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Abstract: Quadruplex priming amplification (QPA) is a very simple amplification assay in which the 

isothermal amplification is performed using an only DNA polymerase, and detection is conducted by 

the intrinsic fluorescence of the primers. QPA employs specific G-rich sequences as primers that, upon 

polymerase elongation at specific temperatures, spontaneously dissociate from the primer binding sites 

(PBS) and fold into a monomolecular quadruplex. Fluorescent nucleotide analogs, such as 3-methyl 

isoxanthopterin (3MI), when incorporated into these primers, emit light upon a quadruplex formation 

and permit simple, specific, and sensitive quantification without the attachment of probe molecules. 

Previously has developed QPA assays with truncated targets and potassium cations that demonstrate an 

optimal amplification around 55°C. Here, we designed QPA assays with truncated target and led cations 

at a range of human body temperature. Lead cations reveal the most rapid amplification than potassium 

and strontium cations. QPA can be applied as a method for the implementation of simple and cheap 

diagnostics (point of care (POC)), as well as development at a range of 35-45°C temperature, which 

will make this method more convenient for using it in molecular diagnostics.  
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1. Introduction 

Free energy of d(GGGTGGGTGGGTGGG) (G3T) quadruplex can be used to drive 

isothermal amplification of  DNA, or Quadruplex Priming Amplification (QPA)[1]. QPA 

allows isothermal amplification of nucleic acids with improved yield and simplified detection. 

This assay is based on the G3T DNA quadruplex, which in the presence of specific cations, 

possesses unusually high thermal stability. The key point of QPA is that the G3T sequence is 

capable of forming quadruplexes with significantly more favorable thermodynamics than the 

corresponding DNA duplexes [2].  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. In addition, G3T with an incorporated 3-

methyl isoxanthopterin (3MI) in the 4th position demonstrated a 50-fold increase in 

fluorescence upon a quadruplex formation, which allows simple, specific and effective 

quantification without extra probe molecules [3]. 3MI with excitation and emission 

wavelengths of 348 nm and 431 nm, is a fluorescent analog of guanine, although 3MI does not 
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base pair with natural nucleic-acid bases and has a high quantum yield (0.88) [4]. Upon 

incorporation, even in the unstructured single-stranded DNA, fluorescence is significantly 

quenched. This restricts wide usage of 3MI in nucleic acids reactions; as such, it has been 

mainly used to study nucleic acid loop structures (Figure 1). 

 
Figure 1. Graphical representation of G3T quadruplex with 3-methyl isoxanthopterin (3MI) in the 4th position, 

and metal ions (hypothetically, red). 

As we mentioned, this assay is based on the G3T DNA quadruplex. Quadruplexes plays 

important roles in many biological processes [5-14] The G3T sequence is based on the DNA 

aptamer, which was designed against HIV-1 integrase [15]. 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 with a square planar configuration, in which 

each guanine interacts with its two neighbors through hydrogen bonds (8 per quartet). The 

formation of G-quartets requires the presence of cations (such as K+), which bind specifically 

to guanine O6 carbonyl groups between the planes of the G-quartets [16]. Due to the cation 

coordination in the center of G-quartets and stacking interactions, monomolecular 

quadruplexes are remarkably stable and fold readily [17]. 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. A polymerase attaches missing guanines and, as a result, 

G3T spontaneously dissociates from its template, folds into the quadruplex, and emits light. As 

a result, QPA is able to amplify DNA isothermally [18], which is critical for DNA-based point 

of care diagnostics [19]. 

In this work, we designed linear isothermal QPA assays at a range of human body 

temperature. For this purpose, we resolved the following tasks: (i) to design primer-template 

complexes for QPA at this interval. (ii) To select the polymerase, which enabled to implement 

of QPA at this temperature. (iii) To select the cation which allows an optimal rate of QPA. 

Overall, the reported data creates a framework for further development and future applications 

of QPA in nucleic acid-based diagnostics. 

2. Materials and Methods 

 2.1. Enzymes and DNA substrates.  

DNA polymerases: Taq, Vent (exo-), and Bst 3.0 were purchased from New England 

BioLabs. Taq DNA polymerase is frequently used in methods for amplifying the quantity of 

short segments of DNA. Vent (exo-) DNA polymerase has been genetically engineered to 

eliminate the 3´→ 5´ proofreading exonuclease activity associated with Vent DNA Polymerase 

[20]. This is the preferred form for high yield primer extension reactions. The fidelity of 
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polymerization by this form is reduced to a level of about 2-fold higher than that of Taq DNA 

Polymerase [21, 22]. Bst 3.0 DNA polymerase is an in silico designed homolog of Bacillus 

stearothermophilus DNA polymerase, Large Fragment engineered for improved isothermal 

amplification performance and increased reverse transcription activity. 

 DNA oligonucleotides were obtained from Integrated DNA Technologies and Fidelity 

Systems. All measurements were performed in a buffer solution consisting of 10 mM Tris-HCl 

at pH 8.7.  

2.2. UV-Visible spectroscopy. 

Temperature-dependent UV-Visible spectroscopy is a convenient tool to study 

secondary structure, thermal stability, and estimate van’t Hoff thermodynamics of DNA or 

RNA molecules. UV-Visible spectroscopy is traditionally used to monitor thermal unfolding 

experiments of nucleic acids. Specifically, the unfolding of DNA duplexes is accompanied by 

an increase in absorbance at 260 nm, and accurate determination of the thermodynamic 

parameters for quadruplexes is possible by monitoring the long-wavelength region of the UV 

spectrum (295 nm) [23-26]. UV unfolding experiments allowed an estimation of the melting 

temperature of the quadruplex and the van’t Hoff enthalpy, ΔHvH. Melting temperatures were 

determined by recording UV absorption at  ~295 nm as a function of temperature using a Varian 

UV–visible spectrophotometer (Cary 100 Bio) at using ~4 µM G3T oligonucleotide solutions 

in 1 cm cells. In a typical experiment, oligonucleotide samples were mixed and diluted into the 

desired buffers in Quartz cuvettes. After annealing by heating to 97 °C, the temperature was 

ramped to the desired starting temperature, 4 µM PbCl2 or 4 µM SrCl2 or 100 µM KCl were 

added, and the melting experiments were performed at a heating rate of 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:   

∆𝐻 = 6R𝑇𝑚2 𝛿𝛼

𝛿Τ
      (1) 

in the case the same concentration of G3T and cations (Pb2+
 or Sr2+) and   

∆𝐻 = 4R𝑇𝑚2 𝛿𝛼

𝛿Τ
     (2) 

in the case of K+ cations, ~25 times more than a concentration of G3T and concentration of 

unbound K+ cations in a solution can be considered constant. R is the gas constant, and δα/δT 

is the slope of the normalized optical absorbance versus temperature curve at the Tm [27, 28]. 

2.3. CD spectroscopy. 

CD (Circular Dichroism) spectroscopy is a sensitive technique for estimating secondary 

structure and the folding topology of DNA quadruplexes. By comparing CD spectra with NMR 

or X-ray structures of simple GT-containing sequences, the following features are observed: 

parallel quadruplexes, which are structures with all four G-tracts having the same orientation, 

are characterized by a positive peak at ~265 nm and a negative peak at ~240 nm [29-31]. In 

addition, characteristics of parallel quadruplexes also include a minor positive peak at ~305 nm 

[29, 32-35]. Antiparallel quadruplexes demonstrate positive CD bands with maxima at ~245 

nm and ~295 nm and a negative peak at ~265 nm [36,37]. CD spectra were recorded by a 

JASCO Spectrophotometer in 0.5 cm Quartz cuvette, the concentration of G3T ~ 2 µM.  
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2.4. Fluorescence spectroscopy. 

Fluorescence spectroscopy is one of the most sensitive tools. Fluorescence has 

traditionally been used to monitor the activity of various enzymes, quantify DNA 

amplification, to study molecular interactions and dynamics.  In our assays, we use 

fluorescence analog of nucleotides (e.g., 3MI), which are completely quenched in single-

stranded or double-stranded DNA, and emit light upon quadruplex formation.  

Fluorescence measurements were performed using an ESEQuant Tube Scanner 

(Qiagen). QPA reactions were carried out in a reaction mixture (volume: 0.1 mL) containing 

300 nM primer, 3 nM or 1 nM template, 800 µM of dGTP, buffer (10 μM PbCl2, 50 mM CsCl, 

2 mM MgCl2, 10 mM Tris-HCl, and pH 8.7) and 0.05 unit/µl Taq or 0.08 unit/µl Bst 3 or 0.06 

unit/µl Vent (exo-) polymerase. The reactions were carried out directly in the 0.2 mL PCR 

tubes. In a typical experiment, buffer, DNA polymerase, and dGTP were added. The 

fluorometer equilibrated at reaction temperature followed by real-time fluorescence 

monitoring. 

3. Results and Discussion 

3.1. Primer/Template complexes for QPA at a range of human body temperature. 

To design such a primer/template complex that will allow us to implement QPA at a 

range of 35-45 °C temperature is one of the most important tasks of this work.  For this task, 

we designed the primer and three template molecules. The primer 5'-

GGG(3Mi)GGGCGGGTGG-3' is the modified G3T quadruplex with an incorporated 3MI in 

the 4th position and to which missing one guanine from 3’ end. In order to avoid the undesired 

activity of polymerase and also to decrease Tm, in the complexes, we applied mismatches, one 

mismatch in the first substrate, and two mismatches in the second substrate. The substrate 3 is 

without mismatches. As a result, show estimated melting temperature of substrate 2 is under 

40 °C (Table 1). It gave us a good opportunity to implement QPA at a range of 35-45 °C. 

Table 1. Primer/Template Complexes. 

  Primer/Template Complexes                           Name                                       Tm a  (°C) 

5'-GGG(3Mi)GGGCGGGTGG                         Substrate 1                                       45.9 

                 3’- ACCGCCCACCC 

5'-GGG(3Mi)GGGCGGGTGG                         Substrate 2                                       38.6 

                 3’- AACGCCCACCC 

5'-GGG(3Mi)GGGCGGGTGG                         Substrate 3                                       51.9 

                 3’- CCCGCCCACCC 

 
aTm values were estimated from nearest-neighbor analysis excluded mismatches. Concentration of 

Primer/Template Complexes  300 nM, 50 mM monovalent cations, 2mM MgCl2. 

3.2. Optimal cations for QPA. 

 As we mentioned before, the cation is necessary for the formation of the quadruplex, 

but not all of them can form the quadruplex, or they might form the quadruplex with less 

stability. For example, potassium cation can form a stable quadruplex, but cesium can't. It is 

because that K+ ions with ionic radii of 133 pm are the optimum size for a cation to enter the 

inner core of G-quartets while Cs+ ions with ionic radii of 169 pm are too big [15,38,39]. Thus, 

Cs+ ions allow us to keep ionic strength constant without affecting or creating a new quadruplex 

species. For comparison, we used K+, Sr2+, and Pb2+ cations. We performed UV melting 
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experiments of 4 µM G3T quadruplex with these cations. We used 4 µM (a same of G3T) 

concentration of bivalent Sr2+, Pb2+ cations, and 100 µM monovalent K+ cations (Figure 2).  

Experiments revealed reversible two-state transitions (Figure S1). Unfold of G3T quadruplex 

with K+ cations has a higher enthalpy change value, but G3T quadruplex with Pb2+ cations is a 

thermal more stable (Table 2). This result of enthalpy change value can be attributed to K+ 

cations form a higher number of bonds with G3T than Sr2+ and Pb2+ cations. 

 
Figure 2 Normalized UV unfolding profiles of 4 µM G3T in the presence of 4 µM SrCl2 (black), 4 µM PbCl2 

(red) and 100 µM KCl (blue) in 10 mM Tris-HCl, pH 8.7. 

Table 2. Melting of G3T in the presence of different cations. 

             Cations    -   G3T                                                     Tm  (°C)                ΔHvH  (kcal/mol) 

  

4 μM  Pb2+    - 4 μM of d(GGGTGGGTGGGTGGG)                 57.5                             36.5 

100 μM  K+  - 4 μM of d(GGGTGGGTGGGTGGG)                 56.7                             50.1 

4 μM  Sr2+    - 4 μM of d(GGGTGGGTGGGTGGG)                 53.8                             41.2 

Tm values (within ±0.5°C ) and ΔHvH  (within ±5%) were derived from UV melting curves at a concentration of   

4 μM G3T;  4 μM  Pb2+, 4 μM  Sr2+ and 100 μM K+; Buffer: 10 mM Tris–HCl, pH 8.7. 

 

Figure 3. QPA reactions using a different cations with the Substrate3. a: 50 µM Pb2+ (filled circles); 10 mM K+ 

(open circles) and 50 µM Sr2+ (triangle), at 55 °C;  b: 10 µM Pb2+ (filled circles); 25 mM K+ (open circles), at 

54 °C; A buffer solution consisting of 10 mM Tris-HCl at pH 8.7; 50 mM monovalent cations, 2 mM MgCl2.   

Employing Vent (exo-) DNA polymerase. 

In the next task, we have chosen the optimal cation for QPA. For comparison, we used 

the same concentration of bivalent Sr2+, Pb2+ cations, and 10-25 mM of K+, which 

concentrations are optimal for QPA with K+ cations [18].  In this experiment, the best rate of 

QPA was shown by using Pb2+ cations. QPA with 50 µM Pb2+ cations reveals ~2 times fast 

amplification than 50 µM of Sr2+ cations and ~1.5 times fast amplification than 10 mM K+ 

cations (Figure 3a). QPA with 10 µM Pb2+ cations demonstrate ~ 3 times fast amplification 

than 25 mM of K+ (Figure 3b). Based on it, we’ve applied Pb2+ cations for QPA. 

We performed QPA measurements for the negative control with Pb2+ cations, which 

contains all reaction components except for the template. As expected, this measurement did 
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not reveal amplification because a polymerase can't attach missing guanine to the primer 

without a duplex formation, and the primer is not able to fold the quadruplex (Figure 4). 

 
Figure 4. QPA reactions with a negative control. substrate 3 (line) and substrate 3 without template molecule 

(first 18 minutes), a template was added into the reaction mixture after 18 minutes (dashed line).  50 µM PbCl2, 

50 mM CsCl, 2mM MgCl2;  Tris-HCl 10 mM;  800 µM of dGTP ; Vent (exo-)  at  59°C. 

We’ve determined the optimal concentration of Pb2+ for QPA at 37 °C. The maximum 

rate of QPA was shown by using 10 µM Pb2+ cations concentration. Thus, for Qpa reactions, 

we applied the following buffer: 10 μM PbCl2, 50 mM CsCl, 2mM MgCl2, Tris-HCl 10 Mm, 

pH 8.7. Cations play a key role and can have both positive and negative effects on QPA. As 

reported earlier, truncated versions of the G3T sequence (e.g., our primer) can fold some 

quadruplexes at higher K+ concentrations, especially the sequence missing only one guanine 

[40].  Thus, the decrease in the QPA rate at higher than 25 µM Pb2+ cations can be attributed 

to the secondary structure of the primers, which impede the priming process of QPA.  

 
Figure 5. Optimal concentration of Pb2+ for QPA. QPA rate dependence on Pb2+ concentration using the 

Substrate 2. Primer/Template concentrations 300/3 nM. Measurements are carried out at 37 °C in 50 mM CsCl, 

2 mM MgCl2, 10 mMTris–HCl, pH 8.7; 800 µM of dGTP; 0.08 unit/µl Bst 3.0. 

 

Figure 6. CD spectra of 2 µM G3T with 12 µM PbCl2 at 35°C (red) and at 85°C (black); 10 mM Tris-HCl, pH 

8.7 in 0.5 cm optical cuvette. 
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At the same time, increasing Pb2+ concentration accelerates QPA by facilitating the 

dissociation of primers (Figure 5). 

To determine the folding topology of G3T quadruplex induced by Pb2+ cations, we 

performed CD spectroscopy measurement for at different temperatures. CD spectra at 35°C 

demonstrate characteristics of parallel quadruplexes: a strong positive peak at ~262 nm and a 

minor positive peak at ~305 nm. The next measurement at 85°C temperature at which 

quadruplexes are unfolded (Tm of 2 µM G3T with 12 µM  Pb2+  cations is ~ 63°C), reveals that 

a positive peak at ~ 262 nm significantly reduced. A minor positive peak at ~305 nm fully 

disappears (Figure 6). 

3.3. QPA at 35-45 °C temperature interval. 

In this task, we’ve implemented Quadruplex priming amplification at 35-45 °C 

temperature interval. For this, we’ve tested three DNA polymerases: Taq, Vent (exo-), and Bst 

3.0.  As a result, show at 55°C rate of QPA is almost the same by all mentioned DNA 

polymerases, but at 37 °C rate of QPA is a significantly low by Vent (exo-) DNA polymerase. 

The highest rate of QPA was detected using Bst 3 DNA polymerase. However, for the next 

experiments, we selected Bst 3 since it reveals the most rapid amplification (Figure 7). 

 
Figure 7. QPA reactions by different DNA polymerases: Bst 3.0 (filled circles), Taq (open circles), Vent (exo-) 

(triangle). a: Measurements are carried out with the Substrate 2 at 37 °C. b: Measurements are carried out with 

the Substrate 3 at 55 °C. 

The substrate 2 reveals better amplification than substrate 1 at 40 °C temperature. In 

addition, we performed measurements for the negative control at this temperature, which 

contains all reaction components except for the template (Figure S2). To determine QPA 

efficiency at 37 °C we performed measurements for low concentrations of template molecule 

using substrate 2. As the results show, linear QPA at 37 °C   allows detection of 10 pM template 

molecule in less than one hour (Figure 8). 

Considering the cases discussed above, we carried out QPA reactions at 33-47 °C 

temperature with an average 2-degree interval using the Substrate 2.  QPA was monitored by 

fluorescence of 3MI incorporated in the fourth position of the primers. A reaction mixture 

containing 300 nM primer, 3 nM and 1 nM template. We determined the average value of the 

QPA rate. The results show an optimal rate of QPA, at the maximum 41 °C, the rate reaches 

21 nM/min for 300/3 nm Primer/template concentrations and 10 nM/min for 300/1 nm. 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 the thermal 

stabilities of the primer/template complexes before and after elongation [3]. 
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Figure 8. QPA reactions at low concentrations of template molecule using Substrate 2, Primer 200 nm, 

template: 100 pM (open square), 10 pM (triangle) and negative control (filled square). Employing 0.08 unit/µl 

Bst 3.0, 800 µM of dGTP in 10 μM PbCl2, 50 mM CsCl, 2mM MgCl2, Tris-HCl 10 Mm, pH 8.7 at 37 °C. 

Isothermal QPA requires both efficient priming and duplex dissociation at the same 

temperature. For instance, substrate 2 demonstrates good activity between 35 - 45 °C and strong 

activity 37-43 °C (Figure 9), which means that both processes take place at these temperatures. 

 
Figure 9. Temperature dependence of QPA rates using the Substrate 2 listed in Table 1. Primer/template 

concentrations: 300/3 nM (open circles) and  300/1 nM (filled circles); employing 0.08 unit/µl Bst 3.0,  800 µM 

of dGTP  in 10 μM PbCl2, 50 mM CsCl, 2 mM MgCl2, Tris-HCl 10 Mm, pH 8.7. 

4. Conclusions 

 In the present work, we designed linear QPA assays at a range of 35-45 °C. Substrate 

2 (table 1) demonstrates strong activity at a range of 37-43 °C temperature, which allows the 

detection of 10 pM template molecules in less than one hour. Bst 3 DNA polymerase 

demonstrates an optimal rate of QPA at 55 °C as well as at 37 °C temperature. As the results 

show, QPA with lead cations reveal ~3 times fast amplification than potassium cations. 

Experiments by UV-Visible and CD spectroscopy demonstrate that G3T with Pb2+ cations form 

a stable parallel quadruplex: Tm of 4 µM G3T quadruplex with 4 µM Pb2+ cations ~57 °C. 

QPA can be applied as a method for the implementation of simple and cheap diagnostics 

(POC), as well as development at a range of 35-45 °C, which will make this method more 

convenient for using it in nucleic acid-based diagnostics. 
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Supplementary files 

 
Figure S1. UV unfolding profiles of 4 µM G3T in the presence of 4 µM SrCl2 (red), 4 µM PbCl2 (blue) in 10 

mM Tris-HCl, pH 8.7. 

 
Figure S2.  QPA reactions using the Substrate1 (rhombus), the Substrate2 (filled circles) and Negative control- 

without template molecule (dashed line); Employing Bst 3 DNA polymerase at 40 °C. 
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