2.33 Their molecular dynamics simu-
lations also suggest that in addition to two channel K+-binding
sites existing in both hybrid structures, the Hybid-1
conformation contains one external coordination K+- binding
site capable of specific binding of an additional K+ ion. Similar
results were reported also by Sugiyama et al. in their recent
study of folding pathways of Tel22 in K+ solutions. On the basis
of ab initio molecular dynamics and fragment molecular orbital
calculations, they propose that the Hybrid-1 and Hybrid-2 G-
quadruplex structures are formed through corresponding
intermediate triplex structures that contain only one channel
K+-binding site.34

It has been widely recognized that the polymorphism and
conformational transitions of G-quadruplexes can also be
studied using biophysical experimental techniques such as UV
absorption and CD spectroscopy, differential scanning
calorimetry (DSC), isothermal titration calorimetry (ITC),
and gel electrophoresis. Using these methods, we attempted in
the present work to investigate the mechanism and driving
forces of Tel22 folding/unfolding in K+ solutions. The
corresponding temperature and K+ concentration dependent
calorimetric and spectroscopic data were successfully described
in terms of an equilibrium model mechanism, suggesting
coexistence and interconversion of three monomolecular Tel22
conformations: a fully folded G-quadruplex, an intermediate
partially unfolded G-quadruplex (triplex) and a fully unfolded
single-stranded form (Figure 1). We demonstrate that the
obtained thermodynamic driving forces of Tel22 folding/
unfolding are in accordance with the results reported recently
by Chaires et al.33 and support the mechanism of Tel22 folding
suggested by Sugiyama et al.34

■ MATERIALS AND METHODS
Sample Preparation. Oligonucleotide 5′-AGGGT-

TAGGGTTAGGGTTAGGG-3′ (Tel22) was obtained HPLC
pure from Midland Co., U.S. The buffer solutions used in our
experiments consisted of 20 mM cacodylic acid (DSC, CD,

UV) or 20 mM TRIS (ITC), 1 mM EDTA, and various
concentrations of K+ ions. KOH was added to cacodylic acid or
HCl to TRIS to reach pH = 6.9. Then, KCl was added to obtain
the desired concentration of K+ ions (25, 70 in 200 mM K+ in
cacodylic buffer and 8 mM K+ in TRIS buffer). DNA was first
dissolved in water and then extensively dialyzed against the
buffer (three changes of buffer solutions in 24 h) using a
dialysis tube Float-A-Lyser (Spectrum Laboratories, U.S., Mw
cutoff 500 Da). Concentration of the DNA in the buffer
solution was determined spectrophotometrically at 25 °C. For
the extinction coefficient of their single-stranded forms at 25 °C
we used the value ε260 = 228 500 M−1cm−1 estimated from the
nearest-neighbor data of Cantor et al.35 The starting solution of
oligonucleotide was first heated to 95 °C in an outer thermostat
for 5 min to make sure that all of the DNA transforms into the
unfolded form, then cooled to 5 °C at the cooling rate of 0.05
°C/min to allow DNA to adopt quadruplex structure(s), and
then used in the DSC, CD, UV, or ITC experiments.

UV Melting Experiments. Absorbance versus temperature
profiles of DNA samples were measured in a Cary 100 BIO
UV−vis Spectrophotometer (Varian Inc.) equipped with a
thermoelectric temperature controller using cells of 0.25 mm
path length. Melting of Tel22 G-quadruplexes (cDNA ≈ 0.5 mM
in single strands) at the heating rate of 1.0 °C/min followed by
their formation at the cooling rate of 1.0 °C/min was
monitored at 260 and 293 nm between 5 and 95 °C. Accurate
concentrations at 25 °C were obtained from the melting curves
monitored at 260 nm.36 The dependence of Tel22 melting
transitions in K+ solutions on the DNA concentration was
followed by UV melting curves measured at λ = 293 nm.

Differential Scanning Calorimetry (DSC). DSC experi-
ments were performed using Nano DSC instrument (TA
Instruments, New Castle, DE, U.S.). The G-quadruplex
concentration used in these DSC studies was about 0.5 mM
in single strands. Cyclic DSC measurements were performed at
the heating and cooling rates of 0.5, 1.0, and 2.0 °C/min. The
measured temperature interval was between 1 and 95 °C. The
corresponding baseline (buffer−buffer) scans were subtracted
from the unfolding/folding scans and normalized to 1 mol of
G-quadruplex in single strands to obtain partial molar heat
capacity of DNA, C̅P,2, as a function of temperature.

CD Spectroscopy. CD spectra of the G-quadruplexes were
measured as a function of temperature in an AVIV CD
Spectrophotometer 62A DS (Aviv Biomedical, Lakewood, NJ,
U.S.) equipped with a thermoelectric temperature controller.
Ellipticity, θ, was measured between 5 and 95 °C in the
temperature intervals of 1 °C at different heating rates. CD
spectra of samples (cDNA ≈ 0.5 mM in single strands) were

Figure 1. Proposed equilibrium three-state model for the thermally
induced folding/unfolding of Tel22 that assumes coexistence and
interconversion of intramolecular G-quadruplex structure F, an
intermediate partially unfolded G-quadruplex (triplex) structure I
and an unfolded structure U.
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collected between 215 and 320 nm in a 0.25 mm cuvette with a
signal averaging time of 10 s and 5 nm bandwidth. The
thermally induced unfolding of Tel22 quadruplexes was
followed at different K+ concentrations by CD melting curves
measured at λ = 265 and 293 nm. To check for the
concentration dependence of the observed melting transitions,
the CD melting curves were measured also at several DNA
concentrations between 0.03 and 0.5 mM.
Isothermal Titration Calorimetry (ITC). ITC experiments

were performed on sample (cDNA ≈ 0.3 mM in single strands,
TRIS buffer, 8 mM in K+) and the corresponding blank
solution at 5 °C using a VP-ITC isothermal titration
calorimeter (Microcal Inc., Northampton, MA, U.S.). TRIS
buffer solution containing 40 mM KCl was added stepwise (ΔV
= 5 μL) to the sample or blank solution and the accompanying
enthalpy changes, expressed per mole of added KCl per
injection, were obtained from the area under the measured
peaks.

■ RESULTS AND DISCUSSION
Folding/Unfolding As a Three-State Process. To check

the possible effect of kinetics on polymorphism and conforma-
tional transitions of G-quadruplexes, samples were placed in a
hot bath (95 °C) for 5 min and then cooled down at slow (0.05
°C/min) or moderate (0.5 − 2.0 °C/min) cooling rates. In this
way prepared G-quadruplexes were characterized by DSC
thermograms and CD and UV transition curves monitored at
different heating and cooling rates. Our results obtained with
two separately purchased and purified Tel22 samples show that
at each concentration of K+ ions the DSC thermograms as well
as the CD and UV spectra and the corresponding melting and
cooling curves are reproducible and independent of the heating
or cooling rates at which they were measured and on the
cooling rates at which the DNA samples were prepared. Thus,
the folding and unfolding process of human telomeric sequence
Tel22 in the presence of K+ ions may be considered as an
equilibrium process, in which, according to the observed
independency of the normalized CD and UV melting curves
and PAGE experiments on strand concentration (see SI Figures
S1, S2) only intramolecular complexes are involved. Fur-
thermore, the shapes of the CD and UV melting curves and
DSC thermograms strongly suggest that the thermal unfolding
of the Tel22 G-quadruplex in K+ solutions occurs in a biphasic
manner.
CD spectra of Tel22 G-quadruplexes in K+ solutions

monitored between 5 and 95 °C are characterized by a
maximum at ∼293 nm, plateau at ∼265 nm, and minimum at
∼240 nm. It has been reported by several authors31,37 that such
spectra correspond to the hybrid type of G-quadruplexes (see
Figure 2). Similarly, the corresponding DSC thermograms
measured at three different concentrations of K+ ions are
characterized by two peaks whose position and height depend
significantly on the K+ concentration (Figure 3a). They clearly
show that the thermal stability of Tel22 G-quadruplexes
increases with increasing concentration of K+ ions. This effect
can be ascribed to stronger K+-electrostatic screening of the
negatively charged phosphate groups forming the DNA
backbone. Since the observed DSC peaks indicate at least
two thermally induced structural transitions and since PAGE
shows no presence of higher G-quadruplex aggregates (see
Figure S1 of the SI), we propose as the simplest possible model
able to describe thermal unfolding of Tel22 the one presented
in Figure 1. It assumes a temperature and K+ concentration

dependent coexistence of three Tel22 distinguishable structural
forms.
Accordingly, the state of a DNA solution of given structural

composition at the temperature T and the concentration of K+

ions cK+, contained in the sample cell of the applied instrument,
can be defined in terms of the corresponding thermodynamic
state function enthalpy, Hm, expressed per mol of DNA. For
our experimental conditions at which cK+ ≫ cDNA the quantity
Hm can be expressed as follows:

α α α

= + ̅ + ̅

= + ̅ + ̅ + ̅ + ̅

H H rH H

H rH H H H

m m,b KCl 2

m,b KCl F F I I U U (1)

where Hm,b represents the enthalpy of buffer solution expressed
per mol of DNA, H̅2 the partial molar enthalpy of DNA, H̅KCl
the partial molar enthalpy of added KCl, r the molar ratio KCl/
DNA, H̅i the partial molar enthalpy of the DNA species i (i = F,
I, U), and αi the molar ratio i/DNA (αF + αI + αU = 1). In the
DSC experiments, the measured quantity is the temperature
derivative of H̅2 (taken at constant pressure, buffer
composition, KCl concentration and cDNA), or in other
words, the partial molar heat capacity of DNA, C̅P,2.

38 Similarly,
the temperature derivative of H̅i is the partial molar heat
capacity of the species i, C̅P,i. Upon further analysis, C̅P,2 is more
conveniently expressed as the excess heat capacity, ΔCP = C̅P,2
− C̅P,int, where C̅P,int represents an intrinsic heat capacity of
DNA formally defined as C̅P,int = αFC̅P,F + αI C̅P,I + αUC̅P,U. In
the measured temperature interval, C̅P,int was approximated by
the second order polynomial on T, fitted to the low-
temperature (folded form) and high-temperature (unfolded
form) parts of the experimental C̅P,2, and then subtracted from
C̅P,2 to obtain ΔCP (see Figure S3 of the SI). The excess heat
capacity can also be calculated for the suggested model from
the temperature derivative of eq 1 at constant pressure P. Since
conformational transitions were followed experimentally at low
concentrations, all C̅P,i, ΔCP,ij, H̅i, and ΔHij quantities appearing
in the resulting model function may be replaced by their
standard-state values, C̅°P,i, ΔC°P,ij, H̅°i and ΔH°ij, and thus the
model function for the excess heat capacity, ΔCP, becomes:

α αΔ = ∂ ∂ Δ ° + ∂ ∂ Δ °C T H T H( / ) ( / )P T TI FI( ) U FU( ) (2)

where ΔH°FI(T) = H̅°I(T) − H̅°F(T) and ΔH°FU(T) = H̅°U(T) −
H̅°F(T) are the standard enthalpies of interconversion of F to I
and unfolding of F to U, respectively.

Figure 2. CD spectra of G-quadruplexes at 25 and 95 °C in the
presence of 25 and 200 mM K+ in cacodylic buffer, pH = 6.9.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja300605n | J. Am. Chem. Soc. 2012, 134, 9657−96639659



The measured CD spectra may be described in a similar way.
According to the suggested model (Figure 1), the measured
ellipticity at given wavelength corrected for the corresponding
buffer contribution normalized to 1 M DNA and l = 1 cm, [θ],
can be expressed as follows:

θ α θ α θ α θ= + +[ ] [ ] [ ] [ ]F F I I U U (3)

where [θ]i are the corresponding molar ellipticities of pure
DNA conformations i at a given wavelength. By taking into
account that αF = 1 − αI − αU one obtains from eq 3 an
expression for the normalized CD signal:38

θ θ
θ θ

α α=
−
−

= +f f
[ ] [ ]

[ ] [ ]
F

U F
I FI U

(4)

in which [θ]F and [θ]U values are obtained as pretransitional
(low T) and post-transitional (high T) baselines linearly
extrapolated over the whole measured T range. In eq 4, f FI =
([θ]I − [θ]F)/([θ]U − [θ]F) is considered as a temperature
independent normalization coefficient, which was treated in the
model analysis as an adjustable parameter.
According to the DSC- and CD-based model functions

resulting from the suggested model (eqs 2 and 4) the
thermodynamics of the proposed folding/unfolding mechanism
(Figure 1) can be described by a set of adjustable parameters.
Each transition step ij in this process is described in terms of
the corresponding changes of three standard thermodynamic
parameters that are independent of the K+ concentration. Two
of them, ΔG°ij(T0) and ΔH°ij(T0), depend on temperature and
are thus determined at the reference temperature T0 = 298.15
K, while the third parameter, ΔC°P,ij is assumed to be
temperature independent. These three parameters define the
standard free energy and enthalpy of transition, ΔG°ij(T) and
ΔH°ij(T), at any T through the Gibbs−Helmholtz relation
[∂(ΔG°ij(T)/T)/∂T]P = −ΔH°ij(T) /T2 and the Kirchhoff’s law
[∂ΔH°ij(T)/∂T]P = ΔC°P,ij. Usually, each conformational
transition is described in terms of the apparent ΔG°ij(T,K+

),
which depends on K+ concentration and considers the
transition step as a process in which no release or uptake of
counterions takes place. Its relation with the true thermody-
namic ΔG°ij(T) which does not depend on K+ concentration is
given by the following:38

Δ ° = Δ ° +

= Δ ° + Δ ° −

+ Δ ° − −

+

+

+

+G G n RT K

G T T H T T

C T T T T T

n RT K

ln[ ]

/ [1 / ]

[ ln( / )]

ln[ ]

T K T

T T

P

ij( , ) ij( ) ij

ij( ) 0 ij( ) 0

,ij 0 0

ij

0 0

(5)

where nij is the number of K+ ions released or uptaken in the
transition step ij and is assumed to be independent of T. Note
that equilibrium concentration of unbound K+, [K+], appearing
in eq 5 is normalized to 1 M concentration in the reference
state. Four thermodynamic parameters (ΔG°ij(T0), ΔH°ij(T0),
ΔC°P,ij, nij for ij = FI, IU) define each equilibrium constant,
Kij(T,K

+
) = exp(−ΔG°ij(T,K+

)/RT), appearing in the proposed
model presented in Figure 1. In other words, eight parameters
specify the populations of species F, I and U in the solution at
any T and K+ concentration (Kij(T,K

+
) = f(αi(T,K

+
); i = F, I, U),

∑iαi(T,K
+
) = 1 ⇒ αi(T,K+

) ⇒ (∂αi(T,K+
)/∂T)) and consequently

also the corresponding DSC and CD model functions (right-
hand side of eqs 2 and 4). Global fitting of the model functions
to the experimental DSC (Figure 3a) and CD (Figure 3b) data,
measured at different K+ concentrations, was based on the
nonlinear Levenberg−Marquardt χ2 regression procedure. The
best-fit model functions show reasonably good agreement with
the corresponding experimental data which may be considered
as a sound support of the model presented in Figure 1. The

Figure 3. Global analysis of the DSC thermograms and CD melting
curves measured at different concentrations of K+ ions in cacodylic
buffer, pH = 6.9: (a) DSC thermograms of Tel22 at different K+

concentrations. Experimental data are presented by symbols, while the
lines refer to the corresponding best global fit of the model function
(eq 2). For clarity, only every fifth point is shown. (b) Normalized CD
melting curves at 265 and 293 nm. Experimental data are presented by
symbols while the corresponding best global fit of the model function
(eq 4) is presented by the lines. (c) The model-based fractions of
species F, I, and U as a function of T at different concentrations of K+

ions determined using the “best fit” parameters reported in Table 1.
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best-fit parameters obtained by the global analysis of DSC and
CD data are presented in Table 1.

Interconversion Followed by ITC. Thermodynamics of
the model-predicted interconversion of the intermediate form I
into the folded form F upon increasing the K+ concentration
was additionally checked by ITC. When monitored by ITC, the
enthalpy changes, ΔHT, resulting from the measured conforma-
tional transitions can be followed as ΔHT = ΔH − ΔH0, where
ΔH and ΔH0 are the observed enthalpy changes accompanying
the addition of KCl to the sample and blank (buffer) solution,
respectively. In our experiments, the Tel22 G-quadruplex
sample was prepared in a buffer solution with K+ concentration
of cK+ = 8 mM and titrated at 5 °C with 40 mM KCl dissolved
in the same buffer solution to reach a final cK+ ≈ 16 mM. Under
these conditions, the thermodynamic analysis of the unfolding
process (Table 1) predicts only the interconversion of I to F
(Figure 4). Thus, the observed experimental enthalpy change,
ΔHT, can be described in terms of the model function that
corresponds to the I → F interconversion and can be easily
obtained from eq 1 by taking the partial derivative of H̅2 on r at
αU = 0 and constant T, P, buffer composition, and cDNA.

39,40

αΔ = ∂ ∂ Δ °H r H( / )T TI FI( ) (6)

ΔH°FI(T) appearing in eq 6 is the standard enthalpy of
interconversion of F to I (see eq 2) and r is the added K+/DNA
molar ratio. The value of the model function was calculated at
each r using the model-based thermodynamic values (ΔH°FI(T),
ΔG°FI(T)) obtained for Tel22 unfolding followed by DSC and
CD (Table 1). To obtain optimum agreement between
experimental and calculated titration curves the number of K+

ions released upon F → I transition, nFI, was used as a fitting
parameter. The resulting “best fit” value of nFI = 1.3 differs
slightly from the value of nFI = 1.5 obtained from the global
fitting of the DSC and CD melting curves (Table 1).
Considering that calorimetric titrations were performed at
substantially lower K+ concentration than DSC and CD melting
experiments, we believe that the agreement between the two nFI
values is reasonably good and thus fully supports our model
(Figure 1).
Mechanism and Driving Forces of Folding/Unfolding.

As shown in Table 1, the described model-based analysis of the
experimental DSC and CD data leads to the conclusion that the
F → U overall unfolding of Tel22 is accompanied by a

substantial positive heat capacity change (ΔC°P,FU = 310 ± 50
cal mol−1 K−1). This result is consistent with the positive ΔCP
effects observed with helix-to-coil transitions of DNA
duplexes41−43 and agrees well with the DSC-based ΔCP value
of 155−192 cal mol−1 K−1 reported for the unfolding of the two
G-quartets containing 5′-GGTTGGTGTGGTTGG-3′ quad-
ruplex in 100 mM KCl44 and with the ΔCP of unfolding of
Tel22 of 401 cal mol−1 K−1 computed on the basis of the
accompanying changes in exposure of its polar and nonpolar
surface area.45 Moreover, the overall enthalpy change
accompanying the F → U unfolding process is equal to 55.5
kcal per mole of Tel22 or 18.5 kcal per mole of G-quartets, a
value that agrees well with the corresponding literature
data.10,27,46 Finally, as shown in Table 1, the overall F → U
unfolding is characterized by an extensive enthalpy−entropy
compensation resulting in a relatively small ΔG°ij(T0) value.
A detailed model-based global thermodynamic analysis of

DSC and CD data shows that the fractions of the folded,
intermediate, and unfolded structures present in the solution
depend on T and K+ concentration (Figure 3c). Analysis of
DSC and CD data obtained at different K+ concentrations
allowed us to estimate the overall number of K+ ions released
upon unfolding of the most stable G-quadruplex structure F
into single strands; nFU = 3.2 (eq 5, Table 1). According to the
recent structural information on Tel22 topology the most
stable Tel22 G-quadruplex structure at low temperatures could
be a mixture of two hybrid structures, Hybrid-1 and Hybrid-2.
With increasing temperature, these structures first unfold into
the corresponding triplex structures and then into the fully
extended state.34 Assuming that the DSC, CD, and ITC
techniques cannot distinguish between the two energetically
very similar hybrid quadruplex or triplex structures, one can
expect that according to our measurements the hybrid mixture
will appear as a single thermodynamic state F and the triplex
mixture as a single thermodynamic state I. As suggested by
Chaires et al.33 in their molecular dynamics study on structural

Table 1. Thermodynamic Parameters of Tel22 Unfolding in
the Presence of K+ Ions at T0 = 298.15 K Obtained by the
Global Analysis of DSC and CD Data (eqs 2, 4) Based on
the Three-State Model (Figure 1)a

F → I I → U F → U

ΔG°ij(T0) (kcal mol
−1) 3.4 ± 0.2 6.2 ± 0.3 9.6 ± 0.5

ΔH°ij(T0) (kcal mol
−1) 26.7 ± 1.0 28.8 ± 0.2 55.5 ± 1.2

TΔS°ij(T0) (kcal mol
−1) 23.3 ± 1.2 22.6 ± 0.5 45.9 ± 1.7

ΔC°P,ij (cal mol−1 K−1) −20 ± 20 330 ± 30 310 ± 50
nij 1.5 ± 0.1 1.7 ± 0.1 3.2 ± 0.2
Tm,ij/°C

b 25 mM K+ 25.1 ± 0.2 48.8 ± 0.2 38.1 ± 0.3
70 mM K+ 36.3 ± 0.8 59.0 ± 0.2 49.4 ± 0.2
200 mM K+ 48.4 ± 0.5 69.0 ± 0.2 60.8 ± 0.2

aStandard deviations were obtained from diagonal elements of the
corresponding variance-covariance matrix. bTm,ij is the melting
temperature defined as T at which αi = αj.

Figure 4. Model (see Figure 1) predicted fractions of species F, I, and
U at the beginning (8 mM K+) and at the end (16 mM K+) of the ITC
experiment. Experiment was performed at 5 °C by titrating cDNA ≈ 0.3
mM G-quadruplex solution in TRIS buffer, pH = 6.9 with cs = 40 mM
KCl solution in the same buffer. Inset: Enthalpy of interconversion of I
into F resulting from KCl to DNA titration as a function of K+/DNA
molar ratio r is represented by symbols. The corresponding model
function represented by the line (eq 6) was calculated from the data
presented in Table 1 with only the number of associated ions, nFI, used
as a fitting parameter.
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topology of Tel22 in K+ solutions the Hybrid-1 contains three
specific binding sites for K+ ions (two channel sites and one
external site) while the Hybrid-2 structure is stabilized by only
two K+ ions (two channel sites). In other words, upon
unfolding of Tel22 native state 2−3 specifically bound K+ ions
are released. We believe that this structure-based prediction is
in good agreement with the corresponding thermodynamic
value of nFU = 3.2 obtained in this work, especially since nFU
includes the ions bound specifically (quadruplex channels,
external site) together with the difference of ions condensed
(electrostatically bound) on the G-quadruplex and on its
unfolded form.
As suggested in Figure 1, the thermally induced unfolding of

Tel22 involves both, the stepwise transition of structure F into
a less stable (intermediate) structure I followed by a transition
into the unfolded single stranded structure U and the
straightforward transition F → U. The F → I transition is
characterized by: (a) changes in enthalpy and entropy equal to
about half of their values for the overall F → U transition,
ΔH°FI(T0) ≈ 1/2ΔH°FU(T0) and TΔS°FI(T0) ≈ 1/2TΔS°FU(T0), (b)
almost negligible change in heat capacity, ΔC°P,FI = −20 ± 20
cal mol−1 K−1 and (c) a release of K+ ions, nFI = 1.5,
significantly lower than the overall release, nFU (Table 1). These
changes are consistent with the already mentioned structural
model of the Tel22 unfolding mechanism34 which considers
Tel22 unfolding as a two-step process. In the first step, which
corresponds to the F → I transition in our model, the Hybrid-1
and Hybrid-2 G-quadruplexes undergo transitions into the
corresponding triplex structures which contain only one
specifically bound K+ ion and are characterized by water-
exposed G-rich 3′ and 5′ ends of the partially unfolded hybrid
structures. Thus, the first step is expected to be accompanied by
a release of 1−2 specifically bound K+ ions and by a substantial
positive enthalpy and entropy of transition. Moreover, the
compensation of the ΔCP contributions due to the simulta-
neous exposure of hydrophobic parts (deoxyribose) to water
with accompanying ΔCP > 0 effect and the release of K+ ions
together with the exposure of polar parts (guanine, phosphate)
with accompanying ΔCP < 0 contribution should result in a
small overall ΔCP of transition.47−49 Similar consistency is
observed also between our results for the I → U transition
(ΔH°IU(T0) ≈ 1/2ΔH°FU(T0) and TΔS°IU(T0) ≈ 1/2TΔS°FU(T0),
ΔC°P,IU = 330 ± 30 cal mol−1 K−1, nIU = 1.7) and the
predictions of the structural model for the corresponding
second step in which the triplex structures undergo a transition
into the unfolded form. Considering that triplex structures
contain one specifically bound K+ ion and that upon unfolding
some of the condensed K+ ions are released one can expect that
this transition will be accompanied by a release of more than
one K+ ion. In addition, unfolding of triplex structures should
be accompanied with substantial positive enthalpy and entropy
of transition and, due to the unfolding-induced exposure of a
large number of thymines and other hydrophobic groups to
water with a substantial positive change in heat capacity.47

In conclusion, our thermodynamic model of Tel22 folding/
unfolding transitions and its characterization through the
accompanying changes in enthalpy, entropy, heat capacity,
and the number of released K+ ions can be reasonably well
explained only if the model-predicted intermediate state
participating in the overall folding/unfolding process is
considered to be a partially unfolded quadruplex; a triplex
conformation. This characterization enables us to predict the

populations of Tel22 conformations in solution in a wide
temperature and K+ concentration range (Figure 5). We are

aware of the fact that the reported theoretical study on Tel22
unfolding transitions34 provides no information on whether the
predicted intermediate triplex conformations are stable or not.
Our results, however, clearly demonstrate that in the thermal
unfolding of Tel22 a stable intermediate state is involved and
that the corresponding thermodynamic quantities of transition
can be well explained in terms of the theoretically predicted
unfolding pathways. Therefore, we believe that the results of
our work represent the first experimental support of the
recently suggested folding/unfolding mechanism of Tel22 that
predicts its unfolding transitions via intermediate triplex
conformations.
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Figure 5. Predicted populations of Tel22 conformations in solution as
a function of temperature and K+ concentration. From left to right: the
suggested Hybrid-1, Hybrid-2 (blue), Triplex-1, Triplex-2 (red), and
unfolded single-stranded form (gray).33,34
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(6) Črnugelj, M.; Šket, P.; Plavec, J. J. Am. Chem. Soc. 2003, 125,
7866−7871.
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■ NOTE ADDED IN PROOF
A paper on the intramolecular folding in three (Tel 3G) and
four (Tel 4G) tandem guanine repeats of human telomeric
DNA in Na+ and K+ solutions appeared online during the
review of our paper. In this study, it has been demonstrated that
folding of Tel 4G in K+ solutions results in the coexistence of
two mechanically and thermodynamically stable species; one is
consistent with a triplex conformation, while the other has
characteristics of a G quadruplex conformation.50
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