220–228 Nucleic Acids Research, 2013, Vol. 41, No. 1
doi:10.1093/nar/gks975

Published online 23 October 2012

Quadruplex formation as a molecular switch to turn
on intrinsically fluorescent nucleotide analogs
John Johnson1, Robert Okyere1, Anupama Joseph1, Karin Musier-Forsyth1 and
Besik Kankia1,2,*
1

Department of Chemistry and Biochemistry, Center for RNA Biology, the Ohio State University, Columbus,
OH 43210, USA and 2Institute of Biophysics, College of Arts and Sciences, Ilia State University, Tbilisi 0162,
Republic of Georgia

Received August 16, 2012; Revised September 19, 2012; Accepted September 25, 2012

ABSTRACT
Quadruplexes are involved in the regulation of gene
expression and are part of telomeres at the ends
of chromosomes. In addition, they are useful in therapeutic and biotechnological applications, including
nucleic acid diagnostics. In the presence of K+ ions,
two 15-mer sequences d(GGTTGGTGTGGTTGG)
(thrombin binding aptamer) and d(GGGTGGGTGGG
TGGG) (G3T) fold into antiparallel and parallel quadruplexes, respectively. In the present study,
we measured the fluorescence intensity of one or
more 2-aminopurine or 6-methylisoxanthopterin
base analogs incorporated at loop-positions of
quadruplex forming sequences to develop a detection method for DNA sequences in solution. Before
quadruplex formation, the fluorescence is efficiently
quenched in all cases. Remarkably, G3T quadruplex
formation results in emission of fluorescence equal
to that of a free base in all three positions. In the case
of thrombin binding aptamer, the emission intensity
depends on the location of the fluorescent nucleotides. Circular dichroism studies demonstrate that
the modifications do not change the overall secondary structure, whereas thermal unfolding experiments revealed that fluorescent analogs significantly
destabilize the quadruplexes. Overall, these studies
suggest that quadruplexes containing fluorescent
nucleotide analogs are useful tools in the development of novel DNA detection methodologies.

INTRODUCTION
DNA or RNA quadruplexes are involved in the regulation
of gene expression (1), are present in telomeres at the ends of
chromosomes (2–5) and are commonly found in DNA
aptamers (6–9). Monomolecular quadruplexes are formed

by stacks of G-quartets connected to each other by
single-stranded loops. G-quartets are formed by four
guanine residues associated in a square planar conﬁguration, in which each guanine interacts with its two neighbors through Hoogsteen hydrogen bonds (eight per
quartet). The formation of G-quartets requires the presence
of cations, which bind speciﬁcally to guanine O6 carbonyl
groups between the planes of the G-quartets. Because of the
cation coordination and stacking interactions, monomolecular quadruplexes are remarkably stable and fold readily.
Quadruplexes possess unique optical properties in the
long-wavelength range of the ultraviolet (UV) region
that distinguish them from other secondary structures
(10–12). Quadruplex-formation assays, which exploit this
quadruplex signature to study enzymes that cleave DNA
(13) or facilitate strand-exchange reactions (10), have been
developed earlier. Speciﬁcally, when d(GGTTGGTGTGG
TTGG), the thrombin binding aptamer (TBA) (6), is
incorporated into DNA substrates, it absorbs signiﬁcantly
less at 300 nm than when cleaved and allowed to form a
quadruplex. On enzymatic activity (i.e. strand cleavage or
strand-exchange), the released sequence folds into a
quadruplex and becomes visible through a spectrophotometer monitoring at 300 nm. Recently, we reported that the
free energy of quadruplex formation can be used to drive
isothermal ampliﬁcation of DNA or quadruplex priming
ampliﬁcation (QPA) (14). This work used the d(GGGTG
GGTGGGTGGG) (G3T) sequence, which is based on a
DNA aptamer selected for binding to HIV-1 integrase
(15). A key feature of QPA is that the G3T sequence is
capable of forming a quadruplex with signiﬁcantly more
favorable thermodynamics than the corresponding DNA
duplex. The primer, which is a truncated version of G3T, is
designed to spontaneously fold into a monomolecular
quadruplex on elongation (14). In addition, we also
reported that G3T with 2-aminopurine (2AP) (Figure 1)
incorporated at the fourth position demonstrated a remarkable 100-fold increase in ﬂuorescence on quadruplex
formation, which allows simple and effective quantiﬁcation without extra probe molecules (14). With excitation
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Figure 1. Structures of 2AP and 6MI.

and emission wavelengths of 310 nm and 370 nm, respectively, 2AP is a ﬂuorescent analog of adenine, forms
Watson–Crick base pairs with thymidine (16,17) and has
a high quantum yield (0.68) as a free base in aqueous solutions at physiological pH (18). On incorporation into
duplex structures, its ﬂuorescence is signiﬁcantly
quenched, whereas partial quenching is observed even in
unpaired single-stranded regions. Thus, 2AP has been
widely used to study nucleic acid structures (19,20),
including quadruplex loops (21–24), and to probe
enzyme-induced effects on nucleic acid structure (25–27).
Another class of highly ﬂuorescent nucleotides that are
structurally similar to purines and signiﬁcantly quenched
by adjacent nucleotides are pteridines. There are three
highly ﬂuorescent pteridine analogs: 3-methyl isoxanthpterin (3MI) (Ex348, Em431), 6-methylisoxanthopterin
(6MI) (Ex340, Em430) and 4-amino-6-methyl-8-(2-deoxyD-ribofuranosyl)-7(8H)-pteridone
(6AMP)
(Ex330,
Em435) with quantum yields of 0.88, 0.70 and 0.39 as
monomers, respectively (28). 6MI is a guanine analog
that perfectly base pairs with cytosine (Figure 1) (29).
In the present work, we investigated the ﬂuorescence
properties of 2AP and 6MI in loop positions of TBA
and G3T. These sequences were selected because of the
fact that in the presence of K+ ions, they form monomolecular quadruplexes with different topologies. TBA folds
into an antiparallel quadruplex with lateral loops (two TT
and one TGT) (30–32), whereas G3T folds into a parallel
quadruplex with three chain-reversal T loops (33,34)
(Figure 2). The present study shows that quadruplexes
are efﬁcient scaffolds to unleash emission of ﬂuorescent
nucleotides; on quadruplex formation, the ﬂuorescence
emission of 2AP and 6MI approaches the level observed
for the free nucleotides. In addition, both quadruplexes
are good scaffolds for QPA primers. These studies reveal
new strategies for the design of highly sensitive probes for
QPA and other DNA-based diagnostics.
MATERIALS AND METHODS
DNA oligonucleotides (see Table 1) were obtained from
Integrated DNA Technologies and Fidelity Systems. The
concentration of the DNA oligonucleotides was

Figure 2. Schematic diagrams showing TBA (A) and G3T (B) quadruplexes. TBA folds into an antiparallel quadruplex with three lateral
loops: two TT and one central TGT (A), whereas G3T demonstrates
parallel topology with three chain-reversal T loops (B).

determined by measuring UV absorption at 260 nm as
described earlier (35). Unless otherwise noted, all measurements were performed in 10 mM of Tris–HCl pH 8.7,
with the ionic strength adjusted by addition of appropriate
salts as indicated in the ﬁgure and table legends.
To determine melting temperatures, UV absorption was
recorded at either 240 nm, 260 nm or 295 nm as a function
of temperature using a Varian UV–visible spectrophotometer (Cary 100 Bio). Fluorescence measurements of 2AP
(Ex 310 nm, Em 370 nm) and 6MI (Ex 340 nm, Em
430 nm) were performed using a Varian spectrophotometer (Cary Eclipse). Circular dichroism (CD) spectra were
obtained with a Jasco-815 spectropolarimeter. All optical
devices were equipped with thermoelectrically controlled
cell holders. Fluorescence quenching experiments were
performed by adding aliquots of 4 M acrylamide directly
into quartz cells containing oligonucleotide solutions. In a
typical experiment, oligonucleotide samples were mixed
and diluted into the desired buffers in optical cuvettes.
The solutions were incubated at 95 C for a few minutes
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Table 1. Relative ﬂuorescence intensities (F) of 2AP and 6MI within DNA quadruplexes, and melting temperatures (Tm) and van’t Hoff
enthalpies (HvH) derived from UV unfolding proﬁlesa
Oligonucleotide
GGTTGGTGTGGTTGG
GGATGGTGTGGTTGG
GGTAGGTGTGGTTGG
GGTTGGAGTGGTTGG
GGTTGGTGAGGTTGG
GGTTGGTGTGGATGG
GGTTGGTGTGGTAGG
GGGTGGGTGGGTGGG
GGGAGGGTGGGTGGG
GGGTGGGAGGGTGGG
GGGTGGGTGGGAGGG
GGGAGGGTGGGAGGG
GGGAGGGAGGGAGGG
GGGGGGGCGGGCGGG

F (a.u.)
TBA
TBA-3
TBA-4
TBA-7
TBA-9
TBA-12
TBA-13
G3T
G3T-ATT
G3T-TAT
G3T-TTA
G3T-ATA
G3T-AAA
G3T-GCC

28
1
70
1
32
1
80
85
85
174
240
67

Tm ( C)

HvH (kcal/mol)

48.0
40.5
50.0
40.0
40.5
40.0
50.0
90.0
85.5
85.3
84.8
78.5
73.5
78.0

36
30
38
33
32
30
38
64
54
55
55
50
46
55

a
F values were normalized by ﬂuorescence intensity of the G3T-ATT duplex; Tm values (within ±0.5 C) and HvH values (within ±10%) were
derived from the UV melting curves at a concentration of 4 mM per strand; TBA and variants are measured in 50 mM of KCl, 10 mM of Tris–HCl
pH 8.7; G3T and variants are measured in 10 mM of KCl, 10 mM of Tris–HCl pH 8.7; italicized letters indicate the position of ﬂuorescent
nucleotides: A corresponds to 2AP and G corresponds to 6MI; in the case of TBA sequences, the number corresponds to the position of 2AP
(i.e. TBA-3 has 2AP in the third position).

in the cell holder before ramping to the desired starting
temperature. In the case of DNA duplexes, to ensure that
the quadruplex-forming sequence formed a double helix
with its complementary strand, the sequences were ﬁrst
annealed in CsCl- and MgCl2-containing buffers. After
annealing by heating at 95 C, the temperature was
ramped to the desired starting temperature, KCl was
added and the melting experiments were performed at a
heating rate of 0.5 or 1 C/min. The melting curves allowed
an estimate of melting temperature, Tm, the midpoint temperature of the unfolding process. Van’t Hoff enthalpies,
HvH, were also calculated using the following equations:
HvH = 4 R Tm2 da/dT in the case of monomolecular
quadruplexes and HvH = 6 R Tm2 da/dT in the case of
bimolecular DNA duplexes, where R is the gas constant
and da/dT is the slope of the normalized optical absorbance or ﬂuorescence versus temperature curve at the
Tm (36).
RESULTS
CD measurements
CD spectroscopy is a sensitive technique for estimating
secondary structure and folding topology of DNA
quadruplexes. By comparative analysis of CD spectra
and structural data of quadruplexes with T-loops, the following spectral characteristics have been observed: antiparallel quadruplexes demonstrate positive CD peaks at
245 nm and 295 nm and a negative peak at 265 nm,
whereas parallel quadruplexes show a strong positive band
at 265 nm and a negative peak of lesser intensity at
240 nm (37–39). In addition, characteristics of parallel
quadruplexes also include a minor positive peak at
305 nm (37,40–42).
Figure 3A shows CD spectra of wild-type (WT) and
2AP-containing TBA quadruplexes in 50 mM of KCl,
10 mM of Tris, pH 8.7 at 20 C. Spectra are consistent
with an antiparallel fold (Figure 2A), and 2AP

incorporation at different positions insigniﬁcantly
changes the CD proﬁle. The spectra of WT, 2AP- and
6MI-containing G3T quadruplexes (Figure 3B) correspond to parallel folding (Figure 2B) with a negative
peak at 242 nm and two positive peaks at 262 nm and
305 nm. Thus, T ! 2AP or T ! 6MI substitutions did
not have a measurable effect on the secondary structure of
either of the quadruplexes examined in this work.
Fluorescence spectroscopy
Figure 4 demonstrates ﬂuorescence spectra of TBA (A)
and G3T (B and C) quadruplexes with incorporated ﬂuorescent nucleotides (2AP and 6MI). In the case of TBA,
2AP was incorporated into all loop positions with the exception of the central guanine in the TGT loop. This
position was not altered, as (i) the central guanine is important for TBA stability (43) and (ii) we did not expect to
observe signiﬁcant ﬂuorescence intensity at this position
because of guanine stacking interactions with the upper
G-quartet of the quadruplex (30–32). T ! 2AP substitutions at positions 4, 9 and 13 resulted in efﬁcient
quenching of 2AP ﬂuorescence to the same level as that
of 2AP incorporated into the duplex DNA. In contrast,
T ! 2AP substitution at position 7 revealed a 70-fold
increase in the ﬂuorescence signal, whereas 2AP at positions 3 and 12 demonstrated similar 30-fold increases
(Figure 4A and Table 1). Thus, the observed ﬂuorescence
emission intensities follow the order: TBA-7 > TBA-3 &
TBA-12 > TBA-4 & TBA-9 & TBA-13. It is interesting
that a similar order was observed in ﬂuorescence
quenching experiments (Supplementary Material). This
latter study, which uses acrylamide as a collisional
quencher, suggests that accessibility of 2AP is proportional to its ﬂuorescence intensity.
Singe T ! 2AP substitutions at all loop positions of
G3T demonstrate similar (85-fold) increases in ﬂuorescence relative to the DNA duplex level (Figure 4B and
Table 1). Thus, all loop positions in G3T reveal equal
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Figure 3. CD spectra of oligonucleotides with incorporated ﬂuorescence nucleotides. (A) WT TBA and six variants with T ! 2AP substitutions at different positions (see Table 1); (B) WT G3T and ﬁve
variants with T ! 2AP substitutions (see Table 1) and one with a
6MI nucleotide in the fourth position. All samples were in 50 mM of
KCl, 10 mM of Tris–HCl pH 8.7 at 20 C.

ﬂuorescence effects, whereas in the case of TBA, three
different ﬂuorescence levels were observed. We also incorporated two or three 2AP nucleotides into the G3T
sequence. As expected, the ﬂuorescence intensity increased
two- and three-fold, respectively, relative to the singlesubstituted variants (see Table 1).
To demonstrate that G3T is a suitable scaffold for other
ﬂuorescent nucleotides, we tested the highly ﬂuorescent
pteridine analog 6MI. The results of 6MI incorporation
at position 4 of G3T are shown in Figure 4C, and they
reveal a 67-fold increase in ﬂuorescence on quadruplex
formation.
UV unfolding experiments
Temperature-dependent unfolding of DNA duplexes is
accompanied by an increase in absorbance at 260 nm,
whereas quadruplexes can be monitored at several different wavelengths (10,11,44). To determine a suitable optical
window for monitoring quadruplex unfolding, we
recorded UV spectra of all G3T variants in the presence
and absence of 15 mM K+ ions, which revealed three main
peaks around 240 nm, 260 nm and 295 nm for all oligonucleotides (data not shown). The melting proﬁles at these
wavelengths reveal common transitions corresponding to
quadruplex unfolding. As UV measurements at 295 nm
are sensitive only to quadruplex unfolding (34), further
UV melting experiments were performed at 295 nm. The
melting proﬁles reveal monophasic transitions, which are
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Figure 4. Fluorescence spectra of the quadruplexes with 2AP and 6MI
nucleotides at different positions. (A) Effect of 2AP incorporation on
TBA ﬂuorescence: TBA-3 (open square), TBA-4 (ﬁlled circle), TBA-7
(ﬁlled square), TBA-9 (open circle), TBA-12 (open triangle) and
TBA-13 (ﬁlled triangle). (B) Effect of 2AP incorporation on G3T ﬂuorescence: G3T-ATT (ﬁlled square), G3T-TAT (ﬁlled circle) and
G3T-TTA (open circle). (C) Effects of 6MI incorporation on G3T
ﬂuorescence: G3T-GCC in 50 mM of KCl (ﬁlled circle), in 50 mM of
CsCl (ﬁlled square) and G3T-GCC duplex in 50 mM of CsCl (open
circle).

characteristic of a two-state process. To conﬁrm that the
transition is monophasic, an additional dual wavelength
test was performed (45). 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 (45).
UV unfolding experiments of TBA sequences demonstrate destabilization and stabilization effects of T ! 2AP
substitutions (Table 1). Substitution of 2AP at positions 3,
7, 9 and 12 is accompanied by decrease in Tm relative to
WT TBA, whereas 2AP at positions 4 and 13 results in a
2 C increase in Tm. T ! 2AP (Table 1) and T ! 6MI (see
later in the text) substitutions in G3T demonstrate destabilization effects relative to WT G3T. The van’t Hoff
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Figure 5 demonstrates ﬂuorescence unfolding experiments
of G3T sequence with 6MI in position 4 (G3T-GCC)
and truncated variants in 15 mM of KCl, 35 mM of
CsCl and 2 mM of MgCl2. WT G3T-GCC unfolds with
a TM of 87 C. Deletion of a single guanine at the 30 -end
signiﬁcantly destabilized the quadruplex (middle curve,
Figure 5); however, it was still able to create some structure at lower temperatures. Deletion of two 30 -guanine
nucleotides completely inhibited quadruplex formation
(lower curve). The results are in good agreement with
similar data obtained with G3T-ATT sequences (14).
The ﬂuorescence melting of the G3T-AAA and G3TGCC duplexes was studied in 15 mM of KCl, 35 mM of
CsCl and 2 mM of MgCl2 (Figure 6). To ensure that the
G3T sequences formed duplexes with their complementary
strands, DNA oligonucleotides were annealed in the
absence of KCl, which was added later. The heating
curves (solid lines, Figure 6) reveal two separate transitions
corresponding to duplex unfolding at lower temperatures
and quadruplex unfolding at higher temperatures. Duplex
unfolding is accompanied by an increase in ﬂuorescence
because of quadruplex formation, whereas quadruplex
unfolding is accompanied by a ﬂuorescence decrease
because of 2AP and 6MI quenching by adjacent guanines
in unstructured sequences. The quadruplex structure completely refolds back during the cooling process (dashed line,
Figure 6). In the case of G3T-AAA, no duplex formation
was observed (Figure 6A), whereas in the case of G3T-GCC
(Figure 6B), 25% of the sequences formed duplex structure on cooling.
DISCUSSION
Fluorescence of 2AP
The ﬂuorescence of 2AP is sensitive to interaction with
adjacent nucleotides. As a result, its high quantum yield
(0.68) is reduced up to 100-fold on incorporation into a
DNA duplex (18). Unfolding of the DNA double helix
into unstructured single strands is typically accompanied
by only a several-fold increase in ﬂuorescence. Thus, although 2AP has the potential to be a sensitive probe, its
ﬂuorescence is signiﬁcantly quenched by adjacent nucleotides even in unstructured single strands. One advantage
of 2AP and other ﬂuorescent nucleotides over externally
attached tags is that they can be readily incorporated into
oligonucleotides during solid-phase synthesis. Although
the use of 2AP in DNA detection has been previously
attempted (46,47), the sensitivity was generally believed
to be insufﬁcient for polymerase chain reaction applications. Recently, we have discovered that quadruplex formation of G3T-ATT is accompanied by a release of 2AP
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Figure 5. Fluorescence unfolding proﬁles of G3T-GCC quadruplex
(upper curve) and its truncated versions missing one guanine at
30 -end (middle curve) and missing two guanines at 30 -end (lower
curve) in 15 mM of KCl, 35 mM of CsCl, 2 mM of MgCl2, 10 mM of
Tris–HCl at pH 8.7.
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enthalpy, HvH, estimated from shape analysis for WT
and variant TBA revealed values between 30 and
38 kcal/mol, which are in reasonable agreement with
previously published data (43,44). The same parameter
for WT and variant G3T is between 46 and 64 kcal/
mol, which is also in reasonable agreement with previous
measurements (34).
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Figure 6. Fluorescence heating (solid) and cooling (dashed) curves of
G3T-AAA (A) and G3T-GCC (B) duplexes in 15 mM of KCl, 35 mM of
CsCl, 2 mM of MgCl2, 10 mM of Tris–HCl at pH 8.7.

ﬂuorescence to the same level as that of its free state,
which allows accurate quantiﬁcation of DNA amplicons
(14). Here, we probe the effect of 2AP incorporation at
different positions in the following two DNA quadruplexes: TBA, which folds into an antiparallel quadruplex
(Figure 2A), and G3T, which adopts a parallel structure
(Figure 2B).
2AP ﬂuorescence in the TBA quadruplex
The emission of 2AP ﬂuorescence tested in all T positions
of TBA reveals three distinct levels (see Figure 4A and
Table 1); in positions 4, 9 and 13, 2AP is efﬁciently
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quenched to the same level as that of 2AP incorporated
into DNA duplexes; in positions 3 and 12, we observe
30-fold increase in ﬂuorescence on quadruplex formation and the highest ﬂuorescence signal (70-fold
increase) is observed in position 7. These results are in
good correlation with structural studies (30–32). Speciﬁcally, nuclear magnetic resonance (NMR) data revealed
the probable formation of a T4T13 base pair across the
G-quartet based on an observed nuclear Overhauser effect
between the imino protons of these nucleotides. In
addition, a nuclear Overhauser effect between the T4
and G5 and T13 and G14 imino resonances was also
observed, indicating a strong stacking interaction
between the T4T13 base pair and the G-quartet (30).
X-ray crystallography also suggests formation of the
T4T13 base pair and its stacking to the G-quartet (31).
Interestingly, T4 and T13 were invariant in all of the
selected TBA aptamers (6), suggesting a speciﬁc role of
these loop nucleotides in the quadruplex structure. The
efﬁcient quenching of 2AP nucleotides in positions 4 and
13 can be explained by formation of a 2APT13 base pair
in TBA-4 (see Table 1) and a T42AP base pair in TBA-13
and their stacking to the adjacent G-quartet. The electron
density of T3 and T12 was not well deﬁned, and it was
suggested that these nucleotides do not interact with the
adjacent nucleotides and are accessible to the solvent (31).
In agreement with these observations, our ﬂuorescence
measurements reveal signiﬁcant emission of 2AP incorporated at these positions (Figure 4A and Table 1). Another
interesting structural feature of TBA is that T9 interacts
with the guanine of the TGT loop and the adjacent
G-quartet, whereas T7 is at right angles to the G-quartet
and is fully accessible to the solvent (31,32). In agreement
with this structure, our measurements show the highest
2AP ﬂuorescence signal at position 7 and complete
quenching at position 9 (see Table 1).
2AP ﬂuorescence in the G3T quadruplex
Antiparallel folding of the TBA quadruplex (Figure 2A)
is a consensus of three independent structural studies
(30–32), and the ﬂuorescence data reported here are
consistent with this fold. In the case of G3T, an earlier
NMR study suggested that (GGGT)4 possesses an
antiparallel fold with two G-quartet and two TGTG
loops (48). However, more recent NMR (33) and thermodynamic analyses (34) are consistent with a parallel fold.
In addition, incorporation of 2AP into the fourth position
of G3T revealed strong ﬂuorescence emission comparable
with that of a free base (14). The latter strongly supports
parallel folding of G3T with single-nucleotide chainreversal loops, and it can be explained by completely
exposing the loop nucleotide to the solvent, as both
adjacent guanines of 2AP are immobilized in G-quartets
without any possibility of stacking and quenching the
ﬂuorophore (Figure 2B). Note that only T ! 2AP
exchange in position 9 of TBA, which is completely
open to the solvent (31,32), reveals comparable ﬂuorescence effect. All other loop nucleotide exchanges in the
TBA quadruplex demonstrate negligible or signiﬁcantly
lower ﬂuorescence levels (see previous section).

The results reported here are also consistent with a
parallel fold for G3T. As shown in Figure 4B and
Table 1, T ! 2AP substitutions at all loop positions of
G3T demonstrate a similar 85-fold increase in ﬂuorescence relative to the DNA duplex level, which indicates
that G3T possesses identical single nucleotide loops as
shown in Figure 2B. The data are not consistent with an
alternative antiparallel folding with two G-quartets with
lateral GT loops based on the thermal stability of the
quadruplexes. Speciﬁcally, the antiparallel quadruplex
with two G-quartets revealed a Tm <50 C in the
presence of 50 mM of KCl (44), whereas at the same
ionic strength, G3T demonstrates unusually high stability
with a Tm &100 C (34). Folding the antiparallel
quadruplex with three G-quartets with lateral single
T-loops also seems unreasonable for G3T, as (i) such
loops completely inhibit quadruplex formation (43) and
(ii) addition of the third G-quartet with most favorable
TT and TGT loops would increase Tm only by 18 C (43).
Thus, the present result, that all three T ! 2AP exchanges
demonstrate almost identical ﬂuorescence effects, strongly
supports parallel folding of G3T with three chain-reversal
T-loops.
The ﬂuorescence of a single 2AP can be used to monitor
DNA ampliﬁcation in QPA (14). The present study
revealed that G3T sequences with two and three 2AP nucleotides amplify the signal further; the effect of each 2AP
is additive (Table 1).
Fluorescence of 6MI in G3T
One of the most important factors limiting the yield of
speciﬁc polymerase chain reaction product is the competition between primer binding and self-annealing of the
product (49). An advantage of QPA primers is their
self-dissociation, which allows micromolar concentrations
of prode molecules to be generated (14). Thus, probe molecules in QPA have the potential to be detected by the
unaided eye. However, 2AP emits at a wavelength of
370 nm, which is out of the visible range. In addition,
the background ﬂuorescence is high because of excitation
in the UV range. Designing QPA probes with different
emission wavelengths is also desirable for multiplex
purposes. Pteridine nucleotides, such as 6MI, ﬂuoresce
in the visible range, and they are also efﬁciently
quenched on incorporation into DNA strands (28,29).
Here, we show that quadruplex formation of G3T-GCC
is accompanied by a 68-fold increase in ﬂuorescence
(Figure 4B), which demonstrates that 6MI has the potential to be used in QPA applications.
Effect of 2AP and 6MI on stability of quadruplexes
Although thermodynamic parameters of duplexes can be
estimated from nearest-neighbor analysis of equilibrium
unfolding (50), effects of nucleotide exchanges in loop positions have to be experimentally determined. Thermal unfolding data for G3T sequences measured in 10 mM of
KCl (Table 1) show that the single T!2AP substitution in
all three positions results in similar destabilization effects,
with a Tm decrease of 5 C. The effect is proportional to
the number of 2AP nucleotides incorporated (e.g. Tm of
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G3T-AAA is reduced to 16 C). Single T!2AP substitutions are accompanied by an 14% decrease in enthalpy,
whereas two and three base substitutions result in a 22 and
28% decrease, respectively. Within the experimental error
of HvH (±10%), these effects are also proportional to
the number of 2AP nucleotides. This thermodynamic
study is in good agreement with the ﬂuorescence results,
demonstrating the additive nature of the ﬂuorescence of
G3T with multiple 2APs. The Tm data reported here are in
reasonable agreement with similar studies using
T(GGGT)4 sequence with loop modiﬁcations whose
T ! A exchanges resulted in an 8 C decrease in Tm (51).
To understand the nature of the destabilization effect of
the T ! 2AP substitution, initial (quadruplex) and ﬁnal
(unfolded single-strand) states of the unfolding process
must be considered. The present ﬂuorescence data
suggest little or no interaction between the loop nucleotides and the G-quartets of folded quadruplexes.
Interestingly, Rachwal et al. (51) found that the most
stable quadruplex is formed with 1,2-dideoxyribose
linkers in the loop positions, which suggested that
speciﬁc interactions with the loop bases are not necessary
for quadruplex formation. Thus, the T ! 2AP change is
not likely to affect the quadruplex structure, and the destabilization observed may be because of increased rigidity
of the unfolded G3T (as purine bases are better stacking
partners for guanines than pyrimidines). In other words,
the destabilization effect of T ! 2AP substitutions is
likely to be attributed to the stronger interaction of 2AP
with neighboring guanines in unstructured G3T, which
has to be overcome during rearrangement of the
sequence into four G-tracks to form a monomolecular
quadruplex. Interestingly, A ! 2AP exchanges at different loop positions in human telomere quadruplexes did
not reveal any destabilization effects (24), as this substitution does not signiﬁcantly alter base stacking after
quadruplex formation. The latter supports our suggestion
that destabilization on T ! 2AP substitution is mainly
because of differences in stacking interactions.
Thermal unfolding data for the G3T-GCC quadruplex
(data not shown) measured at 10 mM of KCl revealed a
12 C and 15% reduction in Tm and HvH, respectively
(Table 1). The destabilization effect can be attributed
entirely to T ! 6MI substitution, as C nucleotides in
loop positions do not have any measurable inﬂuence on
the thermodynamic parameters [(51); Kankia, unpublished data]. The quadruplex destabilization effect of
6MI is signiﬁcantly higher than that of 2AP or A. The
stronger destabilization can be attributed to the more
hydrophobic nature of 6MI, which further facilitates
stacking interactions and makes quadruplex formation
less favorable.
The TBA quadruplex reveals destabilization and stabilization effects on T ! 2AP substitutions (Table 1). All
three loop positions (3, 7 and 12) reveal an 8 C decrease
in stability relative to WT TBA (Table 1). As in the case
of G3T, this can be attributed to stronger stacking
interactions in the unfolded TBA sequence. The destabilization effect for TBA is stronger than the effect for G3T
(8 C versus 5 C), which may be explained by signiﬁcantly
higher overall stability of the G3T quadruplex

(Tm = 90 C) relative to TBA (Tm = 48 C) (Table 1).
Interestingly, 2 C stabilization effects were observed
on substitution of positions for the positions 4 and 13
with 2AP; these nucleotides are involved in speciﬁc interactions within the quadruplex. Speciﬁcally, NMR studies
reveal base pairing between T4 and T13 and strong
stacking interactions between the base pair and neighboring G-quartet (30). The stabilization effect is likely
because of formation of almost perfect T4(2AP)13 or
(2AP)4T13 base pairs relative to the T4T13 mismatch
in the WT sequence. As the 2 C stabilization effect is a
sum of (i) stabilization caused by T2AP base-pairing and
(ii) destabilization (8 C) because of 2AP stacking with a
neighboring guanine, we estimate 10 C as a net stabilization effect for T2AP base-pairing.
Primer requirements of QPA
Isothermal QPA uses a primer derived from a quadruplexforming sequence, which binds to complementary target
site. Following polymerase elongation, the quadruplex
forms and dissociates from the target site, which allows
next round of priming without temperature cycling. In
addition, the newly formed ﬂuorescent quadruplexes
should stay folded in the presence of complementary sequences. G3T-AAA and G3T-GCC sequences, which were
tested for these requirements, represent the most unstable
and the most stable quadruplex structures, respectively.
Fluorescence unfolding of the 15-nt G3T-GCC quadruplex and its truncated variants (Figure 5) demonstrates
that deletion of even a single guanine inhibits quadruplex
formation, as desired for QPA. However, the 14-nt primer
has a higher ﬂuorescence background (Figure 5), making
the 13-nt truncated version a better primer for QPA.
The melting curve of the G3T-AAA duplex reveals the
following two transitions: ﬁrst, duplex unfolding occurs at
57.5 C accompanied by a ﬂuorescence increase because of
quadruplex formation and then quadruplex unfolding
occurs at 85.0 C (Figure 6A). The duplex unfolding temperature is signiﬁcantly lower than the melting temperature of the same duplex with AT base pairs, 69 C,
estimated from nearest-neighbor analysis of equilibrium
unfolding (50). The difference is likely because of (i) the
destabilizing effect of 2APT base pairs and (ii) the
presence of K+ ions in the melting experiments (see
Figure 6), which destabilize the duplex by driving
quadruplex formation (14). In support of this, melting
experiments of a G3T-AAA duplex in the absence of
quadruplex forming cation (50 mM of CsCl and 2 mM
of MgCl2) demonstrated a Tm of 64 C (data not shown).
The cooling curve (Figure 6A, dashed line) shows that the
second transition corresponding to quadruplex refolding
is completely reversible; however, duplex formation is
not reversible, which indicates that the complementary
strand is not able to invade the already folded quadruplex
even at lower temperatures. This experiment indicates
that quadruplexes formed by polymerase elongation will
indeed stay folded during QPA reactions, and as a result,
primer binding sites will be accessible for the next primers.
The G3T-GCC duplex unfolds at a signiﬁcantly higher
temperature, 73.5 C, which is followed by immediate
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quadruplex unfolding at 87.0 C (Figure 6B). The UV
melting experiment of the G3T-GCC duplex in the
absence of a quadruplex forming cation (50 mM of CsCl
and 2 mM of MgCl2) demonstrated a Tm of 78 C (data not
shown), which reveals a 2.7 C destabilization effect of
6MIC base pair when compared with the nearestneighbor estimation for perfectly base paired G3T-GCC
sequence under the same experimental conditions (50).
The slight destabilization effect of 6MIC base pairing
agrees well with the previous reports showing that the
melting temperatures of 6MI-containing duplexes are
almost identical to those of control G-containing sequences (29).
The G3T-GCC duplex cooling curve reveals 25%
duplex refolding, which is undesired for QPA. To avoid
any refolding of the G3T-GCC duplex, duplex and
quadruplex unfolding temperatures can be separated by
increasing K+ ion concentration, which has a destabilizing
effect on the G3T duplex and a stabilizing effect on the
G3T quadruplexes (14). Taken together, our data suggest
that both the G3T-AAA sequence, containing three 2AP
modiﬁcations and the G3T-GCC sequence having 100%
GC content, can be used as primers in QPA assays.
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