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Serendipitous Discovery of a 
Guanine-rich DNA Molecule with a 
Highly Stable Structure in Urea
Wenqing Zhang1, Meng Liu1, Christine Lee2, Bruno J. Salena3 & Yingfu Li  1

We have made an accidental discovery of an unusual, single-stranded, guanine-rich DNA molecule 
that is capable of adopting a folded structure in 7 M urea (7MU) known to denature nucleic acid 
structures. The folding of this molecule requires Na+ and Mg2+ and the folded structure remains stable 
when subjected to denaturing (7MU) polyacrylamide gel electrophoresis. Results from sequence 
mutagenesis, DNA methylation, and circular dichroism spectroscopy studies suggest that this molecule 
adopts an intramolecular guanine-quadruplex structure with 5 layers of guanine tetrads. Our finding 
indicates that DNA has the ability to create extremely stable structural folds despite its limited chemical 
repertoire, making it possible to develop DNA-based systems for unconventional applications.

DNA is a rather simple polymer from the chemical functionality perspective, especially when compared to 
proteins. This is because DNA is built with four chemically similar nucleobases distributed over a backbone of 
sugar-phosphodiesters. And yet, many man-made DNA molecules have been produced, through the technique 
of in vitro selection1,2, to recognize a broad range of molecular targets or catalyze various chemical transforma-
tions3–20. However, the majority of functional DNA molecules have been derived to perform tasks under condi-
tions conducive to nucleic acid structure folding, such as neutral pH and amiable temperature. Previous examples 
of functional DNA molecules that are active under challenging reaction conditions include RNA-cleaving 
DNAzymes working at high acidity21–24 or high temperature25, although these DNAzymes exhibit much reduced 
catalytic efficiency than their counterparts derived to work at neutral pH and normal temperature25. Nevertheless, 
it is largely unknown if single-stranded DNA can create intricate structures under structure-disrupting 
conditions.

Urea at high concentrations represents a disruptive condition for nucleic acid structures26,27. Because urea can 
act as hydrogen-bond donor and acceptor, it can easily denature structures of nucleic acids. In fact, 6–8 M urea 
is the key component for denaturing polyacrylamide gel electrophoresis (dPAGE) widely used to separate DNA 
oligonucleotides by size28,29. In this technique, DNA molecules are completely denatured and migrate as unfolded 
linear polymers through the polyacrylamide gel matrix. To our great surprise, we came across a DNA molecule 
that can form a folded structure in 7 M urea (7MU), which remains stable during the process of 7MU-dPAGE.

The original goal of this study was to use in vitro selection technique to isolate RNA-cleaving DNAzymes to 
function under the condition of 20 mM Tris-HCl, pH 8.5, 50 mM NaCl, and 10 mM MgCl2 (denoted 1× Selection 
Buffer, or 1× SB), from a random-sequence synthetic DNA pool. The DNA pool was made of ~1014 98-nt DNA 
molecules (nt: nucleotide) with 43-nt constant sequence at the 5′-end, followed by 40-nt random sequence and 
15-nt constant sequence (Fig. 1a). Note that the 5′-sequence contains an adenosine ribonucleotide at 14th position 
(R in Fig. 1a) as the cleavage site, which is surrounded by a pair of thymine deoxyribonucleotides modified with 
a fluorescein (F) and the dabcyl quencher (Q)—a design intended for making DNAzymes for biosensing appli-
cation30,31. The selection strategy, depicted in Fig. S1, is straightforward: RNA-cleaving DNA sequences produce 
two products, 14-nt P1 and 84-nt P2. P2 is the desired product because it contains the catalytic DNA sequence. 
Because of large differences in size, P2 can easily be separated from both P1 and the uncleaved molecules using 
7MU-dPAGE. Purified P2 is first multiplied via DNA amplification and then subjected to the next cycle of cleav-
age, product separation and DNA amplification. This procedure is repeated until a strong cleavage activity is 
observed.

1Department of Biochemistry and Biomedical Sciences, McMaster University, 1280 Main St W, Hamilton, ON, L8S 
4K1 Canada. 2Department of Pathology and Molecular Medicine, McMaster University, 1280 Main St W, Hamilton, 
L8S 4K1 ON, Canada. 3Department of Medicine, McMaster University, 1280 Main St W, Hamilton, ON, L8S 4K1 
Canada. Correspondence and requests for materials should be addressed to Y.L. (email: liying@mcmaster.ca)

Received: 23 October 2017

Accepted: 15 January 2018

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0002-7533-6743
mailto:liying@mcmaster.ca


www.nature.com/scientificreports/

2Scientific RepoRTS |  (2018) 8:1935  | DOI:10.1038/s41598-018-20248-w

The described selection strategy has been successfully used to derive RNA-cleaving DNAzymes in our pre-
vious studies21,30–33. As expected, a strong P2 DNA band on 7MU-dPAGE gel was observed after 16 cycles of 
selection. The DNA pool was then subjected to cloning and sequencing. 33 sequences were obtained, which can 
be grouped into 3 sequence classes (Table S1). A representative sequence from each class was chosen for further 
characterization (Fig. 1b). These sequences are named UD1, UD2, and UD3.

The first evidence suggesting that these DNA molecules were not RNA-cleaving DNAzymes came from the 
experiment depicted in Fig. 1c. For this experiment, each UD was made to have a 32P-labeled phosphodiester link-
age between the 28th and 29th nucleotides in addition to the fluorescein label at the 13th position. Therefore, the 
RNA cleavage reaction should produce a fluorescent P1 and a radioactive P2, as illustrated in the inserted reac-
tion scheme in Fig. 1c. The uncleaved UD should be detectable by both fluorimaging (gel image on the left) and 
radioimaging (image on the right), while P1 and P2 should be detectable only by fluorimaging and radioimaging, 
respectively. However, P1 was not detected at all whereas P2-like DNA bands appeared in both images. These 
observations strongly suggest that we obtained novel DNA sequences that are able to fold into stable structures in 
7MU. The folded DNA molecules are more compact than unfolded DNA sequences, and thus migrate faster on 
7MU-dPAGE. These molecules were selected simply because the folded structure (albeit 98-nt in length) has a gel 
mobility that is similar to the linear 84-nt DNA molecule used as the gel excision marker.

To provide additional evidence, we performed an experiment using altered UD1–3 (named U1T, U2T and 
U3T; Fig. 1d) where the first 28 nucleotides (including the RNA cleavage site) were removed. A faster migrating 
DNA band appeared for each shortened DNA, particularly for U2T and U3T.

The folded DNA band from U2T and U3T, labeled B1 and B2, were excised from the gel, eluded, denatured by 
heat, and refolded under the in vitro selection condition. When they were subjected to dPAGE analysis, two DNA 
bands were observed again. This experiment further verified that UD1, UD2 and UD3 are not RNA-cleaving 
DNAzymes. More importantly, the appearance of the fast-migrating DNA band was dependent on the presence 
of 50 mM NaCl and 5 mM MgCl2 (“+M” lanes, Fig. 1e).

We realized by this time that the experimental procedure used for in vitro selection in this study had two 
key deviations from the protocol previously used by us for isolating RNA-cleaving DNAzymes. Our standard 
practice has a step of quenching the cleavage reaction by adding sufficient amount of EDTA to chelate divalent 
metal ions, followed by DNA recovery using ethanol precipitation. The DNA is then dissolved in 1× dPAGE gel 
loading buffer containing 7MU (1× dGLB), heated at 90 °C for 5 min and cooled at room temperature for 15 min. 
The mixture is then subjected to 7MU-dPAGE to purify the cleavage product. However, in the current study, the 
cleavage reaction mixture was directly combined with 2× dGLB, followed by heating, cooling and 7MU-dPAGE 
purification as usual. In other words, the altered protocol omitted EDTA-chelation and ethanol-precipitation 
steps. These omissions resulted in a DNA mixture containing 50 mM NaCl and 5 mM MgCl2 in addition to 7MU 
prior to gel loading. We believe that the presence of metal ions in the loading mixture provided a chance for UD 
sequences to fold into a tight structure in the presence of 7MU and get selected via isolation on 7MU-dPAGE.

To probe into this hypothesis, we carried out an experiment to examine the concentration effect of Na+ and 
Mg2+ on the folding of U2T. Sodium itself at high concentrations (375 mM or above; Fig. 2a,d) can induce a high 

Figure 1. Discovery of DNA sequences with urea-resistant structures. (a) The sequence of the DNA library 
used for in vitro selection. R: adenosine ribonucleotide; F: fluorescein-labeled dT; Q: dabcyl-labeled dT; N: 
mixture of ACGT (25% each). (b) The random-sequence regions of UD1, UD2 and UD3. (c) Fluorimage and 
phosphorimage of a 7MU-dPAGE gel conducted to analyze the cleavage reaction of UD1–3. Insert: The cleavage 
reaction with 14-nt P1 and 84-nt P2 as the cleavage product. L: DNA ladder lane. (d) 7MU-dPAGE analysis 
of U1T, U2T and U3T (truncated UD1, UD2 and UD3 with the removal of the first 28 nucleotides). (e) 7MU-
dPAGE analysis of the boxed DNA bands from panel d. + M and -M: with and without 50 mM NaCl and 5 mM 
MgCl2, respectively. Cropped gel images were used in panels (c–e) (uncropped gel images are provided in 
Fig. S6).
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level (~85%) of structural formation of U2T. Magnesium was less effective: only ~20% U2T were folded when 
100 mM MgCl2 was provided (Fig. 2b,d). However, a synergistic effect was seen when Na+ and Mg2+ were used 
simultaneously: in the presence of 5 MgCl2, ~85% U2T adopted folded structure when the sodium concentration 
reached 150 mM. K+, Li+ and NH4

+ were also found to support the structural formation (Fig. S2), and the effec-
tiveness of the tested monovalent cations follows the order of Na+ > K+ > NH4

+ > Li+.
We next investigated the time for folding. U2T samples containing 150 mM NaCl, 5 mM MgCl2, and 7MU 

were heated at 90 °C for 5 min and then incubated at room temperature for times specified in Fig. 3a prior to 
dPAGE analysis. Note that each folding reaction was started at a different starting time so that all the reactions 
reached the same endpoint for gel loading. The graph presented in Fig. 3b indicates that ~40% U2T adopted 
the folded structure in 5 min, 70% in 60 min, and additional 10% molecules were able to fold in the next 3 h. 
The last lane was a control where a sample was loaded immediately following the heating step, and the lack of 
fast-migrating DNA band in this lane indicates that U2T was unable to fold within the gel, most probably due to 
the absence of metal ions in the gel. The folded structure, however, remained stable within the gel.

Sequence truncation experiment provided in Fig. S3 indicates that nucleotides outside of the random region 
can be completely removed. The 40-nt UD2 is named U2R. It is highly rich in guanine (G; 65%) and such 
sequences tend to form G-quadruplex structures comprising stacks of G-quartets, planar arrangement of four 
guanines bonded with 8 hydrogen bonds34–40. Footprinting experiment with dimethyl sulfate (DMS) was then 
performed with U2T and the data is provided in Fig. S4. This technique can detect the sensitivity of N7 atoms of 
guanines in G-quartets to methylation (so called “methylation interference”). It was found that 20 of 26 guanines 
exhibited significant methylation interference (green G residues in Fig. 4a), indicating that these guanine bases 
play important roles in UD2’s structural folding. Interestingly, these guanines are conserved in U1R and U3R 
(Fig. 4a) and distributed into six G-stretches in the following arrangement: G5N1–2G2N1G3N10–11G3N1G2N2G5 (N 
stands for A, C or T). This finding suggests that these 3 selected DNA molecules are sequence relatives.

Figure 2. Metal ion requirements for the folding of U2T. (a) Effect by Na+ (in the absence of Mg2+). (b) Effect 
by Mg2+ (in the absence of Na+). (c) Effect by Mg2+ and Na+. Each reaction mixture contained 44.5 mM Tris-
borate, 10 mM HEPES, 7 M urea, and the specified metal ions. (d) % Folded structure vs. NaCl concentration. 
The mixture was heated at 90 °C for 5 min and left standing at room temperature for 15 min before loading. 
Cropped gel images were used for panel (a–c) (uncropped gel images are provided in Fig. S6). In addition, for 
panel (a), two different gels, separated by the black dividing line, were grouped.

Figure 3. Time for folding. (a) 7MU-dPAGE analysis. A cropped gel image was used (the uncropped gel image 
is provided in Fig. S6). (b) % Folded structure vs. folding time. U2T was heated at 90 °C for 5 min and then 
incubated at room temperature for the specified time before 7MU-dPAGE analysis. Ctr: the reaction mixture 
was immediately loaded following heat denaturation. All the reaction mixtures contained 7MU, 5 mM MgCl2, 
and 150 NaCl.
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The folding property of several U2R mutants (Fig. 4b) were examined next. Removing 3 internal, non-conserved 
guanine nucleotides (U2R1) had no effect on folding. However, deleting (U2R2) or mutating (U2R3) conserved 
guanine nucleotides was totally disruptive. As expected, the 5′ C and 3′ T (U2R4) nucleotides had no effect.

The conserved sequence motif has two G5 elements and two G2+G3 elements each with a pyrimidine nucleo-
tide insertion (pink C and T, Fig. 5a). This observation prompted us to examine whether these two nucleotides are 
essential to the structural folding, particularly considering their removal would produce two additional G5 elements 
to allow the DNA sequence to form a quadruplex structure with 5 layers of G-tetrads. Surprisingly, these two nucle-
otides are indispensable to the structural folding (U2R5, Fig. 5a)—this point will be further discussed below.

Circular dichroism spectroscopy (CD) has been widely used to examine guanine quadruplex structures, 
particularly for identifying different G-quadruplex folds36,41–45. The CD spectrum of U2R1 in the presence of 
urea (unfilled circles, Fig. 5b) contains a positive peak at 260 nm and a negative peak at 240 nm, both of which 
were not seen in the spectrum of U2R5 (unfilled triangles). The CD spectrum of U2R1 is indicative of a par-
allel G-quadruplex fold extensively reported in the literature for other G-quadruplex forming DNA and RNA 
sequences, strongly suggesting that U2R1 has G-quadruplex made of exclusively parallel DNA strands46–48. The 
parallel chain directionality of U2R1 was further tested with protoporphyrin (PPIX), which has been shown to 
selectively bind to parallel G-quadruplexes and produce fluorescence enhancement49. Indeed, strong fluores-
cence increases were observed when PPIX was incubated with U2R1 both in the absence and presence of 7MU 
(Fig. S5a).

Based on the above information, we propose a structural model, which is depicted in Fig. 5c. The proposed 
structure consists of two continuous stacks of tetrads (top and bottom two-tiers) sandwiching a middle stack with 
two backbone openings. The model not only places all 20 conserved guanines into 5-layer G-quartets, but the 
nature of all parallel strands is also consistent with the CD data (Fig. 5b) and the results from the PPIX binding 
experiment (Fig. S5a). Furthermore, the model explains the indispensability of the aforementioned pyrimidine 
nucleotides because they are needed for creating all-parallel strand orientations. The structure also has a long 
linking loop (10 nt) connecting two distal guanines located on the top and bottom tetrads, respectively. We found 
that nucleotide identities are not important as they can be changed to thymidines (U2R7, Fig. 5d). However, the 
number of nucleotides in this loop has pronounced impact on formation of the urea-resistant structure: while 8 
and more nucleotides (U2R6, 11 thymidines; U2R7, 7 thymidines) support the structure formation, shortened 
loops (5 nt in U2R8 and 2 nt in U2R9) are completely ineffective. These findings are consistent with the proposed 
structural model.

We examined the thermal stability of U2R1 by measuring their melting points (Tm values) in the absence and 
presence of 7MU and the data are shown in Fig. S5b. U2R1 has a melting point of 68 °C and 59 °C in the absence 
and presence of 7MU, and more importantly, its Tm decreases only by 9 °C in the presence of 7MU. These results 
are consistent with a highly stable structure associated with U2R1 even in the presence of 7MU.

Finally, we tested whether the RNA version of U2R1 (named RNA-U2R1) could fold into a similar 
urea-resistant structure. Interestingly, RNA-U2R1 behaved very differently from U2R1 as it did not produce a 
defined fast-migrating band on the 7MU-dPAGE (Fig. S5c). This particular observation suggests that the stable 
structure adopted in 7MU by U2R1 does not straightforwardly translate into a similar stable structure by the RNA 
with the same sequence. However, we believe RNA molecules with similar properties do exist and can be isolated 
from random-sequence RNA pools.

Figure 4. Testing variant sequences of U2R. (a) Sequence alignment of U2R, U1R and U3R. Guanines with 
significant methylation interference are shown in green. Only altered nucleotides are shown. -:nucleotide 
deleted; red T: guanine mutated to thymine. (b) Analysis of folding property of U2R mutants in 7MU with (+) 
and without (−) of 5 mM MgCl2, and 150 NaCl. Two different gels, separated by the black dividing line, were 
grouped. In addition, cropped gel images were used (uncropped gel images are provided in Fig. S6).
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In summary, we have accidently discovered a remarkable DNA molecule that can adopt a folded structure in 
the presence of 7 M urea, which is known to be a strong denaturant for nucleic acid structures. This DNA mole-
cule is highly rich in guanine and several lines of evidence suggest that this molecule forms an intricate 5-tiered 
guanine-quadruplex with all-parallel strand orientations. To our knowledge, such a structural arrangement has 
never been described before. The formation of the structure is contingent on the presence of metal ions. Overall, 
our work demonstrates that DNA, despite its chemically simplicity, is able to create highly stable structural folds 
in a structurally disruptive environment. This finding opens up the possibility of developing DNA-based sys-
tems for unconventional applications. For example, it is conceivable that DNA aptamers or ligand-responsive 
DNAzymes for biosensing applications can be isolated to function under denaturing conditions designed to over-
come issues such as non-specific binding or degradation by nucleases in biological samples. Our finding may also 
have implications for origin of life. It has been hypothesized that life on Earth may have emerged from an “RNA 
world” where RNA played the dual roles of being the hereditary material and carrying enzymatic reactions50–53. 
It is possible that the early RNA catalysts may have to deal with structure-disrupting conditions imposed by 
urea-like denaturants. Furthermore, these unsupportive conditions might also facilitate the replication of nucleic 
acid enzymes as they can help denature the replicated duplexes at elevated temperature and allow the regenera-
tion of functional enzymes under denaturing conditions.

Methods
Enzymes, chemicals, and other materials. T4 DNA ligase and T4 polynucleotide kinase (PNK) 
were purchased from Thermo Scientific (Ottawa, ON, Canada). [γ-32P]dATP was obtained from Perkin Elmer 
(Woodbridge, ON, Canada). Urea (ultrapure) and 40% polyacrylamide solution (29:1) were acquired from 
BioShop Canada (Burlington, ON, Canada). The water used was purified via Milli-Q Synthesis A10 water purifier. 
All other chemicals were purchased from Sigma-Aldrich (Oakville, ON, Canada). 10× TBE (Tris-borate EDTA) 
(1 L) was made of 108 g Tris-base (0.89 M), 55 g boric acid (0.89 M), 20 mL of 0.5 M ethylenediaminetetraacetic 
acid (EDTA; pH 8.0; 10 mM). 2× native gel-loading buffer (per 100 mL) was made with 20 g sucrose, 10 mL of 
10× TBE, 1 mL of 10% (w/v) SDS (sodium dodecyl sulphate), 25 mg bromophenol blue, and 25 mg xylene cyanol 
FF. 2× denaturing gel-loading buffer was made with the same recipe, with the addition of 84.1 g urea (14 M). Note 
that the concentration of Tris-boric acid in the 2× gel-loading buffer was 89 mM. 10% denaturing polyacrylamide 
gel stock was made of 250 mL of 40% polyacrylamide solution (29:1), 100 mL of 10× TBE, and 425 g urea.

Synthesis and purification of oligonucleotides. DNA and RNA oligonucleotides were purchased 
from Integrated DNA Technologies (Coralville, IA, USA), prepared using automated synthesis using stand-
ard phosphoramidite chemistry. Each oligonucleotide was purified using 10% denaturing polyacrylamide gel 

Figure 5. A structure model for U2R1. (a) Analysis of folding property of U2R1 and its mutant U2R5 in the 
presence of 7MU. (b) Circular dichroism spectra obtained with U2R1 and U2R5 in 7MU, 150 mM NaCl and 
5 mM MgCl2. (c) Proposed structure model. (d) Analysis of folding property of U2R1 mutants altered at the 
long linking loop. +M and −M in panels (a,d): with and without 150 mM NaCl and 5 mM MgCl2. For panels 
(a,d), cropped gel images were used (uncropped gel images are provided in Fig. S6).
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electrophoresis (dPAGE) containing 7 M urea. Note that for the purification of urea-resistant DNA molecules 
featured in this study, DNA samples in 1× denaturing gel loading buffer at 90 °C for 5 min and then immediately 
loaded onto dPAGE gel. This procedure was adopted to minimize the structure formation.

32P-labelling of oligonucleotides. 1 μL of [γ-32P]ATP (10 μCi) was used to label ~150 pmol of DNA or 
RNA in 50 μL of 1× PNK buffer A containing 5 units of PNK. After incubation at 37 °C for 30 min, PNK was 
inactivated by heating at 90 °C for 5 min. The phosphorylated DNA was first concentrated by ethanol precipitation 
and then purified by 10% dPAGE purification.

In vitro selection procedures. In vitro selection was conducted using a similar protocol that we previously 
described54. The in vitro selection schematic and all the DNA sequences are provided in Fig. S1. 1000 pmol of 
DL1 were used as the initial library. The DNA molecules in this pool were first labeled with 32P at the 5′-end in 
the presence of 10 units (U) of T4 PNK, 10 µCi of [γ-32P]ATP, and 1× T4 PNK buffer A (using the 10× buffer 
supplied by the vendor) for 20 min at 37 °C in a reaction volume of 100 µL. This was followed by the addition of 
non-radioactive ATP to a final concentration of 1 mM and further incubation at 37 °C to ensure complete phos-
phorylation. The reaction was stopped by heating at 90 °C for 5 min. Upon cooling to room temperature (~23 °C), 
1000 pmol of S1 and 1000 pmol of T1 were added. The reaction mixture was then heated to 90 °C for 1 min and 
cooled to RT. 10 units of T4 DNA ligase and 25 µL of 10× T4 DNA ligase buffer (supplied by the vendor) were 
added to the reaction mixture (total reaction volume: 250 µL). The ligation reaction was carried out at room 
temperature for 2 h. The DNA in the mixture was precipitated by ethanol and the ligated product was purified by 
10% dPAGE54.

The purified DNA above was suspended in 25 µL of H2O, heated to 90 °C for 30 s and cooled to room tem-
perature over 15 min. The cleavage reaction was initiated by the addition of 25 µL of 2× selection buffer (40 mM 
Tris-HCl, pH 8.5, 100 mM NaCl, and 20 mM MgCl2), and the reaction mixture was incubated at room tem-
perature for 1 h. The reaction solution was then mixed with 50 µL of 2× denaturing gel loading buffer, which 
was heated at 90 °C for 5 min and cooled to RT for 15 min54. Note that the metal ion concentrations were: 
[Na+] = 25 mM and [Mg2+] = 5 mM; the buffering agent Tris concentration were 32.2 mM [(40 mM from 2× 
SB + 89 mM from 2× dGLB)/4]. This mixture was then subjected for 10% dPAGE purification. A DNA marker 
that has the identical size to the cleavage product was used to guide the excision of the desired DNA band.

The isolated DNA above was amplified by polymerase chain reaction (PCR) in a volume of 50 µL containing 
1× PCR buffer (supplied by the vendor as the 10× buffer), 0.2 mM each of the standard dNTPs, 1.25 U of Tth 
DNA polymerase, 0.5 µM FP1 (forward primer) and 0.5 µM RP1 (reverse primer). Twelve thermocycles were car-
ried out with the following parameters: 94 °C, 30 s (2 min for the first cycle); 52 °C, 40 s; 72 °C, 45 s. A 1/100-fold 
dilution of the first PCR product was used for the second PCR using the same condition described above with the 
exception that RP2 was used instead of RP1. Another PCR2 was performed for internal labeling with 32P. This was 
achieved by following the PCR2 protocol except that 10 µCi of [α-32P]dGTP and 0.02 mM non-radioactive dGTP 
were used to substitute 0.2 mM dGTP. The non-radiolabeled and 32P-labeled PCR solutions were combined and 
the DNA in the mixture was precipitated by ethanol. The desired DNA molecules were purified by 10% dPAGE54.

The purified DNA was used to carry out the second selection using the same procedure. 16 selection rounds 
were conducted. The cleavage product from round 16 was amplified, cloned and sequenced using a protocol we 
published previously54,55. 33 DNA sequences were revealed, which are provided in Table S1.

General procedure for dPAGE-based folding analysis of urea-resistant DNA molecules. The 
folding buffer (4× FB) contained 40 mM HEPES, pH 7.5, 600 mM NaCl, and 20 mM MgCl2. The general proce-
dure was as follows: a DNA sequence of interest (radioactively labeled; 5 pmol in 5 µL) was first mixed with 5 µL 
of 4× FB, and then combined with 10 µL of 2× dGLB. The final concentration for each component in the mixture 
was: [DNA] = 12.5 nM, [Na+] = 150 mM, [Mg+] = 5 mM, [HEPES] = 10 mM, [Tris-boric acid] = 44.5 mM and 
[urea] = 7 M. The final volume was 20 µL and the final pH was 8.4 (directly measured). This mixture was heated to 
90 °C for 5 min, incubated at room temperature (RT) for 15 min, and then loaded onto a 10% dPAGE gel, which 
contained 10% polyacrylamide, 7 M urea, 89 mM Tris-boric acid and 1 mM EDTA. The unfolded and folded DNA 
bands separated by dPAGE gel was imaged with a Typhoon Trio + Imager (GE Healthcare) and the radioactivity 
of each DNA band was quantified with ImageQuant software (Molecular Dynamics). The percentage of folded 
structure was then calculated using Microsoft Excel54.

Data availability. All data generated or analyzed during this study are included in this published article and 
its Supplementary Information.

References
 1. Ellington, A. D. & Szostak, J. W. In vitro selection of RNA molecules that bind specific ligands. Nature 346, 818–822 (1990).
 2. Tuerk, C. & Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage T4 DNA polymerase. 

Science 249, 505–510 (1990).
 3. Bock, L. C., Griffin, L. C., Latham, J. A., Vermaas, E. H. & Toole, J. J. Selection of single-stranded DNA molecules that bind and 

inhibit human thrombin. Nature 355, 564–566 (1992).
 4. Ellington, A. D. & Szostak, J. W. Selection in vitro of single-stranded DNA molecules that fold into specific ligand-binding structures. 

Nature 355, 850–852 (1992).
 5. Huizenga, D. E. & Szostak, J. W. A. DNA aptamer that binds adenosine and ATP. Biochemistry 34, 656–665 (1995).
 6. Shangguan, D. et al. Aptamers evolved from live cells as effective molecular probes for cancer study. Proc. Natl. Acad. Sci. USA 103, 

11838–11843 (2006).
 7. Zhang, N. et al. Intercellular connections related to cell-cell crosstalk specifically recognized by an aptamer. Angew. Chem. Int. Ed. 

Engl. 55, 3914–3918 (2016).
 8. Breaker, R. R. & Joyce, G. F. A DNA enzyme that cleaves RNA. Chem. Biol. 1, 223–229 (1994).
 9. Cuenoud, B. & Szostak, J. W. A. DNA metalloenzyme with DNA ligase activity. Nature. 375, 611–614 (1995).



www.nature.com/scientificreports/

7Scientific RepoRTS |  (2018) 8:1935  | DOI:10.1038/s41598-018-20248-w

 10. Chinnapen, D. J. F. & Sen, D. A deoxyribozymes that harnesses light to repair thymine dimers in DNA. Proc. Natl. Acad. Sci. USA 
101, 65–69 (2004).

 11. Cruz, R. P., Wiithers, J. B. & Li, Y. Dinucleotide junction cleavage versatility of 8-17 deoxyribozyme. Chem. Biol. 11, 57–67 (2004).
 12. Torabi, S.-F. et al. In vitro selection of a sodium-specific DNAzyme and its application in intracellular sensing. Proc. Natl. Acad. Sci. 

USA 112, 5903–5908 (2015).
 13. Huang, P.-J. J., Vazin, M. & Liu, J. In vitro selection of a DNAzyme cooperatively binding two Lanthanide ions for RNA cleavage. 

Biochemistry 55, 2518–2525 (2016).
 14. Lee, Y. et al. DNA-catalyzed DNA cleavage by a radical pathway with well-defined product. J. Am. Chem. Soc. 139, 255–261 (2017).
 15. Wilson, D. S. & Szostak, J. W. In vitro selection of functional nucleic acids. Annu. Rev. Biochem. 68, 611–647 (1999).
 16. Breaker, R. R. DNA enzymes. Nature Biotechnology 15, 427–431 (1997).
 17. Schlosser, K. & Li, Y. Biologically inspired synthetic enzymes made from DNA. Chem. Biol 16, 311–322 (2009).
 18. Mayer, G. The chemical biology of aptamers. Angew. Chem. Int. Ed. Engl. 48, 2672–2689 (2009).
 19. Silverman, S. K. DNA as a versatile chemical component for catalysis, encoding, and stereocontrol. Angew. Chem. Int. Ed. Engl. 49, 

7180–7201 (2010).
 20. Liu, J., Cao, Z. & Lu, Y. Functional nucleic acid sensors. Chem. Rev. 109, 1948–1998 (2009).
 21. Liu, Z., Mei, S. H. J., Brennan, J. D. & Li, Y. Assemblage of signaling DNA enzymes with intriguing metal-ion specificities and pH 

dependences. J. Am. Chem. Soc. 125, 7539–7545 (2003).
 22. Kandadai, S. A. & Li, Y. Characterization of a catalytically efficient acidic RNA-cleaving deoxyribozyme. Nucleic Acids Res. 33, 

7164–7175 (2005).
 23. Ali, M. M., Kandadai, S. & Li, Y. Characterization of pH3DZ1-an RNA-cleaving deoxyribozyme with optimal activity at pH 3. Can. 

J. Chem. 85, 261–273 (2007).
 24. Kandadai, S. A., Mok, W. W., Ali, M. M. & Li, Y. Characterization of an RNA-cleaving deoxyribozyme with optimal activity at pH 5. 

Biochemistry 48, 7383–7391 (2009).
 25. Nelson, K. E., Bruesehoff, P. J. & Lu, Y. In vitro selection of high temperature Zn2+-dependent DNAzymes. J. Mol. Evol. 61, 216–225 

(2005).
 26. Kourilsky, P., Manteuil, S., Zamansky, M. H. & Gros, F. DNA-RNA hybridization at low temperature in the presence of urea. Biochem 

Biophys Res Commun. 41, 1080–1087 (1970).
 27. Kourilsky., P., Leidner, J. & Tremblay, L. G. DNA-DNA hybridization on filters at low temperature in the presence of formamide or 

urea. Biochimie 53, 1111–1114 (1971).
 28. Maniatis, T., Jeffrey, A. & van deSande, H. Chain length determination of small double- and single-stranded DNA molecules by 

polyacrylamide gel electrophoresis. Biochemistry 14, 3787–3794 (1975).
 29. Summer, S. H., Grämer, R. & Dröge, P. Denaturing urea polyacrylamide gel electrophoresis (Urea PAGE). J. Vis. Exp. e1485 (2009).
 30. Ali, M. M., Aguirre, S. D., Lazim, H. & Li, Y. Fluorogenic DNAzyme probes as bacterial indicators. Angew. Chem. Int. Ed. Engl. 50, 

3751–3754 (2011).
 31. Shen, Z. et al. A catalytic DNA activated by a specific strain of bacterial pathogen. Angew. Chem. Int. Ed. Engl. 55, 2431–2434 (2016).
 32. Mei, S. H. J., Liu, Z., Brennan, J. D. & Li, Y. An efficient RNA-cleaving DNA enzyme that synchronizes catalysis with fluorescence 

signaling. J. Am. Chem. Soc. 125, 412–420 (2003).
 33. Chiuman, W. & Li, Y. Simple fluorescent sensors engineered with catalytic DNA ‘MgZ’ based on a non-classic allosteric design. PLoS 

One. 2, e1224 (2007).
 34. Sen, D. & Gilvert, W. Formation of parallel four-stranded complexes by guanine-rich motifs in DNA and its implications for meiosis. 

Nature 334, 364–366 (1988).
 35. Williamson, J. R., Raghuraman, M. K. & Cech, T. R. Monovalent cation-induced structure of telomeric DNA: the G-quartet model. 

Cell 59, 871–880 (1989).
 36. Bochman, M. L., Paeschke, K. & Zakian, V. A. DNA secondary structures: stability and function of G-quadruplex structures. Nat. 

Rev. Genet. 13, 770–780 (2012).
 37. Hänsel-Hertsch, R., Antonio, M. D. & Balasubramanian, S. DNA G-quadruplexes in the human genome: detection, functions and 

therapeutic potential. Nat. Rev. Mol. Cell. Biol. 18, 279–284 (2017).
 38. Lipps, H. J. & Rhodes, D. G-quadruplex structures: in vivo evidence and function. Trends Cell Biol. 19, 414–422 (2009).
 39. Gellert, M., Lipsett, M. N. & Davies, D. R. Helix formation by guanylic acid. Proc. Natl. Acad. Sci. USA 48, 2013–2018 (1962).
 40. Ralph, R. K., Connors, W. J. & Khorana, H. G. Secondary structure and aggregation in deoxyguanosine oligonucleotides. J. Am. 

Chem. Soc. 84, 2265–2266 (1962).
 41. Lane, A. N., Chaires, J. B., Gray, R. D. & Trent, J. O. Stability and kinetics of G-quadruplex structures. Nucleic Acids Res. 36, 

5482–5515 (2008).
 42. Burge, S., Parkinson, G. N., Hazel, P., Todd, A. K. & Neidle, S. Quadruplex DNA: sequence, topology and structure. Nucleic Acids 

Res. 34, 5402–5415 (2006).
 43. Huppert, J. L. & Balasubramanian, S. Prevalence of quadruplexes in the human genome. Nucleic Acids Res. 33, 2908–2916 (2005).
 44. Huppert, J. L. & Balasubramanian, S. G-quadruplexes in promoters throughout the human genome. Nucleic Acids Res. 35, 406–413 

(2007).
 45. Cech, T. R. Beginning to understand the end of the chromosome. Cell. 116, 273–279 (2004).
 46. Kypr, J., Kejnovská, I., Renčiuk, D. & Vorlíčková, M. Circular dichroism and conformational polymorphism of DNA. Nucleic Acids 

Res. 37, 1713–1725 (2009).
 47. Paramasivan, S., Rujan, I. & Bolton, P. H. Circular dichroism of quadruplex DNAs: applications to structure, cation effects and ligand 

binding. Methods 43, 324–331 (2007).
 48. Vorlíčková, M. et al. Circular dichroism and guanine quadruplexes. Methods 57, 64–75 (2012).
 49. Tao, T., Wang, E. & Dong, S. Parallel G-quadruplex-specific fluorescent probe for monitoring DNA structural changes and label-free 

detection of potassium ion. Anal. Chem. 82, 7576–7580 (2010).
 50. Gilvert, W. Origin of life: the RNA world. Nature 319, 618 (1986).
 51. Joyce, G. F. RNA evolution and the origins of life. Nature 338, 217–224 (1989).
 52. Joyce, G. F. The antiquity of RNA-based evolution. Nature 418, 214–221 (2002).
 53. Ruiz-Mirazo, K., Briones, C. & de la Escosura, A. Prebiotic systems chemistry: new perspectives for the origins of life. Chem. Rev. 

114, 285–366 (2014).
 54. Tram, K., Xia, J., Gysbers, R. & Li, Y. An efficient catalytic DNA that cleaves L-RNA. PLoS One. 10, e0126402 (2015).
 55. Wang, W., Billen, L. P. & Li, Y. Sequence diversity, metal specificity, and catalytic proficiency of metal-dependent phosphorylating 

DNA enzymes. Chem. Biol. 9, 507–517 (2002).

Acknowledgements
Funding was provided by the Discovery program from Natural Sciences and Engineering Council of Canada 
(NSERC). Part of the work was conducted at the McMaster Biointerfaces Institute.



www.nature.com/scientificreports/

8Scientific RepoRTS |  (2018) 8:1935  | DOI:10.1038/s41598-018-20248-w

Author Contributions
Y.L. and W.Z., conceived the project; Y.L. and W.Z. designed the project; W.Z. and M.L. carried out the 
experimental work; Y.L., W.Z., C.L., and B.J.S. wrote the manuscript with helps from all other authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20248-w.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-20248-w
http://creativecommons.org/licenses/by/4.0/

	Serendipitous Discovery of a Guanine-rich DNA Molecule with a Highly Stable Structure in Urea
	Methods
	Enzymes, chemicals, and other materials. 
	Synthesis and purification of oligonucleotides. 
	32P-labelling of oligonucleotides. 
	In vitro selection procedures. 
	General procedure for dPAGE-based folding analysis of urea-resistant DNA molecules. 
	Data availability. 

	Acknowledgements
	Figure 1 Discovery of DNA sequences with urea-resistant structures.
	Figure 2 Metal ion requirements for the folding of U2T.
	Figure 3 Time for folding.
	Figure 4 Testing variant sequences of U2R.
	Figure 5 A structure model for U2R1.




