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Abstract: Knowledge of forces that drive conformational transitions of G-quadruplexes is crucial for
understanding the molecular basis of several key cellular processes. It can only be acquired by combining
structural, thermodynamic and kinetic information. Existing biophysical and structural evidences on
polymorphism of intermolecular G-quadruplexes have shown that the formation of a number of these
structures is a kinetically controlled process. Reported kinetic models that have been used to describe the
association of single strands into quadruplex structures seem to be inappropriate since the corresponding
model-predicted activation energies turn out to be negative. By contrast, we propose here a novel kinetic
model that successfully describes experimentally monitored folding/unfolding transitions of G-quadruplexes
and gives positive activation energies for all elementary steps, including those describing association of
two single strands into bimolecular quadruplex structures. It is based on a combined thermodynamic and
kinetic investigation of polymorphic behavior of bimolecular G-quadruplexes formed from d(GT4G4) and
d(G4T4Gg) strands in the presence of Na* ions, monitored by spectroscopic (UV, CD) and calorimetric
(DSC) techniques. According to our experiment and model analysis the topology of the measured
G-quadruplexes is clearly flexible with the conformational forms that respond to the rate of temperature

change at which global unfolding/folding transitions occur.

Introduction

The most frequently appearing form of DNA is a double
helical structure in which two single strands are held together
by Watson—Crick base pairs. In addition, certain DNA se-
quences that are purine rich and contain tandem repeats of
guanines can form more complex, four-stranded structures,
called G-quadruplexes.' ™ The basic repeating motif in these
structures, called G-quartet, comprises four guanine bases held
in plane by Hoogsteen hydrogen bonding. The observed high
stability of G-quadruplexes is mainly due to this type of
hydrogen bonding occurring within each quartet, stacking of
hydrophobic quartets upon one another and coordination
of monovalent counterions (Na®, K*) to the eight carbonyl
oxygen atoms available to the cation located between the two
quartets. The G-quadruplexes may contain one (monomolecular),
two (bimolecular) or four (tetramolecular) nucleic acid strands
with segments that participate in the formation of the quadruplex
structure arranged in a parallel or anti parallel configuration.”™’
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It is only recently that the interest in quadruplex DNA has
increased, mainly due to the growing evidence that G-quadru-
plexes may play an important role in some key biological
processes. For example, the formation and stabilization of
telomeric G-quadruplex structures occurring in the region of
the single-stranded overhangs at the ends of chromosomes
appear to inhibit the activity of the enzyme telomerase with a
consequent senescence or apoptosis of tumor cells.®!! For this
reason, stabilization of telomeric G-quadruplexes by selectively
bound ligands has emerged as one of the major issues in cancer
research.'>” ' Recently, some quadruplex-forming oligonucle-
otide aptamers able to bind to certain cellular proteins have been
found to inhibit proliferation in various cancer cells.'®!” One
of these has already been tested in clinical trials as a cancer
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therapeutic.'® In this context it should be emphasized that ligand
binding to various DNA sequences depends strongly on the
structure of DNA.'?~?7 Therefore, one of the major goals of
this research is to explore whether a given G-quadruplex occurs
in various structural forms that may exhibit different binding
properties.”® *? Aside from these studies, the literature contains
also few reports on G-quadruplex forming oligonucleotides that
act as antiviral agents,>*** as potassium sensing agents®> and

as nanowires for molecular electronics.>°

There is no doubt that in the recent years a large progress
has been made on elucidation of the biological roles of
G-quadruplex structures and their polymorphism. Nevertheless,
there are still many factors that govern the formation of
G-quadruplexes and their physicochemical properties® that are
poorly understood. To this purpose X-ray crystallography™* and
NMR spectroscopy’’-*® can provide important structural infor-
mation. However, the presence of multiple G-quadruplex species
(conformations) in solution and their different kinetics of folding
and unfolding may result in contradictory explanations of the
observed structural alterations.>>>%3° On the other hand, there
are several spectroscopic and calorimetric methods that can
be used to assign the topology of G-quadruplexes and determine
their thermodynamic and kinetic properties. As reported recently,
employment of UV spectroscopy in studying thermal stability
of G-quadruplexes has shown that some G-quadruplex structures
are characterized by hysteresis of their melting and annealing
curves. Such typically kinetic behavior observed with UV-
melting of bimolecular d(G4T4G4), quadruplex and some of its
synthetic analogues has been analyzed in terms of a simple two-
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Figure 1. Proposed kinetic model for the thermally induced folding and
unfolding of d(G4T4G3)> and d(G4T4Gy), that assumes coexistence and
interconversions of three bimolecular quadruplex structures A, B, and C,
and one unfolded single-stranded structure S, characterized by the partial
molar enthalpies Ha, Hp, Hc, and Hs, respectively. According to Arrhenius
each rate constants k; is expressed in terms of the corresponding frequency
factor k{ and activation energy Ei.

state kinetic model.>”*°~** The corresponding Arrhenius plots
resulted in negative activation energies for the folding transi-
tions, meaning that the formation of the measured bimolecular
quadruplexes cannot be considered as an elementary association
reaction predicted by the model. Thus, a new explanation has
been suggested according to which the melting transition
consists of two sequential reactions, an intermolecular premelt-
ing reaction followed by the melting transition.”” This suggestion
is in qualitative agreement with the recent differential scanning
calorimetry (DSC) study of the thermal stability of d(G4T4G4)>
which has indicated that the measured melting thermograms of
samples prepared at moderate cooling rates (0.3—1.0 °C/min)
may be deconvoluted into two separate contributions, each
reflecting a single melting transition.**

In this work we attempt to investigate in detail the polymor-
phism of d(G4T4Gy4), and d(G4T4G3), quadruplexes by following
their folding and unfolding transitions by UV and CD spec-
troscopy and DSC. On the basis of the measured DSC
thermograms of the two quadruplexes prepared at either very
slow (0.05 °C/min) or moderate (1.0 °C/min) cooling rate and
unfolded or folded at different moderate heating and cooling
rates (0.5—2.0 °C/min) we propose a novel kinetic model of
folding/unfolding of G-quadruplexes that suggests coexistence
and interconversions of three bimolecular quadruplex structures
and one unfolded single-stranded form (Figure 1). We will
demonstrate that the proposed model has allowed us, for the
first time, to describe the complex nature of G-quadruplex
polymorphism monitored at increasing and decreasing temper-
atures in terms of a single set of kinetic parameters.

Materials and Methods

Sample Preparation. Oligonucleotides d(G4T4G4) and d(Gy-
T4G3) were obtained HPLC pure from Invitrogen Co., Germany,
and Midland Co., U.S.A. and used without further purification. Their
concentrations in buffer solutions were determined at 25 °C
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Figure 2. DSC heating ACp versus T curves of d(G4TsG3), and d(G4TsGs), quadruplexes prepared in the presence of Na* ions at either slow (0.05 °C/
min-panels a and b) or moderate (1.0 °C/min-panels ¢ and d) cooling rate and recorded at heating rates of 0.5, 1.0 and 2.0 °C/min. For clarity reasons only
every 11th point is shown. Full lines represent the corresponding ACp values calculated from eqs 4 and 5 using the “best fit” adjustable parameters (Table
1). The concentration of d(G4T4G3), and d(G4T4Gs)> was 0.63 mM and 0.51 mM in double strands, cnaci = 200 mM, 1 cal = 4.184 J.

spectrophotometrically. For the extinction coefficient of their single-
stranded forms at 25 °C we used the values &5 = 105,100 M~ !
011171 for d(G4T4G3) and €260 — 115,200 1\/[71 CII’171 for d(G4T4G4)
estimated from the nearest-neighbor data of Cantor et al.*> The
buffer solutions used in all experiments consisted of 10 mM Na-
cacodylic buffer, 1 mM EDTA and 200 mM NaCl (pH = 6.9).
The starting solutions of both oligonucleotides were first heated to
100 °C in an outer thermostat for 5 min to make sure that all DNA
is in the unfolded single-stranded form, cooled down to 5 °C at
cooling rates of 0.05 or 1.0 °C/min and then used in the DSC or
CD experiments. Repeating of heating and cooling cycles (heating
at 0.5, 1.0 or 2.0 °C/min followed always by cooling at 1.0 °C/
min) resulted in reproducible calorimetric and spectroscopic melting
curves. Characteristically, G-quadruplex samples prepared at the
cooling rate of 0.05 °C/min show first melting scans being
substantially different from the corresponding first melting scans
of samples prepared at the cooling rate of 1.0 °C/min.

UV Melting Experiments. Absorbance versus temperature
profiles of DNA samples were measured in a Cary 100 BIO UV/
Visible Spectrophotometer (Varian Inc.) equipped with a thermo-
electric temperature controller using cells of 0.25 mm path length.
Formation of d(G4T4Ga), and d(G4T4Gs3), quadruplexes (¢ ~ 0.5
mM in double strands) at the cooling rate of 0.06 or 1.0 °C/min
followed by their melting at the heating rate of 1.0 °C/min was
monitored at A = 298 nm between 5 and 95 °C. From these data
the corresponding UV melting and annealing curves were constructed.

Differential Scanning Calorimetry (DSC). DSC experiments
were performed using a Nano DSC II instrument (Calorimetry

(45) Cantor, C. R.; Warshaw, M. M.; Shapiro, H. skt 1970, 9,
1059-1077.

Sciences Corp., UT, U.S.A.) and samples prepared in an outer
thermostat at the cooling rates of 0.05 °C/min and 1.0 °C/min.
Quadruplex concentration used in these DSC studies was about 0.5
mM in double strands. Cyclic DSC measurements were performed
at the heating rates of 0.5, 1.0 and 2.0 °C/min and a single cooling
rate of 1.0 °C/min. The measured temperature interval was between
5 and 100 °C. The corresponding baseline (buffer—buffer) scans
were subtracted from the unfolding/folding scans prior to their
normalization and analysis. The total enthalpy of unfolding or
folding, AH,,, was obtained from the measured DSC thermograms
as the area under the ACp = Cp — 2(_L‘p,s versus T curve, where Cp
is the measured heat capacity corrected for the baseline and
normalized to 1 mol of quadruplex in double strands and 2Cp is
the corresponding heat capacity of the unfolded single-stranded state
extrapolated from high temperatures over the whole measured
temperature interval (Figure 2).

CD Spectroscopy. CD spectra of the oligonucleotides were
measured as a function of temperature in an AVIV CD Spectropo-
larimeter 62A DS, equipped with a thermoelectric temperature
controller. Ellipticity, 6, was measured between 5 and 95 °C in the
temperature intervals of 3 °C at the average heating rate of 1.0
°C/min. CD spectra of samples (~0.5 mM in double strands)
prepared at the cooling rate of either 0.05 or 1.0 °C/min, corrected
for the corresponding buffer contribution, were collected between
215 and 320 nm in a 0.25 mm cuvette at 60 nm/min, 2 s signal
averaging time and 5 nm bandwidth.

Results and Discussion

Hysteresis of UV Melting Curves. For both, d(G4T4G4) and
d(G4T4Gs3), that according to the solution NMR and X-ray

J. AM. CHEM. SOC. = VOL. 130, NO. 43, 2008 14163
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crystallographic analysis associate in solution at room temper-
ature into bimolecular quadruplex structures,*® *° UV absor-
bance measurements in the presence of Na™ ions show hysteresis
of UV melting and annealing curves that depends on the heating
and cooling rates [Supporting Information, (SI)]. Since both
melting curves are completed in the measured temperature
interval and the shape of both indicates a biphasic behavior
we first tried to explain the observed kinetic characteristics of
the measured structural transitions in terms of a simple two-
state kinetic model. According to this model the thermally
induced unfolding and folding processes were assumed to be
elementary reactions of the first and second order, respectively.
The observed conformational transitions were discussed using
the van’t Hoff approach and the rate constants k., and ko were
obtained at different temperatures from the corresponding
experimentally determined temperature derivatives of the degree
of unfolding, do/dT (SI). Finally, the activation energies of
the formation (E,,) and dissociation (Eo) of the assumed single
bimolecular quadruplex structure were determined from the
corresponding Arrhenius plots (SI). The negative E,, values
obtained for both, d(G4T4Ga4), and d(G4T4Gs),, clearly indicate
that the formation of neither of the two quadruplexes can be
considered as an elementary association reaction. This further
means that the suggested two-state model is not appropriate and
has to be discarded. At this point it should be mentioned that
similar negative E,, values have been reported for the formation
of some other G—quadruplexesso’5 !as well as for d(G4T4G4)2.37

Folding and Unfolding of G-Quadruplexes Followed by
DSC. Another method that we employed to find out whether
the measured melting processes of the two G-quadruplexes
involve one or several kinetically governed interconversions and
folding/unfolding transitions was DSC. Thermograms of qua-
druplexes d(G4T4G4), and d(G4T4G3), measured in the presence
of 200 mM NaCl at three different heating rates with the starting
sample prepared at very slow or moderate rate of cooling are
presented in Figures 2,3. As already mentioned they show a
significant dependence on the heating and cooling rate. The most
pronounced differences are observed between the DSC heating
curves measured at a given heating rate for quadruplex samples
prepared by the thermally induced folding at very low (0.05
°C/min) and moderate (1.0 °C/min) cooling rates (Figures 2,3).
Those obtained with samples prepared at the slow cooling of
0.05 °C/min clearly show that the measured melting processes
involve at least two structural transitions (two peaks). In other
words, samples prepared at cooling rate of 0.05 °C/min contain
at low temperatures at least two G-quadruplex structures. This
is an important difference from the corresponding UV melting
curves which appear to occur in a single-step manner (SI). By
contrast, samples prepared at the moderate cooling of 1.0 °C/
min are characterized by DSC melting curves that reflect for
d(G4T4G3), at least two structural transitions (broad peak with
a weak shoulder) while unfolding of d(G4T4G.), seems to occur
in a single-step manner (single peak). Furthermore, the DSC
cooling curves of d(G4T4G3) and d(G4T4G4) measured at the
cooling rate of 1.0 °C/min are also characterized by single peaks

(46) Haider, S.; Parkinson, G. N.; Stephen, N. jouldlaiigd 2002, 320,
189-200.
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924.
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(49) Schultze, P.; Smith, F. W.; Feigon, J. Siuetugg 1994, 2, 221-233.
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that are close to the mirror images of the corresponding DSC
melting curves (Figure 3). Inspection of all our DSC results
shows that the total area under the measured DSC thermograms
is the same (within few %) regardless of the cooling rate at
which the samples were prepared and regardless of the heating
rate at which they were unfolded (Figures 2,3). This means that
the enthalpies of unfolding of different quadruplex structures
in the solution may be considered the same and thus equal to
the overall enthalpy of unfolding, AH,, determined from the
total area under the measured thermograms as: AH,, = (2.91
+ 0.04) x 10° J/mol of duplex for d(G4T4Gy), and AH, =
(2.34 £+ 0.04) x 10° J/mol of duplex for d(G4T4G3),. It should
be emphasized that these AH,, values expressed per mole of
G-quartets (72.5 kJ/mol for d(G4T4Gy), and 77.7 kJ/mol for
d(G4T4G3),) agree well with the corresponding literature
data® > (SI). Finally, the DSC melting thermograms of both
duplexes prepared at very slow or moderate cooling rates shift
with the increasing heating rate to higher temperatures. These
shifts can also be considered as an indication of kinetically
governed unfolding transitions of the two quadruplexes.

To describe the observed DSC heating and cooling thermograms
we tried several kinetic models, all based on the solution NMR
and X-ray crystallographic experiments which show that the
d(G4T4G3) and d(G4T4Gs) conformational space is populated at
low temperatures only by bimolecular quadruplex structures.*®~*°
We ended up with the one presented in Figure 1 which allows in
the measured temperature interval existence of three kinetically
linked quadruplex structures and the corresponding single strands.
It is the simplest physically acceptable model that, as shown later,
reasonably well describes simultaneously the measured heating and
cooling curves in terms of the smallest possible set of adjustable
parameters. Simpler model that includes only two dimeric qua-
druplex species and corresponding single strands turns out to be
inappropriate. It leads to a model function that for a given set of
adjustable parameters gives a good fit only to heating or cooling
curves, but not to both (not shown here). In contrast, more complex
models with their more complex model functions result in good
fitting to both, heating and cooling curves. Unfortunately, analysis
of the corresponding fitting procedures shows that, as a rule, a good
fit is obtained mainly due to the increased number of adjustable
parameters many of which are highly correlated and thus have no
physical meaning.

According to the suggested model (Figure 1), the enthalpy,
H, of the measured solution in the DSC sample cell can be
expressed as:

H=nzItI2 -l—nl}EIl =nAIEIA+ nBHB -|—nC1EIC-i-nSItIS -I—nlIEI1
)]

where n; is the number of moles of solvent, n, is the total
number of moles of DNA expressed in a double-stranded form,
na, ng and nc are the number of moles of double-stranded
quadruplexes A, B, and C,, ng is the number of moles of single-
stranded unfolded form and H,, Ha, Hg, Hc and Hs are the
corresponding partial molar enthalpies. Since ng = 2n, — 2(na
+ ng + nc) it follows from eq 1 that:

H= n,lEI1 —n,AH, —ngAHy —n-AH-+ 21121EIS 2)

where the quantities AHx = 2Hs — Ha, AHg = 2Hg — Hg and
AH¢ = 2Hg — Hc are the enthalpies of unfolding of quadruplex
structures A, B, and C,. By expressing the fractions of
quadruplex species present in the solution as 04 = na/ny, 0 =
np/n, and ac = nc/ny and by taking the temperature derivative
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Table 1. “Best Fit” Adjustable Parameters Describing the Thermally Induced Folding/Unfolding Transitions of Quadruplexes d(G4T4Gs). and
d(G4T4Ga)2 in Terms of the Kinetic Model® Presented in Figure 1

transition parameter valfécilrﬁ%r)rora valjéi‘t:(ﬁ‘r)rora

A28 Q (2.1 +0.2) x 10°® min™! (5.1 £ 0.2) x 10* min™!
2S—A, ®Q (4.8 £0.6) x 10° M~ min~! (2.7 £0.2) x 10> M~ ! min™!
B,—2S 3 (9.0 &+ 0.9) x 10* min™! (2.4 £+ 0.2) x 10* min™!
2S—B, 3 (1.0 £ 0.1) x 10° M~ ! min~! (2.0 £ 0.1) x 10° M~! min~!
C,—2S 2 (6.8 + 0.2) x 10* min™! (7.5 £ 0.1) x 10* min~!
A—B, Qs (6 +2) x 10° min™! (4.0 £ 0.3) x 10 min~!
Br—A; Qs 3£ 1) x 10° min~! (8.0 £ 0.8) x 10® min™!
Br—C, e (1.6 + 0.2) x 107 min~! (7.0 & 0.5) x 10° min~!
Cr—B, e (9.00 £ 0.03) x 10° min~' (4.00 £ 0.04) x 10® min~'
A28 Ea (2.43 4 0.05) x 10° J mol ™' (3.00 £ 0.02) x 10 J mol™!
B,—2S Eg (24 + 0.4) x 10° J mol ™! (3.0 £ 0.3) x 10° J mol ™!
C,—2S Ec (2.65 £ 0.06) x 10° J mol™! (3.30 £ 0.04) x 10° J mol™!
A—B, Ex 4+ 5) x 10* J mol™! (6 4 1) x 10* J mol™!
B—C, Esc (6 £3) x 10* I mol™! 8+ 1) x 10*J mol™!

“The errors of adjustable parameters were obtained as the square roots of diagonal elements of the corresponding variance-covariance matrix. The
experimentally determined AHs = A[:IB = AHc = AHox = 234 + 4 kJ/mol quadruplex for d(G4T4G3); and 291 £ 4 kJ/mol quadruplex for d(G4T4Gua)>.

For both quadruplexes the parameter kc” was set equal to 0 (see text).

of eqs 1 and 2 in combination with the usual assumption that
the heat capacity change accompanying the entire unfolding
transition of oligo- and polynucleotides is negligibly small one
obtains an expression for the partial molar heat capacity of the
solute, Cp:

- Cp— n,f?,,’, da, day
Gom T T T

- AH,, —

da, -
EAHC +2Cs ()

in which Cp is the heat capacity of the measured solution and
C‘p,l and C‘p,s are the partial molar heat capacities of solvent
and the quadruplex unfolded single-stranded form, respectively.
Finally, by extrapolating the measured heat capacity of the
unfolded quadruplex form occurring at high temperatures, 2Cp s,
over the whole measured temperature interval eq 3 takes the
form:

da, doy do

ACP = Cp,2 - 2CP,S = _EAHA - EAHB - EAHC

“4)

The quantity ACp defined in eq 4 can be obtained either
experimentally as ACp = Cp, — 2Cps or calculated according
to the model presented in Figure 1 as ACp = —(dota/dT)AHA
— (dop/dT)AHg — (doc/dT)AHc. As already mentioned, the
observed independence of AH,, on the heating and cooling rates
used in the DSC experiments leads to the conclusion that: AHa
= AHg = AHc = AH,.

The derivation of the do/dT terms needed to calculate ACp
is based on the rates of chemical reactions predicted by the
model (Figure 1) combined with the corresponding rate constants
and the heating or cooling rates at which the DSC experiments
are performed. By expressing these rates as » = d77/dt, the total

(52) Jin, R.; Gaffney, B. L.; Wang, C.; Jones, R. A.; Breslauer, K. J. Prog
. 1992, 89, 8832-8836.
(53) Mergny, J.-L.; Phan, A.-T.; Lacroix, L. fekeBaebgd 1998, 435, 74—
78.

quadruplex concentration in the single-stranded form as cr =
¢cs + 2ca + 2cg + 2cc and the rate constants according to
Arrhenius as k; = k¥ exp(—Ei/RT) (k? - frequency factor, E; -
activation energy) one obtains:

e (FO ( E) k ( E))
Tar | %a\ka P\ TRp) T Ras P\ R ) T
- E,— AH
2c(l —o, — 0 — (xc)zkg exp S —— RT oy -

- (Exp — (AHg — AH,)

Ok exp|— RT
do, 1 (ho (Er — (AHy — AH,)
ar e\ Fan exp RT "

G G ) Epg)|
exp RT OARAp €XP\ ™ pp
- E, — AH,
2c1 — oy — 0 — ap)’ k' exp(—T
Cdae g (.];0 (_(EBC — (AH — AHB)) )
ar — r|%c\fec ©XP RT

E -
kg exp(—R—;)) —2c(1 —o, —0p — ac)zk(é X

E. — AH, -0 Egc
Xp\m 7 |~ Ogkpe exp TRT

Cash—Karp adaptive step-size controlled Runge—Kautta
method®” was used to solve a set of these differential eqs for a

®)

(54) Ren, J.; Qu, X.; Trent, J. O.; Chaires, J. B. i 2002,
30, 2307-2315.
(55) Smirnov, L.; Shafer, R. H. Sisohssds 2000, 39, 1462-1468.
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given set of adjustable parameters, and these solutions were used
to calculate the model function (eq 4). The “best fit” adjustable
parameters were obtained from global fitting the model function
to the experimental ACp vs T curves measured at different
heating and cooling rates. The fitting procedure was based on
the minimization of the corresponding x> function

eks mod \2
= z ACp;” = ACy; ©
: AAG,S®
using the SIMPLEX method.”” In eq 6 ACp** and ACp " are
the experimental and model ACp values at a given temperature
and AAGyS™ is the corresponding experimental error.
According to eqs 4 and 5 the applied model contains a set of
adjustable parameters that characterize the kinetics and ther-
modynamics of all steps in the suggested folding/unfolding
mechanism (Figure 1). In Figure 2 is presented the best global
fit of the model function (eq 4) to the DSC melting thermograms
obtained at different heating rates with samples of both
quadruplexes prepared at either slow or moderate cooling rates.
Furthermore, in Figure 3 is presented also the best global fit of
the model function (eq 4) to the DSC cooling curves that reflect
association of d(G4T4G3) and d(G4T4Gy) single strands into the
corresponding quadruplexes upon cooling from 100 to 5 °C at
1.0 °C/min. These global fits show at different heating and
cooling rates a reasonably good agreement with the experiment
using for each quadruplex only a single set of adjustable
parameters (Table 1). In our opinion this agreement may be
considered as a sound support of the model presented in Figure
1. We are well aware that due to the relatively large number of
adjustable parameters contained in the model function for ACp
the physical meaning of their “best fit” values may be question-
able. To address this question we performed the fitting procedure
starting with significantly different initial values of the adjustable
parameters. The obtained best fit values of all parameters except
for k& were always within the error margins presented in Table
1. It appears that the best fit model function is rather insensitive
to 728 (broad minimum of %2 with respect to 728) Since the same
best global fit was obtained also with setting 728 =0, it follows
that the predicted 2S — C, association is not important for
describing the observed thermally induced quadruplex transi-
tions. Despite the introduced simplifications (heat capacity of
unfolding for any quadruplex structure is equal to zero, AHa
= AHg = AHc = AH, and 72% = 0) the model describes
reasonably well the DSC thermograms measured over a wide
temperature interval at different heating and cooling rates (a
large number of experimental points). However, Figs 2 and 3
show some deviations of the model from the experiment at
higher temperatures that may well be due to the simplifications
mentioned above. These discrepancies could be reduced by
introducing additional adjustable parameters but only at the
expense of the physical meaning of the model (high correlation
of additional adjustable parameters with the existing ones).
According to the described analysis the fitting procedure
provides adjustable parameters that well define only the model
predicted 2S < A; and 2S < B, transitions induced by changing
the solution temperature between ~100 and ~5 °C. The

(56) Petraccone, L.; Pagano, B.; Esposito, V.; Randazzo, A.; Piccialli, G.;
Barone, G.; Mattia, C. A.; Giancola, C. jiisiag. 2005, /27,
16215-16223.

(57) Press, W. H., Flannery, B. P., Teukolsky, S. A. and Vetterling, W. T.
Numerical Recipies in C++; Cambridge University Press: Oxford,
1992; pp 650—694.
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Figure 3. DSC heating ACp versus T curves of d(G4T4Gs3)2 (panel a) and
d(G4T4Gy)2 (panel b) prepared in the presence of Na* ions by slow (0.05
°C/min) and moderate (1.0 °C/min) cooling rate and heated at a heating
rate of 1.0 °C/min in comparison with the corresponding ACp versus T
cooling curves measured at the cooling rate of 1.0 °C/min. For clarity reasons
only every 11th point is shown. The concentration of d(G4T4G3), and
d(G4T4Gy)2 was 0.63 mM and 0.51 mM in double strands, cnxaci = 200
mM. Full lines represent the model-based ACp values calculated from eqs
4 and 5 using the “best fit” adjustable parameters (Table 1); 1 cal = 4.184
J.
corresponding pairs of rate constants %A, %A and 753, 723 can be
obtained using the Arrhenius relation and the parameters 752,
K, k8, k8, AH,, AHg, E,, and Eg (Table 1). They can be further
used to express the standard free energy of unfolding of the
quadruplex structures A, and B, as AGX = —RT In(ka/ka) and
AGg = —RT ln(zB/%B). According to the measured DSC
thermograms (Figures 2,3) the heat capacity of unfolding of
both quadruplexes may be assumed to be negligible and
therefore, the enthalpies of unfolding, AH, and AHg may be
considered as temperature-independent quantities. Furthermore,
since the DSC measurements were performed at very low
concentrations one may assume that AHx = AHR and AHg =
AH, which means that the corresponding standard entropies of
unfolding can be expressed as ASX = R In(K%/kR) and AS§ =
R In(K$/KR). Thus, using the “best fit” adjustable parameters from
Table 1 and the general relation AG® = AH® — TAS® one can
express AG2 and AGS for d(G4T4G3), in 200 mM NaCl as AGX
=234 kJ mol™' — 663 T mol™! K '-T and AGY = 234 kJ
mol™' — 669 J mol™' K ' T. For the d(G4T4Gy)2 quadruplex
the corresponding expressions are AGS = 291 kJ mol ' — 809
Jmol™' K~ '+Tand AG} =291 kI mol™" — 806 Jmol ' K '-T.
Good agreement between these model-based AGR, AGg, AHR,
AHS, AS% and ASg and values expressed per mole of tetrads
and those obtained experimentally for several simple “all or
none” unfolding transitions of G-quadruplexes®> > may be
considered as an additional support of the suggested model (see
SD).

Moreover, inspection of Table 1 shows that the best fit of
the model function (eq 4) can be obtained with all activation
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Figure 4. Distribution of species A,, B2, C, predicted by the model (Figure 1) for the quadruplexes d(G4T4G3)2 and d(G4T4G4), in 200 mM NaCl solution
calculated from eqs 4 and 5 using the “best fit” adjustable parameters (Table 1). Quadruplexes d(G4T4G3), (panel a) and d(G4T4Ga)2 (panel b): formation of
structures A,, Ba, C; upon cooling at 0.05 °C/min (dotted lines) and unfolding of these structures upon heating at 1.0 °C/min (full lines). Quadruplexes
d(G4T4G3), (panel ¢) and d(G4T4Gy), (panel d): formation of structures Ay, Ba, C; upon cooling at 1.0 °C/min (dotted lines) and unfolding of these structures
upon heating at 1.0 °C/min (full lines).The concentrations of d(G4T4Gs3); and d(G4T4Gs), were 0.63 mM and 0.51 mM in double strands, respectively.

energies being positive, including those that characterize as-
sociation of single strands into bimolecular quadruplex struc-
tures. This means that all the predicted steps (Figure 1) may be
considered as elementary reactions, thus suggesting that the
model has a real physical meaning.

The described model analysis provides also the speciation
diagrams presented at different heating and cooling rates in
Figure 4. Comparison of these a vs T curves calculated for all
quadruplex species present in the solution with the correspond-
ing measured DSC thermograms (Figure 2) strongly suggests
that the observed high-temperature DSC melting peaks of
sample duplexes prepared at a very slow cooling rate reflect
the unfolding transitions of the model-predicted quadruplex
structure C, (Figure 4). It also shows that the observed low-
temperature DSC peaks may be considered to result mainly from
the combined unfolding transitions of the model-predicted
quadruplex structures A, and Bo.

G-Quadruplex Topology Followed by CD Spectroscopy. To
confirm the observed DSC results and their interpretation based
on the proposed model (Figure 1) and to get additional
information on the quadruplex structures occurring in the
solution we also measured the temperature dependence of CD
spectra of d(G4T4Gy), and d(G4T4G3), samples prepared at the
cooling rates of 0.05 and 1.0 °C/min (Figure 5). It has been
shown previously that CD spectroscopy may discriminate
between quadruplex topologies having differences in parallel
and anti parallel strand orientation. Namely, CD spectra of the
model parallel quadruplexes are characterized by a ~264 nm
peak and a ~240 nm trough, while those of the model anti
parallel quadruplexes exhibit peaks at ~295 nm and troughs at

~265 nm.”*"°!" Thus, one would expect that coexistence and
interconversion of G-quadruplex structures containing strands
arranged in a parallel and anti parallel orientation can be
followed by CD. Stricktly speaking, it is the population of syn/
anti geometries of guanosine glycosidic torsion angles that seems
to determine the shape of CD spectra of G-quadruplexes.®® Since
this geometry is not directly related to the strand orientation,
CD spectroscopy can provide only indicative information on
strand orientation.®*®* On the other hand, the measured changes
of CD peak positions and ratios of their magnitudes do reflect
structural (topology) changes of the measured G-quadruplexes.
Using this CD-based empirical approach, Miura et al.** have
shown that interquadruplex conversion can be controlled by
changes in Na™ or K" concentrations. They have shown that a
phase diagram of the structural conversion between parallel and
anti parallel G-quartets of (T4G4)4 depends on the Na* and K*
concentrations and on their ratio. According to this diagram both
Na® and K" promote at low concentrations anti parallel
association ([Na*] < 240 mM; [K™] < 65 mM) and parallel
association at higher concentrations. Similar behavior observed

(58) Lu, M.; Guo, Q.; Kallenbach, N. R. Rinsksisss 1993. 32, 598-601.

(59) Balagurumoorthy, P.; Brahmachari, S. K.; Mohanty, D.; Bansal, M.;
Sasisekharan, V. . 1992, 20, 4061-4067.

(60) Vorticekova, M.; Chladkova, J.; Kejnovska, I.; Fialova, M.; Kypr, J.

i . 2005, 33, 5851-5860.

(61) Rujan, I. N.; Meleney, J. C.; Bolton, P. H. s 2005,
33, 2022-2031.

(62) Li, J.; Correia, J. J.; Wang, L.; Trent, J. O.; Chaires, J. B. Mugleic

i . 2005, 33, 4649-4659.

(63) Bishop, G. R.; Chaires, J. B. In Current Protocols of Nucleic Acid
Chemistry; Beaucage, S., Ed.; John Wiley & Sons: New York, 2003;
Chapter 7, unit 7.11.

(64) Miura, T.; Benevides, J. M., Jr. iouldabmiiigd 1995, 248, 233-238.
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Figure 5. Temperature dependence of CD spectra of quadruplexes d(G4TsG3), (panels a, c) and d(G4T4Ga), (panels b, d) prepared by slow cooling (0.05
°C/min - panels a, b) and moderate cooling (1.0 °C/min - panels c, d). Concentration of duplex d(G4T4G3), was 0.63 mM and concentration of duplex
d(G4T4Gy4)2 was 0.51 mM in double strands, cnact = 200 mM and / = 0.25 mm. Temperature was increased in 3.0 °C steps. The measured spectra (ellipticities)
were normalized to 1 M double strand concentration and 1 cm path length. For clarity reasons only every third spectrum is shown.

by CD spectroscopy has been reported also for the stabilization
of parallel G-quartet structure of d(GsT4G4), by divalent
cations.®>~®’ In addition, it has been reported recently that the
human telomeric repeats d(TTAGGG)s; and d(TAGGGT-
TAGGGT); can form in the presence of K™ ions both parallel
and anti parallel G-quadruplex structures®®* that can coexist
and interconvert in solution and are for d(TAGGGTTAGGGT);
characterized by a different kinetics of folding and unfolding.*

Our observations are in line with the results of these studies.
They show that the temperature dependence of CD spectra of
d(G4T4Gy), and d(G4T4G3), quadruplexes formed in the presence
of Na™ ions at the slow cooling rate of 0.05 °C/min differs
substantially from the one observed with the samples prepared
at the moderate cooling rate of 1.0 °C/min (Figure 5). Such
behavior strongly suggests that the association of the d(G4T4Ga)
and d(G4T4G3) single strands into the corresponding G-
quadruplexes is a kinetically governed process that, depending
on the cooling rate, leads to a different composition of
G-quadruplex structures formed at low temperatures. Inspection
of Figure 5 shows that CD spectra of d(G4T4Ga); and d(G4T4G3),
quadruplexes prepared at moderate cooling rates may be ascribed
in the entire temperature interval in which the unfolding process
occurs only to G-quadruplex structures with CD spectra
characteristic of anti parallel strand orientation (we shall denote
these structures as AP structures). Namely, at all temperatures
between 5 and 95 °C the measured CD spectra show shapes
characteristic of the model anti parallel G-quadruplexes. By
contrast, samples prepared at the slow cooling rate of 0.05 °C/

(65) Chen, F.-M. pinsketsisia 1992, 31, 3769-3776.

(66) Miyoshi, D.; Nakao, A.; Toda, T.; Sugimoto, N. ShRSabgd 2001,
496, 128-133.

(67) Miyoshi, D.; Nakao, A.; Sugimoto, N. . 2003, 3/,
1156-1163.
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min show CD spectra and their temperature dependence that
may result from a coexistence and interconversion of G-
quadruplex structures characterized by CD spectra characteristic
of both parallel and anti parallel strand orientation. Thus, around
room temperature the observed low intensity at A = 264 nm of
the measured CD spectra that are characterized by a shape
typical of anti parallel G-quadruplex structures may be ascribed
to a lower content of the AP structures and a simultaneous
compensating contribution of the corresponding content of
structures that exibit CD spectra typical of the parallel strand
orientation and will be denoted from now on as PA structures.
In the temperature interval between 50 and 70 °C the contribu-
tion of these PA structures prevails (switch of CD peak from
295 to 264 nm), indicating that the kinetics of the thermally
induced unfolding of AP structures is faster than that of PA
structures and/or that with increasing temperature some AP to
PA structural conversion takes place. At the highest measured
temperatures (~95 °C) the observed CD signals of both
G-quadruplexes are lost, indicating that their PA and AP
structures undergo complete unfolding transitions into single-
stranded forms.

Comparison of the measured temperature dependence of CD
spectra (Figure 5) and the corresponding model-based speciation
diagrams (Figure 4) indicates that the PA quadruplex structure
corresponds to the model-predicted structure C, (Figure 1).
Using these speciation diagrams we tried to describe the
measured CD melting curves (4 = 264 nm) of d(G4T4G4), and
d(G4T4G3), by expressing the measured ellipticity, [0];, as a
linear combination of A,, B, C, and S contributions ([0], =
>ai[015.5; i = Az,B2,C,,S) and by assuming that the [0];; values
for the AP structures A, and B, are the same and that molar
ellipticities, [0],;, of A, B, and C, depend linearly on
temperature, while the one of single strands remains constant.
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Figure 6. Comparison of the measured (points) and model-based (full line)
CD melting curves observed with thermal unfolding (average heating rate
of 1.0 °C/min) of quadruplexes d(G4T4Gs3), (panel a) and d(G4T4G4), (panel
b) prepared at the cooling rate of 0.05 and 1.0 °C/min. The measured
ellipticities at A = 264 and 293 nm were normalized to 1 M double strand
concentration and 1 cm path length. Concentration of duplex d(G4T4Gs3)»
was 0.63 mM, and concentration of duplex d(G4T4G4)> was 0.51 mM in
double strands, ¢nact = 200 mM.

This assumption is based on the observed linear increase of the
measured [0]264 at low temperatures (Figure 6), where o values
for Ay, B, and C; are constant (Figure 4). Similarly, since the
measured [0]y64 at high temperatures where o = 1 does not
change with temperature, we assumed that [0]; s is temperature
independent. The starting [6]a64,; values were calculated for each
quadruplex at the lowest measured temperature from the
corresponding [0],64 values measured for samples prepared at
the cooling rate of 0.05 °C/min and 1.0 °C/min and expressed
in terms of the corresponding known a values for A, B, and
C, (Figure 4). Using these starting [6],64,; values and the constant
value of [6]a64.s together with their assumed linear dependence

on temperature and the known, model-predicted temperature
dependence of a for A,, B, and C;, (Figure 4) we were able to
construct the corresponding model-predicted CD melting curves.
Since this reasoning should apply for any A, we repeated the
whole procedure also for A = 293 nm. As shown in Figure 6
these model-based CD melting curves appear for both quadru-
plexes and both wavelengths to be fairly close to those obtained
by experiment. We believe that this agreement may be
considered as an additional support of the model we propose
for the kinetically governed folding/unfolding transitions of
d(G4T4Gy)2 and d(G4T4G3),.

Concluding Remarks

In conclusion we would like to emphasize that the observed
dependence of the structural composition of G-quadruplex
samples on the cooling rate at which they are formed seems to
be a general feature of G-quadruplex conformational intercon-
versions. We believe that not paying attention to this phenom-
enon may be the main reason why, for various G-quadruplexes,
a number of different thermodynamic, kinetic and structural data
on their thermally induced unfolding/folding transitions have
been reported. Furthermore, according to our results, the
topology of the measured G-quadruplexes is clearly flexible,
with the conformational forms that respond to the rate of
temperature changing at which the global unfolding/folding
transitions occur. Such responsiveness could allow diverse
conformational forms to participate in different biological
functions, depending on the conditions at which they occur and
on the temperature rate at which these conditions were created.
To the best of our knowledge this work represents the first study
that underlines the complexity of processes involving G-
quadruplexes by discussing kinetics and thermodynamics of their
unfolding/folding and interconversion processes in terms of a
physically acceptable model mechanism. Nevertheless, com-
prehensive investigations would be needed to understand in
detail transitions of these and other G-quadruplexes in terms of
structural features, molecularity, and ion and ligand binding.
This, however, remains our future perspective.
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