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Short guanine-rich sequences have a tendency to form quadruplexes that are stabilized by G-quartets with
specific cation coordination. Quadruplexes are part of telomeres at the ends of chromosomes and play an
important role in the regulation of gene expression. In addition, there is a strong interest in the therapeutic
and biotechnological potential of quadruplex oligonucleotides. The HIV-integrase aptamer, d(GGGT)y,
demonstrated unusually favorable van't Hoff thermodynamics, and based on NMR studies the aptamer was
proposed to fold into an antiparallel structure. Here we probed an apparent discrepancy between the NMR

Keywords: . N k . X
DNA quadruplexes structure and the quadruplex topology suggested by circular dichroism (CD). Systematic thermodynamic
G-quartets analyses of d(GGGT), and variants containing sequence modifications or missing specific nucleotides are

consistent with a parallel quadruplex fold. CD studies carried out over a wide concentration range did not
support a possible structural transition upon increasing strand concentration. Taken together, both optical
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and thermodynamic studies performed here strongly support a parallel fold for the d(GGGT), aptamer.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Short guanine-rich sequences fold into a structure known as a
G-quartet or quadruplex, which is formed by four guanine residues
associated in a square planar configuration. Each base interacts with
its two neighbors through Hoogsteen hydrogen bonds (8 per quartet).
The formation of stable quadruplexes requires certain metal ions (e.g.,
K™ or Sr>*) that bind specifically to guanine 06 carbonyl groups in the
inner core of G-quartets. Owing to the cation coordination, hydrogen
bonds and stacking interactions between G-quartets, quadruplexes
are very stable.

Itis believed that quadruplexes are involved in the regulation of gene
expression and are part of telomeres at the ends of chromosomes [1-6].
Quadruplexes are also found commonly in DNA aptamers, which are
very useful in biotechnological and therapeutic applications as they offer
specific molecular recognition properties [7-11]. Earlier studies have
shown that quadruplexes possess intrinsic optical properties (i.e.,
absorb light at 300 nm) that distinguish them from other secondary
structures [12-14]. We have developed quadruplex-formation assays,
which exploits this unique optical property to study enzymes that
cleave DNA [15] or facilitate strand-exchange reactions [12]. The free
energy of DNA quadruplexes can also be used to drive unfavorable
(endergonic) reactions of nucleic acids (e.g., isothermal PCR) [16].

The key feature of quadruplex-driven reactions is that some DNA
sequences are capable of forming quadruplexes with significantly
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more favorable thermodynamics than the corresponding DNA
duplexes. The quadruplex-forming sequence d(GGGT),, which is a
potent HIV-1 integrase inhibitor [17], was previously shown to
display extraordinary stability and unusually favorable van't Hoff
thermodynamics [10]. The folding topology of d(GGGT), was
previously investigated by CD spectroscopy, which suggested forma-
tion of a parallel quadruplex in solution, with all four guanine tracks
oriented in the same direction [17-19]. In contrast, a solution NMR
spectroscopy study concluded that the same sequence formed an
antiparallel quadruplex [9]. Due to the therapeutic potential of HIV-1
integrase aptamer [17], as well as its utility in biotechnological
applications [16], a detailed thermodynamic analysis of d(GGGT)4 was
performed in order to resolve the apparent discrepancy between the
NMR-derived structure and the quadruplex topology suggested CD.
Based on CD, UV melting and calorimetric studies of wild-type and
variant d(GGGT), sequence, we conclude that d(GGGT), folds into a
parallel quadruplex.

2. Materials and methods
2.1. Materials

DNA oligonucleotides were obtained from Integrated DNA Tech-
nologies and their concentration was determined by measuring UV
absorption at 260 nm, as described earlier [20]. All measurements
were performed in a buffer consisting of 10 mM Tris-HCl, pH 8.7 and
ionic strength was adjusted by addition of appropriate salt, KCl and/or
CsCL. DNA samples were annealed by incubation at 80 °C for a few min
and slow cooling to room temperature.
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2.2. CD spectroscopy

CD spectra were obtained with a JASCO ]J710 spectropolarimeter
equipped with thermoelectrically-controlled cell holders. Quartz cells
with 1cm and 0.05cm path lengths were used to study the
concentration-dependence of the CD profile.

2.3. UV spectroscopy

UV absorbance spectra were recorded on a Varian UV-visible
spectrophotometer (Cary-100 Bio) equipped with thermoelectrically-
controlled cell holders. Absorbance versus temperature profiles
(melting curves) were measured at either 240 nm, 260 nm or
295 nm in 1 cm, 0.5 cm or 0.05 cm path-length cells. Samples were
incubated at 80 °C for a few min in the cell holder prior to ramping the
temperature to the desired starting temperature. The melting
experiments were performed at a heating rate 0.5 °C per min. Melting
curves allowed an estimation of melting temperature, T, the
midpoint temperature of the unfolding process. Van't Hoff enthalpies,
AH,y, were calculated using the equation AH,;; =4 R T2, 6o/6T where,
R is the gas constant and 6a/8T is the slope of the normalized optical
absorbance versus temperature curve at T, [21].

2.4. ITC measurements

A MicroCal VP-ITC calorimeter was used to measure the heat
evolved during quadruplex formation. The oligonucleotide solution
was placed in the reaction cell and titrated with K* ions. Typically, 5-
20 uL aliquots of KCl solution (3 mM) were injected into the
oligonucleotide solution (15 uM) via a syringe spinning at 400 rpm.
The resulting curves were corrected by subtracting the signal obtained
from control experiments in which the cation solutions were injected
into the buffer. Reverse titrations also were performed wherein 5 pL
aliquots of the oligonucleotide solution (150 uM) were titrated into a
3 mM KCl solution. The latter experiments were designed to measure
quadruplex-formation heats, which were determined by integrating
and averaging the peaks of the initial injections. This was possible
because the solution concentrations used in the experiments were
greater than the inverse of the binding constant. The resulting curves
of the inverse titrations were corrected using two control experi-
ments: in one case buffer was injected into the KCl solution and in the
second control oligonucleotide was injected in buffer solution without
KCl. The data analysis program provided by MicroCal was used to
obtain the number of binding sites, n, the binding constants, K, and the
enthalpy of binding, AH.

3. Results and discussion
3.1. CD measurements of (GGGT)4

CD spectroscopy has traditionally been used to gain information
about the folding topology of DNA quadruplexes. By comparing CD
spectra with NMR or X-ray structures of simple GT-containing
sequences, the following features are observed: In the presence of K*
ions, antiparallel quadruplexes demonstrate positive CD bands with
maxima at ~245 nm and ~295 nm and a negative peak at ~265 nm,
while parallel quadruplexes show a strong positive peak at ~265 nm
and a negative peak of lesser intensity at ~240 nm [22-24]. In addition,
characteristics of parallel quadruplexes also include a minor positive
peak at ~305nm [22,25-27]. Quadruplexes containing loops and
G-segments with variable lengths or containing complementary loop
nucleotides [24,28-30] or chemical modifications ([31] and references
therein) demonstrate more complicated CD profiles. For instance, the
CD profile of the parallel quadruplex d(TAGGGUTAGGGT) dimer shows
an additional maximum at ~290 nm [29,30]. Thus, although CD
spectrometry cannot unambiguously determine the topology of all

quadruplexes, in the case of simple GT-containing sequences with
regular G and T segments, such as (GGGT),4, CD is a useful tool for
generating an initial structural model.

Fig. 1A shows the CD spectra of (GGGT)4 (solid line) and of the
thrombin binding aptamer (TBA), GGTTGGTGTGGTTGG (dashed line),
in the presence of 50 mM KCl. The spectrum of TBA is shown here as
an example of an antiparallel conformation with the characteristic
peaks described above. Previous structural studies both in solution
[32,33] and in crystals [34] confirmed the antiparallel fold. In
construct, the CD spectrum of (GGGT), reveals a typical parallel fold
with positive maxima at 245 nm and 305 nm, and a negative peak at
265 nm. An earlier NMR study concluded that (GGGT),4 possesses an
antiparallel fold with two G-quartets and two T-G-T-G loops [9],
which is in obvious disagreement with the CD spectra shown in
Fig. 1A and published earlier [17-19]. Note that the NMR analysis was
carried out using (GGGT), with phosphorothioate linkages at the
ends. However, it is unlikely that these modifications affect the folding
topology since CD analysis of both modified and unmodified
sequences revealed identical spectra [17,35]. Since NMR experiments
are typically conducted in concentrated solutions, the discrepancy
between the NMR and CD data may reflect concentration differences.
To investigate this possibility, CD measurements were performed as a
function of oligonucleotide concentration. Since accurate CD profiles
can only be recorded for samples that measure <1 optical density
(OD) unit, 0.05 cm cells were used for these studies. This allowed CD
spectra to be measured at 120 uM (GGGT)4. The 20-fold increase in
concentration did not reveal any measurable changes in molar
elipticity relative to the spectrum shown in Fig. 1A (data not shown).
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Fig. 1. (A) CD spectra of (GGGT)4 and TBA quadruplexes at 6 uM concentration in the
presence of 50 mM KCl at 20 °C measured in a 1-cm cell; (B) Concentration dependence
of CD spectra measured in 0.023 mM-2 mM intervals in 0.05-cm cell; (C) Concentration
dependence of the molar elipticity of (GGGT),4 at 305 nm.
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Although, 120 pM is the highest concentration at which the entire
spectrum can be reliably determined in a 0.05cm cell, one can
accurately monitor CD signals of significantly more concentrated
solutions in the long-wavelength region of the spectrum. In this
region, nucleic acids are almost transparent but antiparallel quad-
ruplexes display a strong positive CD signal [36]. If an increase in
(GGGT),4 concentration is accompanied by a change in topology from
parallel to antiparallel, then a strong CD signal should appear at
295 nm. Fig. 1B shows the CD spectrum of 2 mM solution of (GGGT),4
(top curve) and the effects of dilution down to 23 pM. The peak at
305 nm in Fig. 1B represents the minor positive signal characteristic of
antiparallel structures (see Fig. 1A). The concentration dependence of
the molar elipticity at 305 nm demonstrates a linear dependence from
6 uM to 2 mM strand concentration (Fig. 1C), which clearly indicates
that (GGGT),4 maintains its parallel conformation at higher concen-
trations. Thus, the discrepancy between NMR and CD data cannot be
explained by differences in experimental concentrations of (GGGT)4.

3.2. UV melting studies of (GGGT)4

Temperature-dependent UV spectroscopy is a convenient tool to
study thermal stability and estimate van't Hoff thermodynamics of
DNA secondary structures. Unfolding of DNA duplexes is accompanied
by an increase in absorbance at 260 nm, whereas unfolding of nucleic
acid triplexes is better characterized at 280 nm [37], and accurate
determination of the thermodynamic parameters for quadruplexes is
possible by monitoring the long-wavelength region of the UV
spectrum (~300 nm) [12,13,36]. To reveal suitable optical windows
for monitoring quadruplex unfolding, we recorded UV spectra of
(GGGT), in the presence and absence of 5mM K™ ions, which
revealed three peaks at 240 nm, 260 nm, and 295 nm (Fig. 2A). The
melting profiles at these wavelengths are shown in Fig. 2B. All three
profiles reveal common transitions at 86 °C, which correspond to
quadruplex unfolding. While UV measurements at 295 nm are
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Fig. 2. (A) Absorbance difference spectra of (GGGT)4 in the presence and absence of 5 mM
KCl; (B) UV melting profiles of (GGGT)4 at 240 nm (A ), 260 nm (o) and 295 nm (e) in the
presence of 5 mM KCl.

sensitive only to quadruplex unfolding, measurements at 240 nm
and 260 nm reveal some perturbation before the main peak.
Therefore, all UV melting experiments were performed at 295 nm.
The melting profiles reveal monophasic transitions, which are
characteristic of a two-state process (Figs. 2B and 5). To confirm
that the transition is monophasic, an additional dual wavelength test
was performed [38]. In particular, plots of the absorbance at a
particular wavelength (i.e., 260 nm) versus the absorbance measured
at a second wavelength (i.e., 295 nm) were linear (data not shown).
This linear dependence supports the two-state nature of the transition
[38].

As shown in Fig. 2B, the (GGGT)4 quadruplex is very stable; in the
presence of 5mM K* ions it melts at 86 °C, which is in good
agreement with previous studies [10]. Under these conditions, the
stability is too high to perform an accurate van't Hoff analysis
(Fig. 2B). To determine suitable concentrations for the analysis, we
studied the thermal stability of the quadruplex as a function of K*
concentration (Fig. 3). Increasing the K* concentration over the
concentration range 0.5-10 mM results in a linear increase of the
thermal stability from 75 °C to 90 °C. At [K*] <0.5 mM, a sudden drop
of the Ty, is observed, which indicates that at these concentrations the
quadruplex is only partially folded or changes its structure.

UV unfolding experiments performed at different strand concen-
trations allowed an estimation of both the molecularity of the
complex and the van't Hoff enthalpy, AH,y [21]. Our experiments
over a 60-fold concentration range (from 2 uM to 120 uM) revealed
that the thermal stability of (GGGT), is essentially independent of the
strand concentration (data not shown). This agrees well with previous
studies [17] and confirms the formation of a mono-molecular
structure. Since Ty, is independent of the strand concentration, AH,y
could not be estimated from the concentration dependence. However,
a shape analysis of the melting curves as described in Materials and
Methods revealed a AH,y value of — 62 4 6 kcal/mol.

3.3. CD and UV melting studies of (GGGT), variants

The CD and UV melting experiments (GGGT),4 suggest a parallel
quadruplex topology with three G-quartets connected by chain
reversal T-loops (Fig. 4B). Similar structures with single-nucleotide
loops have been observed for various G-rich sequences [27,39-44]. To
further distinguish between the two models shown in Fig. 4, the
thermal stability and secondary structure of a series of (GGGT)4
variants were investigated. The variants included deletions at the
3’-end ((GGGT)3GGG, (GGGT)3GG, and (GGGT)3G) and single
nucleotide substitutions (G2—T, G3—T, G5—T). UV unfolding
experiments were performed in the presence of 1 mM KCl (Fig. 5A)
or 10 mM K™ ions (Fig. 5B) and Ty, and AH, values determined based
on these measurements are summarized in Table 1. The secondary
structures of the oligonucleotides were investigated by CD measure-
ments performed in the presence of 10 mM KCI (Fig. 6).
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Fig. 3. The T, dependence of (GGGT),4 on the KCl concentration. The concentration of
(GGGT)4 is 4.5 uM.
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Fig. 4. Schematic diagrams showing two possible structures of (GGGT)4. Anti-parallel
conformation based on NMR work [9] (A), and parallel conformation suggested by us
on the bases of optical and thermodynamic studies (B).

3.3.1. Deletion of T at the 3’-end

T16 is predicted to be involved in a quartet-like G-T-G-T in the
antiparallel conformation and would be expected to play an
important stabilizing role in this topology. In contrast, T16 is in an
overhang position in the parallel structure and therefore its removal
should not significantly affect the structure. As shown in Fig. 6A,
deletion of this nucleotide did not have a measurable effect on the CD
profile or AH,y value (Table 1) relative to the wild-type quadruplex
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Fig. 5. UV melting profiles of (GGGT)4 (e), (GGGT)3GGG (O), (GGGT)3GG (A), (GGGT)5G (1),
G2—T(V),G3—T(#),and G5—T (<) in the presence of 1 mM (A) and 10 mM (B) KCl.

Table 1
Melting temperatures and van't Hoff enthalpies derived from UV unfolding profiles in
the presence 1 mM and 10 mM KCL.

Oligonucleotide Tm (°C) —AHuy
(kcal/mol)
1 mM 10 mM 1mM 10 mM

GGGTGGGTGGGTGGGT (GGGT)4 74.0 90.0 62 -
GGGTGGGTGGGTGGG (GGGT)3GGG 75.5 92.0 63 -
GGGTGGGTGGGTGG (GGGT)3GG 30.0 53.0 - 46
GGGTGGGTGGGTG (GGGT)sG ND ND ND ND
GTGTGGGTGGGTGGGT G2—>T ND ND ND ND
GGTTGGGTGGGTGGGT G3—-T 30.0 40.0 - 38
GGGTTGGTGGGTGGGT G5 —T 29.0 375 - 36

Melting temperatures (T;,) and van't Hoff enthalpies (AH,y4) were derived from the
shapes of UV melting curves measured at a concentration of ~4 uM per strand in 10 mM
Tris-HCl, pH 8.7. Values represent the average of at least three determinations and
experimental errors are estimated as follows: T, (0.5 °C) and AHyy (£ 10%).

and even has a slight stabilizing effect, which is consistent with
removal of a 3’ dangling nucleotide (Fig. 5). Thus, truncation of T16
clearly supports a parallel configuration of the G-tracks.

3.3.2. Deletion of GT and GGT

In contrast to the single nucleotide deletion, a two nucleotide
deletion at the 3’-end has a small effect on the CD spectrum. The CD
signal is reduced by ~15% at 265 nm suggesting slight unfolding of the
quadruplex structure (Fig. 6B). However, UV melting experiments
demonstrate strong destabilization. In the presence of 10 mM K™ ions,
the Ty, is 53 °C with a sigmoidal unfolding profile characteristic to two-
state transition (Fig. 5B) with the estimated enthalpy of — 46 kcal/mol.
Removal of three terminal nucleotides results in essentially complete
unfolding of the quadruplex. The CD spectrum corresponds to that of an
unstructured single-stranded DNA (Fig. 6C) and UV melting experi-
ments do not reveal any cooperative transitions either of 1 mM or
10 mM KCl (Fig. 5).

3.3.3. G— T substitutions

Another important difference between the structures shown in
Fig. 4 is the number of G-quartets; only two stacked G-quartets are
present in the antiparallel orientation whereas three are present in
the parallel orientation. Thus, restricting the formation of a selected
G-quartet by single-nucleotide substitution should unambiguously
support one of the models. For example, in the antiparallel structure,
G2 and G3 are involved in the upper and lower G-quartets,
respectively. Therefore, single G2—T or G3—T substitutions in
either of these G-quartets should have similar effects of the
quadruplex stability. In contrast, since G5 is involved in a G-T-G-T
semi-quartet a G5 — T substitution will likely be less destabilizing. In
the case of the parallel topology, G3 and G5 are located in the upper
and lower G-quartets and G—T substitutions in these positions
should result in similar effects on overall stability. In contrast, G2 is
involved in the middle G-quartet and substitution in this position may
alter the stability to a different extent. Thus, if the antiparallel model is
correct, the substitutions should follow the following pattern:
G2 —>T=G3—T##G5—T.In contrast, if the parallel model is correct,
the following pattern is predicted: G3 >T=G5—T#G2—T. Both
CD (Fig. 6E and F) and UV melting (Fig. 5) experiments indicate that
the single G2—T substitution completely inhibits quadruplex
formation. The effects of G3—T and G5—T mutations are almost
identical. In both cases, the CD signal at 265 nm decreases by 50-60%
and a new minor peak appears at 295 nm (Fig. 6E and F). As
mentioned earlier, a CD signal at 295 nm is characteristic of
antiparallel quadruplexes. Thus, the CD spectra indicate the simulta-
neous existence of two quadruplex populations, parallel and antipar-
allel, or alternatively, the presence of a third type of unknown
structure. In agreement with CD experiments, for both modifications
the UV melting experiments at 10 mM KCI reveal two separate
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transitions (Fig. 5B). Based on these data, a melting transition is
observed at ~40 °C corresponding to a AH,y value of ~40 kcal/mol. A
second transition occurs at >80 °C. Taken together, the single
nucleotide substitution data strongly support the formation of a
parallel quadruplex by (GGGT),.

3.4. ITC experiments

ITC is a sensitive tool to measure model-independent heat of
quadruplex formation upon addition of titration of K* ions [18,36].
For these experiments, we chose to use the most stable (GGGT)3GGG
variant. To measure the complete heat of formation, the experimental
temperature and salt conditions must be selected to ensure that the
initial state of the oligonucleotide is completely unfolded. It is known
that Cs™ ions usually do not support quadruplex formation at room
temperature. To select an appropriate experimental temperature
where Cs™-(GGGT)sGGG is completely unfolded, we performed UV
melting experiments in the presence of 10 mM monovalent cations
(Fig. 7). As expected, K*-(GGGT)3GGG has a T, ~90 °C, while Cs™-
(GGGT)3GGG demonstrates a smaller T, of ~30 °C. Therefore, ITC
experiments were performed at 50 °C where all secondary structure is
disrupted. Aliquots of K* ions were injected into the Cs* salt of
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(GGGT)3GGG (unfolded quadruplex) solution, and the heat changes
accompanying quadruplex formation and cation binding were
measured. Results of a typical experiment are shown in Fig. 8. The

Time (min)

pcal/sec

kcal/mole of injectant
|

T T T T T T T T T

T
0 5 10 15 20 25
[K'V(GGGT),GGG

Fig. 8. A representative ITC curve of the interaction of K* ions (GGGT)3GGG showing
exothermic heat of quadruplex formation (A). Plot showing heats of reaction as a
function of molar ratio (B) corresponding to the experiment shown in the upper panel.
The data are fit to a two binding-site model.
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apparent discontinuity in peak size is due to an increase in volume of
titrant during the experiments, which allowed us to extend the range of
KCl concentration and more reliably estimate the binding parameters:
number of binding sites, n, binding constants, K, and enthalpy, AH,. The
K value corresponds to the apparent binding affinity of K* ions
measured via the heat of quadruplex formation, since the heat of
electrostatic interactions between cations and nucleic acids are
negligible due to the entropic nature of the interaction [45-47].

A model with two sets of sites best fits the experimental titration
curves. The solid line in Fig. 8B is a result of non-linear fitting based on
this model and revealed the following parameters: n;=1.74+0.3,
Ki=(3.1£1.5)x10°M~!, AH;=—2.840.4kcal/(mol of K*),
n,=2.84+02, Kz=(6.6+05)x10°M~"', AH,=—8.040.4 kcal/
(mol of K™). We propose that the first binding event reflects uptake
of 2 equivalents of K* by the inner core of the quadruplex, which is
followed by binding of K* to T4, T8 and T12 loops (Fig. 4B). The data
are consistent with earlier UV absorbance studies [9,35], which led to
a proposed two-step folding model of (GGGT),.

To obtain heat per mol of the quadruplex, reverse titrations were also
performed wherein Cs*-(GGGT)sGGG was titrated into 3 mM KCl. We
obtained AH_, of —28 kcal/mol, which is around 2-fold lower than the
model-dependent AH,y = —62 kcal/mol (Table 1). The discrepancy
cannot be explained by electrostatic interaction (K™ binding to the
oligonucleotide in ITC experiments) since its enthalpy is negligible
[45-47]. Since AH, is a molar enthalpy per cooperative unit, while AHy
is the enthalpy per mol of oligonucleotide, formation of quadruplex
dimers may explain the discrepancy. However, dimer formation is not
consistent with our melting experiments, which indicate a two-state
unfolding transition. At 50 °C the quadruplex structure formed by Cs™
ion is unfolded (Fig. 7), however, it still possesses significant
intramolecular stacking interactions. Thus, it is likely that AH,, reflects
the net effect of two opposite contributions: the endothermic heat of
disruption of base-stacking in Cs*-(GGGT);GGG and the exothermic
heat of quadruplex formation. Similar discrepancies between enthalpy
values obtained from isothermal and melting experiments were
observed earlier and attributed to significant base-stacking interactions
within the single-stranded oligonucleotides [48,49].

4. Conclusion

Our systematic thermodynamic study of d(GGGT),4 and variants
with single-nucleotide modifications or 3’-end nucleotide deletions
are consistent with a parallel quadruplex topology. CD studies carried
out over a wide concentration range (6 tM-2 mM per strand) showed
that the quadruplex maintains a single-stranded parallel fold. In the
presence of 10 mM KCl, the d(GGGT),4 quadruplex has a Ty, of 90 °C
and removal of the terminal 3'-T further stabilizes the structure.
Systematic thermodynamic analyses of d(GGGT),; and variants
containing sequence modifications or missing specific nucleotides
are consistent with a parallel quadruplex fold. An ITC study of K*
interaction with (GGGT)3GGG suggests a two-step binding model. We
propose that the first step involves two equivalents of K™ between the
G-quartets followed by binding three K™ ions to the T-loops.
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