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HIGHLIGHTS

GRAPHICAL ABSTRACT

» Driving force of QPA comes from the
thermal stabilities of primer/template
and product complexes.

» Primers missing one and two gua-
nines are able to self-dissociate from
the template upon elongation.

» QPA is not observed when the primer
lacks three nucleotides.

» QPA reaches its maximum rate at
temperatures slightly higher than the
Tm of primer/template complex.

» Taq is able to incorporate T opposite
template 2AP, while no activity was
observed for 6MI.

Scheme showing linear QPA, which isothermally amplifies the DNA signal and allows real-time monitoring
through incorporated fluorescence nucleotides.
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We previously developed a method, known as quadruplex priming amplification (QPA), which permits
isothermal amplification of DNA. The assay is based on a DNA quadruplex formed by the GGGTGGGT
GGGTGGG (G3T) sequence. G3T has three unique properties that are fundamental for QPA; (i) G3T
forms a quadruplex with significantly more favorable thermodynamics than the corresponding DNA
duplexes; (ii) removal of guanines at the 3’-end inhibits quadruplex formation; and (iii) incorporated
fluorescent nucleotides, such as 2-aminopurine (2AP) or 6-methylisoxanthopterin (6MI), which are
quenched by neighboring nucleotides, regain maximum emission upon quadruplex formation. New
model studies carried out here with primers missing one, two and three guanines reveal that the driving
force for QPA comes from the difference in thermal stability between the primer/template and the prod-
uct complexes. Primers missing one and two guanines are able to self-dissociate from the template upon
elongation, whereas QPA is not observed when the primer lacks three 3’-nucleotides. QPA reaches its
maximum rate at temperatures slightly higher than the T, of the primer/template complex and is more
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efficient in the presence of only dGTP. QPA-based assays also revealed that Tagq is able to incorporate
thymidines opposite template 2AP, while no significant incorporation was observed opposite template

6MIL

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Real-time polymerase chain reaction (RT-PCR), which allows for
amplification and quantification of DNA from specimens containing
even low concentrations of DNA, is the method of choice for detection
of pathogenic microorganisms and genetic diseases [1,2]. However,
temperature cycling, limited yield of product DNA, low specificity, the
need for specialized instruments and expensive detection probes
restrict wide usage of RT-PCR in molecular diagnostics. Recently, we
have described quadruplex priming amplification (QPA), a novel assay
for DNA amplification and quantification [3]. Specifically, we have
found that the free energy of DNA quadruplexes can be used to drive
unfavorable (endergonic) reactions (e.g., DNA amplification requiring
temperature cycling) at constant temperature. A key aspect of QPA is
that some G-rich sequences are capable of forming quadruplexes with
significantly more favorable thermodynamics than the corresponding
DNA duplexes. The primer, which is based on such sequences, is
designed to spontaneously dissociate from the primer binding sites
(PBS) and fold into a monomolecular quadruplex upon polymerase
elongation. In addition, primers containing fluorescent nucleotides in
the loop positions demonstrated almost 100-fold increase in fluores-
cence upon quadruplex formation, which permits simple and effective
quantification without extra probe molecules [3].

One of the major disadvantages of polymerase-based diagnostics is its
low specificity [2]. Due to the nonspecific nature of DNA polymerases, any
5’ overhang can serve as a substrate and initiate DNA replication. The
complex nature of the RT-PCR mixture (forward and reverse primers,
probe, all four dNTPs and polymerase) and thermocycling facilitate
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Fig. 1. Scheme showing linear QPA, which isothermally amplifies the DNA signal and
allows real-time monitoring through incorporated fluorescence nucleotides.

non-specific product formation caused by primer-dimerization and
mis-priming. In addition, non-specific probe hybridization also creates
false positive signals. QPA has the potential to increase the specificity of
nucleic acid diagnostics. First, since the signal amplification scheme
described in Fig. 1 requires only dGTP, one can remove dATP, dCTP and
dTTP from the reaction mixture. This will inhibit any non-specific DNA
production. Second, non-specific binding of the QPA primer is not suffi-
cient to produce a false signal; to create a false signal the 3’-end of the
QPA primer has to bind non-specifically near two or more cytidines.
Thus, it is unlikely that non-specific priming can create a false positive
in QPA. Third, QPA requires only one primer, which removes the possibil-
ity of primer-dimerization. Fourth, amplification proceeds isothermally,
which prevents mis-priming due to temperature-induced DNA structural
changes. As such, QPA has the potential to amplify nucleic acids with high
specificity.

In the present work a model system was used to investigate the role
of reaction components and conditions (temperature, dNTP concentra-
tions, K* concentration, primer length, primer/template stability) in
linear QPA. We also studied QPA-related activities of Tag polymerase
including dNTP incorporation opposite template fluorescent nucleotides;
dGTP incorporation opposite natural nucleotides; and extension speed in
the absence of certain dNTPs. The data reported here creates a framework
for the further development and applications of QPA in nucleic acid-based
diagnostics.

2. Experimental procedures
2.1. Enzymes and DNA substrates

Taq polymerase was purchased from New England BioLabs. DNA
oligonucleotides were obtained from Integrated DNA Technologies
and Fidelity Systems. The concentration of DNA oligonucleotides
was determined by measuring UV absorption at 260 nm as described
earlier [4]. All measurements were performed in a buffer solution
consisting of 10 mM Tris-HCI at pH 8.7; ionic strength was adjusted
by addition of appropriate salt.

2.2. Fluorescence, CD and UV spectroscopy

UV absorption readings during temperature unfolding experiments
were taken at either 240 nm, 260 nm, or 295 nm as a function of tem-
perature using a Varian UV-visible spectrophotometer (Cary100 Bio).
Fluorescence measurements of 2AP (ex 310 nm, em 370 nm) and 6MI
(ex 340 nm, em 430 nm) were performed using a Varian spectropho-
tometer (Cary Eclipse). CD spectra were obtained with a Jasco-815
spectropolarimeter. All optical devices were equipped with thermo-
electrically controlled cell holders. In a typical experiment, oligonucleo-
tide samples were mixed and diluted into the desired buffers in optical
cuvettes. The solutions were incubated at 95 °C for a few min 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 complementary strand, the sequences
were annealed in CsCl and MgCl, containing buffers and KCl was added
later. After annealing, the temperature was then 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, T,;,, the midpoint tempera-
ture of the unfolding process. Van't Hoff enthalpies, AH,y, were also
calculated using the following equations: AH,y;=4RT2, 6a/6T in the
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case of monomolecular quadruplexes and AH,y=6 RTZ 60/0T in the
case of bimolecular DNA duplexes, in which R is the gas constant and
day/dT is the slope of the normalized optical absorbance or fluorescence
versus temperature curve at the Ty, [5].

2.3. Polymerase activity assay

The enzymatic activity of Tag polymerase was monitored using a
real-time quadruplex formation assay (QFA), which is based on similar
assays employed earlier for nucleic acid strand-exchange [6] and cleav-
age [7] reactions. The assay takes advantage of the unique thermody-
namic and fluorescence properties of the GGGTGGGTGGGTGGG (G3T)
sequence. As mentioned above, this sequence is able to form a mono-
molecular DNA quadruplex consisting of three G-quartets [8,9]. The
G-quartets are connected with chain-reversal single-nucleotide loops,
which are completely open to solvent and represent convenient posi-
tions for incorporation of fluorescent nucleotides [8,9]. The quadruplex
structure is unusually stable. For instance, in the presence of 50 mM KCl
(quadruplex forming cation), G3T melts above 100 °C, while in the
presence of same amount of CsCl, its corresponding duplex unfolds
around 60 °C [9]. In addition, quadruplex formation is accompanied
by strong emission of fluorescence when 2AP or other fluorescent
nucleotides are incorporated at loop positions. The truncated version
of G3T is not able to fold the quadruplex and perfectly hybridizes with
the template, which represents a complementary sequence to G3T
(Fig. 1). A polymerase attaches missing guanines and, as a result, G3T
spontaneously dissociates from its template, folds into the quadruplex
and emits light. All template and primer sequences are collected in
Table 1. QPA reactions were carried out in a reaction mixture containing
200 pM of each dNTP or 800 puM of dGTP, buffer (2 mM MgCl,, 25 mM
CsCl, 25 mM KCl, 10 mM Tris-HCl, pH 8.7) and 0.05 unit/uL Taq poly-
merase. The reactions were carried out directly in the quartz cuvettes.
In a typical experiment, 10x buffer, dNTP and Taq were added. The
solution was vortexed for 2-3 seconds and immediately inserted into
a cell holder of the fluorometer equilibrated at reaction temperature
followed by real-time fluorescence monitoring.

2.4. Incorporation of guanine opposite template adenine and thymidine

The assay was performed essentially as described in the previous
section. The templates with one or two mismatches (underlined),
designed for a 13-nt primer with incorporated 6MI (G), are shown
below:

Primer: 5'GGGGGGGCGGGCG
Templates: 3’CCCCCCCGCCCGCAC
3/CCCCCCCGCCCGCAA

Table 1
Melting temperatures (T;,,) and optimal temperature for QPA (Tqpa) of the primer/template
complexes®.

Primer/template sequence Tm (°C)

Cs™ K+

AT, sub-prod (°C)  Taea (°C)

5'GGGAGGGCGGGCGGG (Product) 75.0 (68.4) 69.0 - -
3/CCCTCCCGCCCGCCT

5'GGGAGGGCGGGC (Subl) 67.0 (58.0) 68.0 —1.0 nd
3/CCCTCCCGCCCGCCe

5'GGGAGGGCGGGCG (Sub2) 70.5 (62.5) 71.0 2.0 65.0
3/CCCTCCCGCCCGCCe

5'GGGAGGGCGGGCGG (Sub3) 73.0 (65.7) 73,5 45 67.0

3/CCCTCCCGCCCGCCC

Values in parentheses correspond to Ty, of the duplexes at 100 nM strand concentration
estimated from nearest-neighbor analysis. Duplexes are measured in either in K* buffer
(25 mM KCl, 25 mM CsCl, 2 mM MgCl,, 10 mM Tris-HCl, pH 8.7) or in Cs* buffer
(50 mM CsCl, 2 mM MgCl,, 10 mM Tris-HCl, pH 8.7). ATy, sub-prod COIresponds to the
Ty, difference between primer/template and full-length duplexes in K* buffer. Topa
corresponds to the optimal experimental temperature for QPA.

3/CCCCCCCGCCCGCCA
3/CCCCCCCGCCCGCTC
3/CCCCCCCGCCCGCTT
3/CCCCCCCGCCCGCCT
3/CCCCCCCGCCCGLGe
3/CCCCCCCGCCCGCGE
3/CCCCCCCGCCCGCCt

The assay was conducted in the presence of only dGTPs, and the
fluorescence signal of 6MI (ex 340 nm, em 430 nm) was monitored.

2.5. Incorporation of nucleotides opposite template 2AP and 6MI

In this assay, the following primer and templates were used (A= 2AP,
G=6MI):

Primer: 5'GCGCGGGAGGGCGGG
Templates: 3’cccsececcTcccGCcCACCC
3’ceeeeecTecceeccGecce

Controls: 3’CGCGCCCTCCCGCCCACCC
3/CGCGCCCTCCCGCCCGCCC

The QFA assay was performed as described in the previous
sections with two changes. First, the amplification was conducted
under temperature cycling conditions (65 °C-0.5 min, 77 °C-1 min,
90 °C-0.2 min) in order to facilitate both primer binding and product
dissociation processes. Second, amplification was performed in the
presence of different mixtures of dNTPs: only dGTP, dGTP + dATP,
dGTP + dTTP and dGTP + dCTP.

3. Results and discussion
3.1. Optimal temperature for isothermal QPA

Fig. 1 shows the model QPA reaction scheme used in these studies.
To determine the optimal reaction temperature for QPA, we used
three primers based on a quadruplex-forming sequence with 2AP and
cytosines in loop positions (see Table 1). To ensure that the nucleotide
exchange in the loop position did not hinder the quadruplex forming
ability of the full-length sequence, CD studies were performed. No
significant effects due to the modifications were observed (data not
shown). The primers were missing three (Sub1), two (Sub2) and one
(Sub3) of the 3’-end guanines (Table 1). As discussed above, the
isothermal nature of QPA is based on the fact that upon polymerase
elongation, the primer spontaneously dissociates from the PBS and
forms a quadruplex. Thus, the primer/PBS complex (substrate) has to
be more stable than the same complex after elongation (product). To
compare thermal stabilities of the substrates and products, UV melting
experiments were performed for all complexes shown in Table 1. Fig. 2
shows typical unfolding experiments for all complexes in the presence
(panel A) and absence (panel B) of K ions. In the presence of K*
ions, the full-length duplex (panel A, black) unfolds at 69.0 °C, and in
the absence of K* ions, the duplex is significantly more stable and
unfolds at 75.0 °C (panel B, black) as predicted from nearest-neighbor
analysis of equilibrium unfolding [10]. Fig. 2 also demonstrates un-
folding of primer/template complexes in the presence (Panel A) and
absence (Panel B) of K™ ions. Since truncated versions are not able to
form a quadruplex [3,9], the melting profiles are similar in the presence
and absence of K™ ions (Table 1). As expected, in the presence of Cs™
ions, the full-length duplex (Product) is more stable than the shorter
duplexes; removal of each GC base-pair is accompanied by a decrease
of ~2-3 °C in thermal stability. In the presence of K* ions, the shortest
duplex (Sub1) and the product duplex melt at the same temperature,
~68 °C, while Sub2 and Sub3 are more stable with melting tempera-
tures of 71.0 °C and 73.5 °C, respectively. Thus, in the presence of K™
ions, the 13-bp and 14-bp duplexes are more stable than the 15-bp
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Fig. 2. UV melting curves of Sub1 (red), Sub2 (blue) and Sub3 (green) and their blunt
end variant (product) (black) in the presence of K* ions (25 mM KCl, 25 mM CsCl, and
2 mM MgCl,) (panel A) and in the absence of K™ ions (50 mM CsCl and 2 mM MgCl,)
(panel B).

full-length duplex. This unusual result is due to the non-equilibrium
nature of the transition in the presence of quadruplex-forming K+
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. Thus, in the
case of Sub2 and Sub3, the primer/template complex is more stable
than its elongated version, the full-length duplex, which facilitates
product dissociation.

Fig. 3 demonstrates the dependence of QPA rate on temperature.
In the case of Sub1, we do not observe strong activity over the entire
temperature range. The temperature- dependence experiments using
Sub2 demonstrate significant activity between 60 °C and 70 °C with a
maximum at ~65 °C. The rate of QPA steadily increases from 60 °C to
65 °C and decreases between 65 °C and 70 °C. In the case of Sub3,
missing only one guanine, QPA activity is observed over a wider tem-
perature range, from 60 to 75 °C. At the maximum, 67-68 °C, the rate
reaches 8 nM/min, which is ~30% higher than the rate for Sub2. Both
profiles resemble the melting peak of a DNA duplex. Interestingly, the

Rate (nM/min)

2|||
55 60 65 70 75

Temperature (°C)

Fig. 3. QPA rate dependence on temperature using Sub1 (open circles), Sub 2 (closed
circles) and Sub3 (triangles) in 25 mM KCl, 25 mM CsCl, 2 mM MgCl,, 10 mM Tris-HCl,
pH 8.7 at 20 °C.

maximum value of QPA rate for Sub3, which has an extra G+C base
pair, is 2-3 °C higher than the same parameter for Sub2. The differ-
ence is equal to a contribution of an extra G+C base pair to thermal
stability [10]. Thus, the temperature dependence of QPA rates closely
correlates with the melting behavior of the complexes, which agrees
with the idea that the nature of QPA is determined by thermal stabilities
of the primer/template complexes before and after elongation [3].
Careful inspection of Table 1 further supports the idea. Sub1, which
does not reveal strong QPA activity, is slightly less stable than the prod-
uct duplex. Thus, the elongation process has a slight stabilizing effect on
the complex, and the product cannot self-dissociate effectively within
the entire temperature range shown in Fig. 3. Thus, Sub1 does not
allow efficient priming and product self-dissociation at the same
temperature. At lower temperatures, primers bind to templates, but
they are not able to dissociate. At higher temperatures, for which
Sub1 shows slightly better activity, primers are not able to bind the
PBS efficiently. Sub2 and Sub3 demonstrate good QPA activity because
both of them are destabilized upon elongation by 2 °C and 4.5 °C,
respectively (Table 1). In addition, Sub3, which has the greatest
destabilizing effect on QPA rate, reaches the highest level and is active
over wider temperature range (Fig. 3). Between 60 °C and 65 °C, both
Sub2 and Sub3 demonstrate similar increases in QPA rate (Fig. 3). At
65 °C, Sub2 reaches its rate maximum, and a further increase in temper-
ature is accompanied by a decline in QPA rate. In the case of Sub3, the
peak is around 67-68 °C (Fig. 3).

Further steps were taken to determine the rate-limiting step of QPA.
In a typical reaction, the catalytic cycle of DNA polymerase consists of
the following steps: (i) primer binding to PBS; (ii) polymerase binding
to primer/template complex; (iii) binding of dNTP; (iv) sampling of
correct dNTP; (v) structural change of the complex; (vi) nucleotide
incorporation; (vii) pyrophosphate release; and (viii) polymerase
dissociation. It is known that for nonprocessive DNA synthesis, enzyme
dissociation is the rate-limiting step, since all other steps are significant-
ly faster [11-13]. In QPA, besides the steps listed above, there is an
additional step at the end of the reaction: product dissociation. This
step can occur spontaneously or could be facilitated by strand-
displacement by incoming primers. It is clear that enzyme dissociation
cannot be responsible for the rate behavior shown in Fig. 3, since poly-
merase binding/dissociation properties show little temperature depen-
dence under the experimental conditions employed here [14,15]. Thus,
it is reasonable to assume that product dissociation/displacement is
responsible for the observed behavior and represents the rate-limiting
step in QPA. Sub2 and Sub3 differ from each other only by primer length,
since the final product for both of them, the full-length duplex, is the
same. Thus, at the temperatures for which we could have similarly
efficient priming for both of the primers, we would expect the same
rates. Indeed, between 60 °C and 65 °C, both systems demonstrate the
same QPA rates (Fig. 3). Above 65 °C, corresponding to the T, for
Sub2, the rates deviate: Sub3 continues a strong increase, while Sub2
reaches its maximum at 65 °C and starts declining (Fig. 3, filled circles).
For Sub3, a similar decline starts after 68 °C; however, its maximum rate
is around 30% faster than that of Sub2, which can be explained by faster
dissociation or strand-displacement reactions at higher temperatures. In
other words, at 68 °C, due to the extra G+C base pair, Sub3 primes more
efficiently than Sub2, while the product, which is the same for both
substrates, dissociates faster at this elevated temperature. The tempera-
ture difference between maximum rates is ~3 °C, which is the same as
the difference in T, values for Sub2 and Sub3. This difference is also
indicates that the rate-limiting step of QPA being associated with the
folding/unfolding properties of the complexes and not polymerase
dissociation.

To conduct QPA at optimal temperatures for Taq activity (~75 °C), we
designed a primer with six extra GeC base pairs at the 5’-end, 5-GCGC
GCGGGAGGGTGGGTG. Since the primer/template complex is highly
stable, T, =73 °C, it revealed almost no difference between melting
temperatures of substrate and product duplexes, ATy, sub-proda=~0.
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However, this primer demonstrated strong QPA activity between 70 °C
and 80 °C with a maximum rate of 9 nM/min at 75 °C (data not
shown). In agreement with the data collected in Table 1, 5’GCGCGC
GGGAGGGTGGGTG primer also reaches maximum QPA rate at tempera-
tures slightly higher than the T, of the primer/template complex. Taken
together, the present study demonstrates that QPA is able to carry out
robust isothermal amplification over essentially the entire temperature
range suitable for Taq activity (between 60 °C and 80 °C).

3.2. Dependence of QPA rate on potassium concentration

K™ ions play a key role and can have both positive and negative
effects on QPA. In order to have exponential growth, DNA polymerase
must invade and replicate the quadruplex at the 5’-end of the
template [3], which could be impeded by high stability of the quadruplex
in the presence of high concentrations of K* ions. At the same time,
increasing K concentration accelerates QPA by facilitating dissociation
of primers. Here, we studied the role of K™ concentration in linear QPA.
In these experiments, the total amount of monovalent cations (K* and
Cs™) is kept constant, while the amount of K™ is varied. Fig. 4 demon-
strates the dependence of QPA rate on K* concentration. For both the
active 13-nt (triangles) and 14-nt (circles) primers similar behavior
was observed. Initially, the rate increases and reaches its maximum
value (~4 nM/min for 13-nt primer and ~6 nM/min for 14-nt primer)
around 25 mM of K. Further increase in K* concentration is accompa-
nied by a decrease in the rate. The decrease is somewhat stronger for the
14-nt primer; however, at 50 mM K*, both primers have the same rate,
~3.5 nM/min. The decrease in QPA rate, which accompanies the increase
of K™ concentration between 25 mM and 50 mM, appears somewhat at
odds with the QPA principle, which assumes a stronger driving force for
higher amounts of K™ ions. However, as reported earlier, truncated ver-
sions of the G3T sequence (e.g. our primers) can fold some quadruplexes
at higher K™ concentrations, especially the sequence missing only one
guanine [9]. Thus, the decrease in QPA rate at higher than 30 mM K™
ions can be attributed to the secondary structure of the primers, which
impede the priming process of QPA. Another albeit less probable expla-
nation could be related to the concentration ratio of K™ and Cs™ ions,
[K*)/[Cs™], which varies upon increase of K* concentration. Note, we
keep the total amount of monovalent cations (K* and Cs™) constant
and only change the [K™]/[Cs™] ratio. In our experiments, we use Cs™
ions because they do not support any quadruplex formation [16], while
other cations (such as Na™) can form quadruplexes of different stability
and topology [17,18]. Thus, Cs™ ions allow us to keep ionic strength
constant without affecting or creating a new quadruplex species.
However, the Cs™ ion is significantly larger than the K™ ion (1.7 A vs
1.3 A), which can affect complex formation between DNA and Taq.

Rate (nM/min)
SN

10 20 30 40 50
(K*] (mM)

Fig. 4. QPA rate dependence on K* concentration using Sub2 (triangles) and Sub 3 (circles).
Measurements are carried out at 65 °C in 50 mM total monovalent cations (Cs* + K*),
2 mM MgCl,, 10 mM Tris-HCl, pH 8.7 at 20 °C.

Therefore, we speculate that at low values of [K*]/[Cs "], Taq dissociates
at an accelerated rate, while at higher [K*]/[Cs "] values, the dissociation
rate slows down.

3.3. QPA in the presence of dGTP

As shown in Fig. 1, QPA signal production requires only dGTP.
Thus, QPA can be performed in the absence of all other dNTPs
(dATP, dCTP and dTTP). This has two obvious advantages: (i) the am-
plification buffer contains fewer components, which simplifies the
amplification process; and (ii) the amplification process becomes
highly specific, since DNA polymerase is not able to produce non-
specific DNA.

To determine whether QPA efficiency is sensitive to dNTP compo-
sition, we performed a G-extension assay in the absence (dGTP-QPA)
and presence (ANTP-QPA) of dATP, dCTP and dTTP. Fig. 5 shows QPA
rate, performed on Sub3, as a function of dGTP concentration for
dGTP-QPA (filled triangles) and dNTP-QPA (open circles). This study
revealed that dGTP-QPA is more efficient than dNTP-QPA over the
entire concentration range; more specifically, dGTP-QPA demonstrates
significant (~30%) activity at very low concentrations (0.5-1 uM) of
dGTP. dNTP-QPA does not demonstrate any measurable activity at
these concentrations. Increasing the concentration results in an increase
in QPA rate for both assays; however, in the case of dGTP-QPA, the
increase is more robust, and almost full activity is observed around
20 uM of dGTP, while for dNTP-QPA, similar activity is seen around
50 uM of dGTP (Fig. 5). The efficiency of dGTP-QPA reaches its
maximum at 800 uM of dGTP, which is followed by a rapid decrease
in activity. In the case of dNTP-QPA, maximum efficiency is reached
much earlier, at 200 pM.

All assays performed here are under steady-state conditions, and
the catalytic cycle of Taq polymerase consists of the steps listed earlier.
Thus, the only difference between the dNTP-QPA and dGTP-QPA
assays is that the later is missing the sampling step. Since the QPA
assays, described in Fig. 5, incorporate only one dGTP at optimal dNTP
concentrations (20-800 pM dGTP for dGTP-QPA and 50-200 uM dNTP
for dANTP-QPA), product dissociation is the rate-limiting step. As a result,
both assays show similar rates under these conditions. However, at
lower concentrations, dNTP binding slows down, and it is reasonable
to conclude that, Taq dissociates from the primer/template complex
before finding dGMP. In addition, with dGTP-QPA, Taq is able to demon-
strate measurable activity even at 0.5 uM dGTP because it omits the
selection process.

Overall, dGTP-QPA has the following advantages over dNTP-QPA:
(i) the amplification mix contains less compounds; (ii) non-specific
DNA production is completely inhibited; and (iii) amplification can
be performed in significantly wider ranges of dGTP concentration,
from 5 to 800 puM. Thus, signal production in dGTP-QPA is essentially
not limited by the concentration of dGTP.

3.4. Guanine misincorporation

The efficiency of QPA in the presence of dGTP alone has tremendous
potential to increase the specificity of nucleic acid diagnostics. Removal
of all other dNTPs from the reaction mixture should inhibit non-specific
DNA production, which is a major problem with polymerase-based
diagnostics [19,20]. In addition, QPA specificity is further increased by
the fact that non-specific priming alone cannot produce a false signal,
since chances that a primer will randomly bind at two cytosines (required
for a false signal) are only ~6%. At all other sequences, the primer would
add non-G nucleotides, which would inhibit quadruplex formation and
be transparent to our detection mechanism [9]. The latter relies on the
high fidelity of DNA polymerases [21-23]. To test whether Taq indeed
fails to misincorporate dGTPs opposite non-C template nucleotides
additional studies have been performed using a QFA-based assay. The
assay is similar to the dGTP-QPA assay, shown in Fig. 1, however in the



6 A. Taylor et al. / Biophysical Chemistry 171 (2013) 1-8

10 T

Rate (nM/min)

1000

100

0.1 1 10
[dNTP] (pM)

Fig. 5. QPA rates as a function of dNTP and dGTP concentration in 25 mM KCl, 25 mM
CsCl, 2 mM MgCl,, 10 mM Tris-HCl, pH 8.7 at 20 °C. Open circles correspond to con-
centration of each dNTP and closed circles correspond to concentration of dGTP alone.

14th and 15th positions of the target sequence, A, T and G have been
incorporated. For each nucleotide, three types of constructs have been
studied wherein (i) one incorrect nucleotide is present in the 14th posi-
tion followed by a correct terminal C; (ii) both terminal nucleotides are
incorrect; and (iii) a single terminal nucleotide is incorrect. The kinetic
assay shown in Fig. 6A demonstrates that Taq is not able to efficiently

misincorporate dGTP opposite to any non-C template nucleotide.
Templates with A and G in the 14th position (single-nucleotide
exchanges) and AA and GG at the 5’-end demonstrate no measurable
elongation or misincorporation of dGTPs in these positions. However,
single-nucleotide substitution in the terminal position reveals around
5% activity of the positive control (Fig. 6). In the case of two T substitu-
tions, all three constructs (TC, CT and TT in positions 14/15) show ~10%
activity. Thus, Taq is not able to misincorporate dGTPs with significant
efficiency. Only in the case of template thymidines does QPA achieve
around 10% activity relative to a positive control (template C).

3.5. Nucleotide incorporate opposite template 2AP and 6MI

In exponential QPA, DNA polymerase must be able to replicate the
quadruplex sequence to create primer-binding sites in newly gener-
ated amplicons [3]. Since fluorescent nucleotides (e.g. 2AP and 6MI)
are part of the quadruplexes, DNA polymerases must also be able to
use these nucleotides as a template and incorporate nucleotides
opposite to them. Since 2AP and 6MI show almost perfect base pairing
with thymidine and cytosine, respectively [24-28], we expected the
most efficient incorporation of these nucleotides.

In the present work, the ability of Taq polymerase to discriminate
between natural and fluorescent nucleotides has been investigated
using two assays. Initially, the isothermal assay described in Fig. 6
was employed, testing dGTP incorporation opposite template fluores-
cent nucleotides. The data (not shown) revealed no measurable QPA
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Fig. 6. Incorporation of guanines against A, G and T. (A) Time course of dGMP incorporation opposite template GC (blue), GG (red), CG (green) at the 5-end. Black points correspond to positive
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activity. To determine if Taq polymerase could incorporate other
nucleotides opposite 2AP and 6MI, we designed a new QFA-based
assay that uses temperature cycling and different dNTP combinations.
Temperature cycling is required since primers are missing four
nucleotides at the 3’-end, which inhibits spontaneous dissociation of
the elongated primers from the templates. The primers are designed
such that only full elongation of the template sequence, which con-
tains non-natural nucleotides at the loop position of the G3T sequence,
can create a fluorescent signal. In other words, after incorporation of
nucleotides at the position of interest, the polymerase should add
three guanines. Initially, we performed the assay only in the presence
of dGTPs. As seen from Fig. 7B and C (far left gray columns), and as

expected from previous measurements, the polymerase is not able to
incorporate dGTP against 2AP or 6MI. In the next experiments, we
used each dNTP in combination with dGTP; the results demonstrated
that only in the case of dTTP opposite template 2AP does QPA reveal
significant activity. However, even in this case, the QPA rate is around
two times slower than that of the control experiment with template A
instead of 2AP. In all other cases, including dCTP opposite template
6MI, QPA does not reveal any measurable activity. These results are
in agreement with reported data, which demonstrates good tolerance
of 2AP by DNA polymerases [29] and no significant incorporation of
any nucleotides opposite of 6MI [30].

4. Conclusions

The role of reaction components and experimental conditions in
QPA reactions was examined in detail in this work. Studies carried
out with the QPA primers missing one, two and three nucleotides at
the 3’-end suggest that the driving force for isothermal QPA is the
result of the thermal stability difference between primer/template
and product complexes. While the primers missing one and two
guanines are able to self-dissociate from the template upon polymer-
ase elongation, isothermal QPA is not observed with the primer
missing three nucleotides. The temperature dependence of QPA rates
closely correlates with the melting behavior of the complexes, and
QPA reaches its maximum rate at temperatures 2-3 °C higher than
the melting temperature of the primer/template complexes. The reac-
tions conducted in the presence of only dGTP showed that QPA is
more efficient in the absence of other dNTPs, and good activity was
observed even at unusually low concentration of dGTP. The QPA-based
real-time assays also show that Taq polymerase is able to incorporate
thymidines opposite of 2AP, which is desirable for exponential QPA. In
contrast, no significant incorporation was observed opposite of 6MI.
The later feature can be explored in further development of exponential
QPA employing nicking enzymes (unpublished data).

Taking together, the data reported here create a framework for the
further development and applications of QPA in nucleic acid-based
diagnostics. Although the 15-nt primer-binding site of QPA, CCC
ACCCACCCACCC, is found multiple times in the human genome,
false positive signals can be avoided by elongating the QPA primer
at the 3’-end. In addition, since QPA uses a universal primer, the
complement must be incorporated into a target sequence. Recently,
we demonstrated that this can be accomplished by two cycles of tra-
ditional PCR in which the 5’ ends of both forward and reverse primers
have quadruplex sequences [3]. Therefore, QPA represents a universal
approach for amplifying any target sequence of interest.
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