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• Driving force of QPA comes from the
thermal stabilities of primer/template
and quadruplex.

• Purine bases incorporated at loop
positions significantly destabilize the
quadruplex.

• 5′-End dinucleotide extension also
destabilizes the quadruplex.
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Scheme showing linear QPA, which isothermally amplifies the DNA signal and allows real-time monitoring
through incorporated fluorescence nucleotides.
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Quadruplex priming amplification (QPA) allows isothermal amplification of nucleic acids with improved yield
and simplified detection. This assay is based on a DNA quadruplex, GGGTGGGTGGGTGGG (G3T), which in the
presence of specific cations possesses unusually high thermal stability. QPA employs truncated G3T sequences
as primers, which upon polymerase elongation, self-dissociate from the binding site and allow the next round
of priming without thermal unfolding of amplicons. The rate of amplification strongly depends on the thermal
stability of the primer/primer binding site (PBS) complex and to date QPA has been demonstrated to work
over a narrow temperature range. To expand the capabilities of QPA, in the present study, we studied the fold
and thermodynamic properties of the wild-type G3T and variants containing sequence modifications or
extensions at the 5′-end. Circular dichroism studies demonstrate that the substitution of thymidines by other
nucleotides or GC addition at the 5′-end does not change the parallel fold of G3T. Thermal unfolding experiments
revealed that purine bases incorporated at loop positions and 5′-end dinucleotide extension significantly
destabilize the quadruplex, while loop pyrimidines have almost no effect. Overall, the results of these studies
suggest that linear isothermal QPA can be performed over a wide temperature range to accommodate both
thermophilic and mesophilic DNA polymerases.
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Table 1
Melting temperatures (Tm) of the WT G3T quadruplex and variants under different
buffer conditions.

Oligonucleotide Name Tm (°C)

5 mM K+ 10 mM K+ 15 mM K+

GGGTGGGTGGGTGGG G3T-TTT 84.0 89.0 N94
GGGCGGGTGGGTGGG G3T-CTT 84.0 88.5 N94
GGGCGGGCGGGTGGG G3T-CCT 83.5 88.0 N94
GGGCGGGCGGGCGGG G3T-CCC 82.0 87.0 N94
GCGGGTGGGTGGGTGGG GC-G3T-TTT 76.0 82.0 86.0
GCGGGCGGGTGGGTGGG GC-G3T-CTT 76.0 81.5 85.0
GCGGGCGGGCGGGTGGG GC-G3T-CCT 74.0 81.0 85.0
GCGGGCGGGCGGGCGGG GC-G3T-CCC 73.0 79.0 84.0

Tm values (within ±0.5 °C) were derived from UVmelting curves measured at a concen-
tration of ~4 μM per strand. Italicized letters indicate the position of loop nucleotides and
bold letters correspond to attachments at the 5′-end. All buffers contained 2 mM MgCl2
and 50 mMmonovalent cations (K+ + Cs+).
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1. Introduction

DNA quadruplexes or G-quartets are involved in the regulation of
gene expression and are present in telomeres at the ends of chromo-
somes and in viral RNA systems [1–6]. G-quartets are also found in
DNA aptamers [7–10], which are useful in biotechnological and thera-
peutic applications, as they offer molecular recognition properties that
rival that of the commonly used antibodies. G-quartets are formed by
four guanine residues, which are associated in a square planar configu-
ration. Each guanine interacts with its two neighbors through
Hoogsteen hydrogen bonds. The formation of G-quartets requires the
presence of cations, such as K+, which bind specifically to guanine O6
carbonyl groups between theplanes of theG-quartets. Due to this cation
coordination and stacking interactions, quadruplexes are remarkably
stable and fold readily. This is particularly true for monomolecular
quadruplexes, which are formed by stacks of G-quartets connected to
each other by single-stranded loops.

One of the most thermally stable quadruplexes is formed by
d(GGGTGGGTGGGTGGG) (G3T) [11], which is a truncated version of a
DNA aptamer selected for binding to HIV-1 integrase [12]. This se-
quence folds rapidly into a monomolecular quadruplex with all parallel
G-tracts and chain-reversal single-loops [11,13]. In the presence of
50 mM K+ ions, the melting temperature, Tm, of G3T is ~100 °C, while
at the same ionic strength created in the presence of Cs+ ions (which
do not support quadruplex formation), the corresponding duplex un-
folds at 60 °C [14]. In addition, removal of one or two guanines from
the 3′-end of G3T inhibits quadruplex formation, and shorter duplexes
reveal similar values of Tm in the presence of both K+ and Cs+ ions
[14]. Based on these properties, our laboratory has developed an iso-
thermal DNA amplification assay, quadruplex priming amplification
(QPA), which employs truncated G3T sequences as primers [14,15].
Upon polymerase elongation, the primers regain their quadruplex
formation capability and due to their unusual thermodynamics, self-
dissociate from the target allowing the next round of priming without
thermal unfolding of amplicons. As a result, QPA is able to amplify
DNA isothermally [14,15], which is critical for DNA-based point-of-
care diagnostics [16]. In addition, G3T quadruplex formation represents
a convenientmolecular switch to turn on intrinsically fluorescent nucle-
otide analogs, which allows simple and effective quantification of
amplicons without extra probe molecules [14,17]. Specifically, 2-
aminopurine (2AP) and 6-methylisoxanthopterin (6MI) substituted
for thymidines in the 4th, 8th and 12th positions, demonstrated ~80-
fold increase in fluorescence upon quadruplex formation [17]. 2AP and
6MI are fluorescent analogs of adenine and guanine, respectively, and
are therefore capable of forming Watson–Crick base pairs with thymi-
dine [18,19] and cytosine [20].

Our recent studies revealed that the rate of linear QPA strongly de-
pends on the thermal stability of the primer/PBS complex. Therefore,
to perform QPA at different temperatures, primers with different sta-
bilities are needed [15]. We hypothesize that this can be achieved by
nucleotide substitution at the loop positions and/or changing the
length of the PBS. For example, to conduct QPA at higher tempera-
tures, C or G nucleotides may be incorporated at the loop positions
and/or a short oligonucleotide can be appended to the 5′-end. To con-
duct QPA at a lower temperature, one can use A and T nucleotides at
the loop positions and truncate the PBS at the 3′-end. In the present
work, to expand the temperature range and versatility of QPA, we
systematically studied the effect of nucleotide substitutions in loop
positions. We also studied the effect of short attachments and trunca-
tions at the 3′-end of the PBS. The results demonstrate that the substi-
tution of loop thymidines or GC attachment at the 5′-end does not
change the parallel fold of G3T. Thermal unfolding experiments re-
vealed that purine bases incorporated in loop positions and oligonu-
cleotide attachment at the 5′-end significantly destabilize the
quadruplex, while T → C loop substitutions have almost no effect.
Overall, these studies suggest that linear QPA can be performed over
a wide temperature range suitable for use with both thermophilic and
mesophilic DNA polymerases.
2. Materials and methods

DNA oligonucleotides (see Tables 1, 2 and 3) were obtained from
Integrated DNA Technologies and Fidelity Systems. The concentration
of the DNA oligonucleotides was determined by measuring UV absorp-
tion at 260 nm as described earlier [21]. Unless otherwise noted, all
measurements were performed in 10 mM Tris–HCl, pH 8.7, with the
ionic strength adjusted by the addition of appropriate salts as indicated
in the Figure and Table legends. Initially, we performed G3T unfolding
experiments in the presence of 10 mM HEPES pH 7.5; however these
final conditions were chosen to study quadruplex stabilities in the
buffer conditions suitable for DNA polymerases (50 mM monovalent
cations, 2 mM MgCl2). Since all loop positions are equally good for
turning on fluorescence signal [17], we investigated the role of loop
sequences in GGGAGGGNGGGNGGG and GGGGGGGNGGGNGGG se-
quences (assuming A and G in the 4th positions as analogs for 2AP
and 6MI). In addition, since purine nucleotides in loop positions desta-
bilize the quadruplex [17,22], we employed only T and C in the 8th
and 12th positions.

Melting temperatures were determined by recording UV absorption
at either 240 nm, 260 nm, or 295 nmas a function of temperature using
a Varian UV–visible spectrophotometer (Cary 100 Bio). Fluorescence
measurements of 2AP (ex 310 nm, em 370 nm) were performed
using a Varian spectrophotometer (Cary Eclipse). Circular dichroism
(CD) spectra were obtained with a Jasco-815 spectropolarimeter at
using 4 μM oligonucleotide solutions in 1 cm cells. All optical devices
were equippedwith thermoelectrically-controlled cell holders. In a typ-
ical experiment, oligonucleotide samples were mixed and diluted into
the desired buffers in optical cuvettes. The solutions were incubated at
95 °C for a fewminutes in the cell holder prior to 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 comple-
mentary strand, the sequences were first annealed in CsCl- and MgCl2-
containing buffers. After annealing by heating to 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 UV melting curves allowed an estimate of melting
temperature, Tm, the midpoint temperature of the unfolding process.
van't Hoff enthalpies, ΔHvH, were also calculated using the following
equations: ΔHvH = 4RTm2 (δα/δT) in the case of monomolecular
quadruplexes and ΔHvH = 6RTm2 (δα/δT) in the case of bimolecular
DNA duplexes. R is the gas constant and δα/δT is the slope of the
normalized optical absorbance or fluorescence versus temperature
curve at the Tm [23].



Table 2
Melting temperatures (Tm) and van't Hoff enthalpies (ΔHvH) derived from UV unfolding
profiles of the quadruplexes.

Oligonucleotide Name Tm (°C) ΔHvH (kcal/mol)

GGGAGGGTGGGTGGG G3T-ATT 91.0 55
GGGAGGGCGGGTGGG G3T-ACT 91.0 58
GGGAGGGTGGGCGGG G3T-ATC 91.5 55
GGGAGGGCGGGCGGG G3T-ACC 90.0 54
GGGGGGGTGGGTGGG G3T-GTT 92.0 56
GGGGGGGCGGGTGGG G3T-GCT 91.5 55
GGGGGGGTGGGCGGG G3T-GTC 91.5 56
GGGGGGGCGGGCGGG G3T-GCC 91.0 53a

Tm values (within ±0.5 °C) and ΔHvH (within ±10%) were derived from UV melting
curves at a concentration of ~4 μM per strand; the complex nature of G3T-GCC unfolding
precluded determination of ΔHvH value. Buffer: 15 mM KCl, 35 mM CsCl, 2 mM MgCl2,
10 mM Tris–HCl, pH 8.7.

a Value obtained in the presence of 7 mM KCl.
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Fig. 1. CD spectra of eight oligonucleotides listed in Table 2. All samples were in 15 mM
KCl, 35 mM CsCl, 2 mM MgCl2, 10 mM Tris–HCl pH 8.7 at 20 °C.
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3. Results and discussion

3.1. CD measurements

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 DNA quadruplexes
containing only G and T nucleotides, the following rules have been
established. Parallel quadruplexes, which are structures with all four
G-tracts having the same orientation, are characterized by a strong
positive peak at ~265 nm and a negative peak of lesser intensity
at ~240 nm. Antiparallel quadruplexes demonstrate positive CD bands
with maxima at ~245 nm and ~295 nm and a negative peak at
~265 nm [24–26]. The spectra of all quadruplexes studied here are
superimposable (Fig. 1) and correspond to parallel folding with a
negative peak at 242 nm and positive peak at 262 nm. Thus none of
the nucleotide substitutions at loop positions affected the overall con-
formation of the parallel fold of the G3T quadruplex.
3.2. Unfolding of quadruplexes

Temperature-dependent UV spectroscopy is a convenient tool for
studying thermal stability and for estimating van't Hoff thermodynam-
ics of DNA quadruplexes and duplexes. Unfolding of DNA duplexes is
usually monitored at 260 nm, while monomolecular quadruplexes can
Table 3
Melting temperatures (Tm) of DNA duplexes.

Duplex Tm (°C) ΔTm, Cs-K (°C)

Cs+ K+

G3T-TTT 71.5 (68.6) 60.5 11.0
G3T-CTT 75.0 (72.3) 66.5 9.5
G3T-CCT 78.0 (75.9) 70.0 8.0
G3T-CCC 81.5 (79.3) 74.5 7.0
GC-G3T-TTT 77.5 (74.3) 68.5 9.0
GC-G3T-CTT 79.0 (77.3) 73.0 6.0
GC-G3T-CCT 82.0 (80.3) 78.0 4.0
GC-G3T-CCC 84.0 (83.1) 82.0 2.0
5′-GGGCGGGCGGGTGGGCCCGCCCACCC
(G3T-CT)

65.5 (61.6) 51.5 14.0

5′-GGGCGGGTGGGTGGGCCCACCCACCC
(G3T-TT)

61.5 (55.9) 45.0 16.5

5′-GGGTGGGTGGGCGGGCCCGCCC (G3T-C) 47.0 (36.9) 22.5 24.5

Sequences of one strand of the first eight duplexes are in Table 1. Duplexeswere formed by
annealing to the complementary strands. Values in parentheses correspond to Tm of the
truncated duplexes (missing the last GC base pair) estimated from nearest-neighbor anal-
ysis. Measurements were performed either in K+ buffer (15 mM KCl, 35 mM CsCl, 2 mM
MgCl2, 10 mM Tris–HCl, pH 8.7) or in Cs+ buffer (50 mM CsCl, 2 mM MgCl2, 10 mM
Tris–HCl, pH 8.7). ΔTm, Cs-K corresponds to the Tm difference between duplexes in Cs+

and K+ buffers.
be characterized at 240 and 295 nm [11,27–29]. Initially we recorded
the UV spectra of the quadruplex forming sequences in the presence
(15 mM KCl, 35 mM CsCl, 2 mM MgCl2) and absence (50 mM CsCl,
2 mM MgCl2) of K+ ions. The UV difference spectra revealed three
peaks at 240 nm, 260 nm and 295 nm [11]. The melting profiles at
these wavelengths demonstrate common transitions with the same
values of Tm (data not shown). The quadruplex melting curves demon-
strated monophasic transition characteristic of a two-state process. To
confirm that the transition is a two-state process, an additional dual
wavelength testwas performed [30]. In particular, plots of the absorbance
at a particularwavelength (i.e., 240 nm) versus the absorbancemeasured
at a second wavelength (i.e., 295 nm) were linear (data not shown).
This linear dependence, observed for almost all sequences supports the
two-state nature of the transition [30]. Only the G3T-GCC quadruplex
(see Table 2) revealed a premelting process at K+ concentrations higher
than 7 mM, which did not affect the main transition (data not shown).
This additional peak could be induced by the formation of intermolecular
quadruplexes or non-specific DNA aggregates. Interestingly, the CDpro-
file of G3T-GCCmeasured in the presence of 15 mMK+ ions (Fig. 1) did
not reveal any difference from other sequences, which suggests that the
overall secondary structure of the quadruplex is not different from the
parallel folds of other quadruplexes.

Initially we performed thermal unfolding experiments of the wild-
type (WT) G3T quadruplex (G3T-TTT) with T → C substitutions in all
positions (Fig. 2 and Table 1). Themeasurements conducted in the pres-
ence of different amounts of K+ ranging from 5 to 15 mM (Table 1),
demonstrate that thermal stability is directly proportional to K+ con-
centration. In the presence of the highest K+ concentration, 15 mM,
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Fig. 2. UV melting profiles of G3T quadruplexes listed in Table 1 measured at 295 nm.
Profiles with thermal stabilities ~83 °C correspond to molecules with GC attachments
(GC-G3T-TTT (●), GC-G3T-CTT (○), GC-G3T-CCT (□), GC-G3T-CCC (■)). Incomplete
unfolding profiles correspond to molecules without GC attachments. Buffer: 15 mM KCl,
35 mM CsCl, 2 mMMgCl2, 10 mM Tris–HCl pH 8.7.
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the quadruplex unfolds ~100 °C, which did not allow us to record a full
unfolding profile and determine the exact value of Tm. Various T → C
substitutions measured in the presence of 5 and 10 mM K+ ions
(Table 1), did not reveal significant difference in the thermodynamic
properties of the quadruplex-forming sequences relative to WT. The
data are in good agreement with an earlier study, which revealed only
a 2 °C decrease in thermal stability upon all three T → C substitutions
and an insignificant decease in ΔHvH [22]. Quadruplexes with GC
appended at the 5′-end demonstrated similar behavior: (i) Tm increases
with increasing K+ concentration; and (ii) T → C substitution insignif-
icantly destabilizes the quadruplexes. However, the values of Tm for all
molecules are shifted to lower temperatures demonstrating an ~7 °C
destabilization effect of a 5′-GC attachment.

A T → A substitution in the 4th position of G3T reveals a significant
destabilization effect, ~4 °C, for all four molecules tested (Table 2).
Additional T → C substitutions at either position 8 or 12 did not show
any measurable effect relative to G3T-ATT. Simultaneous T → C substi-
tutions (G3T-ACC in Table 2) revealed an ~ 2 °C destabilization effect,
which is in good agreement with the present (G3T-CTT relative to
G3T-CCC, Table 1) and published [22] data. T → G substitutions at posi-
tion 4 (Table 2) are almost identical to the effects of T → A. This might
indicate that the destabilization effect is primarily the result of stronger
stacking interactions of purine bases with adjacent guanines in the un-
structured quadruplex, which has to be overcome during quadruplex
formation. The van't Hoff enthalpies,ΔHvH, are similar for all molecules,
~56 kcal/mol (Table 2) and are smaller than those of G3T sequencewith
all T loops (ΔHvH = 63 kcal/mol) [11]. The difference could be ex-
plained by the extra endothermic heat of base-stacking disruption in
the present sequences since they contain purine nucleotides in the 4th
positions (Table 2).

3.3. Unfolding of duplexes

The primer in QPA is a truncated version of G3T missing one G at the
3′-end. Therefore, it is unable to formaquadruplex and readily anneals to
the PBS. Upon polymerase elongation and G addition, the primer
dissociates spontaneously and forms a quadruplex. As a result, the PBS
is unpaired and ready for the next amplification event. One key feature
of QPA is that the primer/PBS complex has to be more stable than the
same complex after elongation (quadruplex/PBS complex). Therefore,
thermal unfolding experiments were performed for all DNA duplexes
listed in Table 3 in the presence and absence of K+ ions. The Tmvalues ob-
tained frommeasurements at 260 nm in Cs+ buffer (Table 3), agree well
with the estimated values from the nearest-neighbor analysis of equilib-
rium unfolding [31] also listed in Table 3. In the case of K+ buffer, to en-
sure that the G3T sequences are duplexed with the complementary
strands, the sequences were first annealed in buffer containing all com-
ponents except 15 mMKCl, whichwas added later. Melting experiments
were conducted at 260 nm (to monitor duplex unfolding) and 295 nm
(to monitor quadruplex folding and unfolding). Fig. 3 shows typical
unfolding experiments at 295 nm for all duplexes listed in Table 3 in
the presence of K+ buffer. Unfolding of the G3T-TTT duplex reveals two
transitions: a positive peak with the maximum at 60.5 °C and an incom-
plete transition above 80 °C (Fig. 3A). The positive peak is the result of
unfolding of the duplex and corresponds to the quadruplex formation
of the released G3T sequences. The quadruplex unfolds above 80 °C,
which is accompanied by a decrease at 295 nm and coincides with the
melting curves of quadruplexes alone (Fig. 2). As expected, simultaneous
monitoring of the unfolding experiment at 260 nm revealed only duplex
unfolding at 60.5 °C (data not shown). Thus, duplex unfoldingmonitored
both by (i) directmeasurement at 260 nmand (ii) quadruplex formation
upon duplex unfolding monitored at 295 nm, reveals the same results.
The T → C substitutions shifted the positive peaks to higher tempera-
tures, while quadruplex unfolding was unaffected (Fig. 3A and Table 3).

GC attachment to G3T-TTT significantly changes the melting profile
and reveals two successive transitions: (i) duplex unfolding, which is
shifted by 8 °C due to the stabilization effect of two extra G·C base
pairs; and (ii) quadruplex unfolding, with a Tm at ~85 °C. The decrease
in quadruplex Tm is induced by a destabilization effect of GC attachment
at the 5′-end (Fig. 2, Table 1). As expected, the T → C substitutions in
GC-G3T-TTT increase duplex stability, which results in overlapping du-
plex and quadruplex unfolding processes (Fig. 3B). Unfolding profiles
of 11-bp and 7-bp duplexes also demonstrate two separate transitions
for each duplex (Fig. 3C). As expected, thermal stabilities of the
duplexes are shifted to lower temperatures, while Tm values of
quadruplexes are not affected (see Fig. 3A).

Inspection of Table 3 reveals that the presence of K+ ions has a
destabilizing effect on all duplexes. For instance, in Cs+ buffer G3T-TTT
unfolds at 71.5 °C, while in K+ buffer thermal stability decreases to
60.5 °C. The destabilization is due to the non-equilibrium nature of
the transition in the presence of quadruplex-formingK+ ions; unfolding
of the duplex is accompanied by quadruplex formation of the released
strands, which inhibits the reverse reaction (duplex refolding) and as
a result, shifts it to lower temperatures. Previous UV melting experi-
ments of theG3T duplex in the presence of K+ ions performed at slower
heating rates (0.5 °C/min and 0.1 °C/min) shifted the transition to
lower temperatures [14], which further supports the non-equilibrium
nature of the transition. The highest destabilization, 24.5 °C, is observed
for the least stable 7-bp duplex and the lowest destabilization, 3 °C, is
observed for the most stable duplex, GC-G3T-CCC. The destabilizing
effect is inversely proportional to Tm values of the duplexes and is deter-
mined by the thermal stability of the quadruplexes (Fig. 4). The plot re-
veals two linear functions. The first one corresponds to DNA duplexes
containing quadruplexes with GC extensions and has a y-intercept of
86.5 °C and a slope of −1.2. A second transition is observed for the
duplexes without a 5′-GC extension, and has a y-intercept of 93.5 °C



Fig. 4. Correlation of Tm values of the quadruplexes with ΔTm, Cs-K values (see Table 3).

18 J. Mathias et al. / Biophysical Chemistry 185 (2014) 14–18
and a slope of −1.9. These two transitions reflect the fact that thermal
stabilities of G3T-TTT or GC-G3T-TTT quadruplexes are insensitive to
T → C substitutions, while significant destabilization is induced by the
5′-GC extension. Interestingly, the values of the y-intercepts are approx-
imately equal to the Tm of the corresponding quadruplexes, ~85 °C and
94 °C (see Table 1). This supports the conclusion that QPA is driven by
the free energy of quadruplex formation.

As mentioned above, the initial primer/PBS duplex has to be more
stable than the duplex after elongation (quadruplex/PBS complex).
The thermal stabilities of primer/PBS complexes shown in parentheses
(Table 3) are greater than the quadruplex/PBS stabilities, measured in
K+ for all molecules. Thus all the systems described here are suitable
for isothermal QPA.

4. Conclusions

We systematically studied the thermodynamic and optical proper-
ties of theWTG3T quadruplex and variants containing sequencemod-
ifications in loop positions and extensions at the 5′-end. CD studies
revealed that the substitution of thymidines or GC addition to the
5′-end does not affect the parallel fold of the quadruplex. Thermal
unfolding experiments demonstrated that purine bases incorporated
at loop positions and 5′-end dinucleotide extension significantly desta-
bilize the quadruplex, while looppyrimidines have almost no effect. The
results of this study indicate that linear isothermal QPA can be per-
formed over a wide temperature range (40–80 °C) suitable for both
thermophilic and mesophilic DNA polymerases.
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