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Abstract: Recently, a Na+-binding aptamer was reported to be embedded in a few RNA-cleaving 17 
DNAzymes including NaA43, Ce13d and NaH1. These DNAzymes require Na+ for activity but 18 
show no activity in the presence of K+ or other metal ions. Given that DNA can selectively bind K+ 19 
by forming a G-quadruplex structure, this work aims to answer whether this Na+ aptamer also uses 20 
a G-quadruplex to bind Na+. The Na+ aptamer embedded in Ce13d consists of multiple GG 21 
sequences, which is also a pre-requisite for the formation of G4 structures. To delineate the 22 
structural differences and similarities between Ce13d and G-quadruplex in terms of metal binding, 23 
thioflavin T (ThT) fluorescence spectroscopy, NMR spectroscopy and CD spectroscopy were used. 24 
Through comparative ThT fluorescence spectrometry studies, we deciphered that while a control 25 
G-quadruplex DNA exhibited notable fluorescence enhancement up to 5 mM K+ with a Kd of 0.5226 
mM, the Ce13d DNAzyme fluorescence was negligibly perturbed with similar concentrations of K+.27 
Opposed to this, Ce13d displayed specific remarkable fluorescence decrease with low millimolar28 
concentrations of Na+. NMR experiments at two different pH values suggest that Ce13d adopts a29 
significantly different conformation or equilibrium of conformations in the presence of Na+ versus30 
K+ and has a more stable structure in the presence of Na+. Additionally, absence of characteristic31 
peaks expected for a G-quadruplex structure in 1D 1H NMR suggest that G4 is not responsible for32 
the Na+ binding. This theory is confirmed by absence of characteristic peaks in the CD spectra of33 
this sequence. Therefore, we concluded that the aptamer must be selective for Na+ and binds using34 
a structural element that does not contain G4.35 
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1. Introduction40 
Understanding of metal-binding to DNA is important not only for studying the biological 41 

functions of DNA, but also for biosensor development, [1, 2] drug development, [3] and 42 
nanotechnology. [4] In biological studies, Na+ and K+ are among the most abundant physiological 43 
metal ions. They can control the ionic strength of buffers and solutions and screen the negative 44 
charges on DNA, resulting in more stable DNA duplexes. [5] In addition, they can also have specific 45 
binding interactions with certain single-stranded DNA sequences. [1] The most famous example is of 46 
the stabilization of G-quadruplex (G4) DNA. [6] Normally K+ is much more effective than Na+ in 47 
stabilizing G4 structures. [7, 8] Na+ is less effective often attributed to its smaller size and also because 48 
thermodynamically it has a higher energy of dehydration. [8] 49 

Recently, a Na+-binding DNA aptamer has been reported, [9, 10] which was derived from 50 
the conserved sequences of the DNAzymes NaA43, NaH1, and Ce13d all originally discovered 51 
through in-vitro selections. [11, 12, 13, 14] The NaA43 DNAzyme was reported by Lu and 52 
coworkers, [11] and it specifically requires Na+ for cleaving an RNA containing substrate. NaA43 53 
shares its conserved sequence with the Ce13d DNAzyme, which was selected by our group in a 54 
lanthanide-dependent selection. [12] The conserved sequence is the main part of a Na+-binding 55 
aptamer. [15, 16, 17, 18] The identification of this Na+-aptamer proved instrumental in understanding 56 
the reason for the specificity of NaA43 and Ce13d DNAzymes for Na+, although the mechanism 57 
underlying specific Na+ binding by the DNA still remains intriguing. [10, 17, 19, 20] Our knowledge 58 
on specific Na+ binding by DNA is limited and from the literature known, and a possible mechanism 59 
may rely on G4 structures. In such a case, the G4 structure would require a superior Na+-induced 60 
stabilization than K+, as the aptamer is known to show a higher affinity to Na+ in comparison to K+ 61 
especially at room temperature. [9, 16, 19, 21] Outside the G4 context, Na+ binds more strongly to 62 
DNA than K+ since it can better increase the melting temperature (Tm) of DNA. [22] With respect to 63 
G4 structures, so far only a few specialized examples are known where Na+ can stabilize G4 more 64 
than K+ does. Alberti and coworkers reported a structure containing two contiguous G4 units with a 65 
greater stabilization by Na+. [23] Other examples of Na+ being a better stabilizer were all from 66 
mutated human telomeric sequences, but the advantage of Na+ was extremely small. For example, by 67 
replacing a certain guanine with a O6-methylguanines, the Tm was enhanced by just 1 °C with Na+, 68 
while the Tm of the original DNA was 8 °C higher with K+. [24] Moderate advantages were also 69 
observed by replacing certain guanines by abasic sites, [25] or adenines. [26] Overall, such mutations 70 
significantly decreased the overall stability of the G4 structures. For unmodified simple G4 sequences, 71 
no examples are known for Na+ being a better stabilizer. Therefore, it would be extremely intriguing 72 
to probe whether the mechanism underlying Na+-binding to the aptamer derived from NaA43 and 73 
Ce13d DNAzymes involves Na+-G4 interactions. 74 

Thioflavin T is a popular dye that becomes fluorescent upon binding to G4 DNA, and it has 75 
been extensively used to probe G4. [27] In addition, NMR is a powerful method for studying G4 76 
structures. [28, 29] In this work, we used ThT to study Na+ binding by the Ce13d DNAzyme and a 77 
comparison was made with a G4 structure. In addition, NMR spectroscopy was performed to further 78 
analyze the Ce13d DNAzyme structure. The results argued against the presence of a G4 structure to 79 
be responsible for the specific Na+ binding by the aptamer. 80 

2. Results and Discussion81 
2.1. The Ce13d DNAzyme 82 

The secondary structure of the Ce13d DNAzyme is shown in Figure 1A. [12] Its substrate strand 83 
contains a single RNA linkage (rA in red for ribo-adenine) that serves as the cleavage site. For most 84 
of the studies in this work, this RNA linkage was replaced by its DNA analog to avoid cleavage. 85 
Previous assays have shown that such a change does not perturb Na+ binding. [9, 21] The enzyme 86 
strand binds the substrate via two stems (shown as blue/green duplexes in Figure 1A), and the 87 
enzyme contains a large loop between the two stems which is the main part of the Na+ aptamer 88 
(shown as red and yellow). G4 structures are composed of stacked G-quartet, where each quartet 89 
consists of 4 guanines Hoogsteen base paired in a square planar array (Figure 1D). G4s may form by 90 



one to four nucleic acid strands that bear continuous runs of guanines or G-tracts in presence of metal 91 
ions such as K+. [30, 31] 92 

93 

Figure 1. The secondary structure of (A) the Ce13d DNAzyme and (B) G4 construct, designed by 95 
replacing the Ce13d catalytic loop by a G4 DNA. The guanine stretches are marked in yellow. (C) The 96 
structure of ThT. (D) Structural representation of a G-quartet, where the hydrogen bonds are shown 97 
in pink color, G stands for guanine, and R depicts the rest of the nucleic acid chain attached to G. 98 

From the secondary structure of Ce13d, we can find four GG or GGG stretches (yellow, Figure 99 
1A) in its catalytic loop, and thus it has the chemical components to form a G4. From the previously 100 
published DMS foot-printing experiment, most of these guanines in the enzyme strand were 101 
protected in presence of Na+, indicating that these guanines are involved in the Na+-binding 102 
pocket. [9] However, this DNAzyme is known to be inactive with K+. [19] In addition, upon replacing 103 
one of the critical guanines in the enzyme catalytic loop with base hypoxanthine, the modified Ce13d 104 
DNAzyme still retained the same Na+-induced activity. [32] This modification must disrupt G4 105 
structures, however it did not hamper the Ce13d activity. Therefore, whether Ce13d uses G4 to bind 106 
Na+ remains elusive. To address this problem through comparative studies, we designed a G4 107 
construct as a positive control, in which we replaced the Ce13d catalytic loop with a G4 sequence 108 
(Figure 1B). 109 

110 
2.2. ThT fluorescence spectroscopy 111 

We started by using ThT to probe for the presence of G4 structures in the Ce13d DNAzyme and 112 
the G4 control sequence. The structure of ThT is shown in Figure 1C, and it is commonly used for 113 
staining G4 DNA. [27, 33, 34, 35] ThT prefers to bind parallel G-quadruplex over anti-parallel 114 
ones. [36, 37] Before studying our Ce13d DNAzyme, we first did a control experiment using the G4 115 
construct in Figure 1B. We mixed ThT with this G4 structure and an emission peak at 488 nm was 116 
observed with 442 nm excitation (Figure 2A, black spectrum). Upon adding 10 mM K+, an increase in 117 
the fluorescence was observed, suggesting formation of a G4 structure (Figure 2A, red spectrum). For 118 
quantitative understanding, we gradually titrated K+ (Figure 2B, green trace) to see a concentration-119 
dependent effect. A sharp increase in fluorescence occurred between 0 and 5 mM K+ and then the 120 
fluorescence saturated. A Kd of 0.52 mM K+ was obtained by fitting the curve. With more than 10 mM 121 
K+, the fluorescence started to drop, which might be attributed to the general effect of salt in screening 122 
the interaction between ThT and the DNA. While the increase in fluorescence in Figure 2B was sharp, 123 
it was relatively small in terms of fold-enhancement i.e. ~ 2-fold. This could be attributed to the long 124 
DNA structure in which only a small fraction of the nucleotides makes the G4 structure. The non-125 
guanine nucleotides may non-specifically bind ThT and thus may have contributed to a high 126 
background fluorescence. [35] In addition, this G4 DNA might fold into an anti-parallel structure, 127 
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which would also limit the amount of fluorescence increase (see discussion on its CD spectra later). 128 
When Li+ was titrated, no fluorescence increase was observed and it even dropped slightly (Figure 129 
2B, black trace). When Na+ was titrated, the drop in fluorescence was even more (Figure 2B, red trace). 130 
Overall, the control G4 experiment indicated that ThT can stain the G4 structure in our two-strand 131 
system (Figure 1B), and only K+ promoted formation of the G4 structure. 132 

We then titrated the metal ions to the Ce13d DNAzyme containing the non-cleavable 133 
substrate (Figure 2C). Interestingly, we observed decreased fluorescence intensity upon addition of 134 
Na+, while K+ almost had no influence on the signal, similar to the response to Li+. This data indicates 135 
that Na+ binding made the structure less like a G4. We reason that Na+ can fold the DNAzyme into a 136 
tight binding structure, releasing previously associated ThT to decrease its fluorescence. , To ensure 137 
that the data is representative, we also performed the metal titration in the presence of a lower buffer 138 
concentration (Figure S1). Still, Na+ showed the largest ThT fluorescence decrease, confirming specific 139 
Na+-binding but likely to a non-G4 structure. 140 

141 

143 
Figure 2. (A) Fluorescence spectra of the G4/ThT mixture without and with 10 mM K+. Fluorescence 144 
titration of the (B) G4/ThT, and (C) Ce13d/ThT mixture with various monovalent metal ions in 500 145 
mM Tris-acetate buffer, pH 8.0.  146 

Another possibility is of the formation of inter-molecular G4 complexes by multiple DNAzymes 147 
specifically interacting with each other. To test this, we varied the concentration of the Ce13d 148 
DNAzyme (keeping the ThT concentration the same). As we increased the concentration of 149 
DNAzyme, the initial fluorescence increased, which is consistent with formation of increasing 150 
DNA/ThT complexes. However, this response to Na+ was observed to be independent of DNAzyme 151 
concentration, upon plotting the relative fluorescence change (Figure S2). This data advocate that the 152 
effect of the Na+-binding is conferred upon individual DNAzyme molecules rather than the formation 153 
of inter-molecular complexes. 154 

An important aspect of ThT staining to be considered is the possibility of G4-induced 155 
fluorescence reduction. It has been previously reported that using ThT to stain G4 DNA followed by 156 
addition of metal ions may not always accompany fluorescence increase, and sometimes fluorescence 157 
decrease may also be observed. [27] Based on the available literature, in most common cases with 158 
unmodified DNA we expect K+ to be better than Na+ to stabilize G4 structures, although exceptions 159 
were also reported. [38, 39] The fact that only Na+ had a strong response of decreasing fluorescence 160 
with negligible fluorescence perturbation in presence of K+ (Figure 2C) did not provide a strong 161 
support for a G4 structure in Ce13d with Na+. The insights from previous 2-aminopurine 162 
spectroscopy studies, [19] in addition to the data fished out in our study herein, strengthen the notion 163 
of Ce13d DNAzyme to fold differently than G4 structures in presence of Na+. Since ThT has its 164 
limitations, the data presented here alone cannot conclude the structure of the Ce13d DNAzyme in 165 
the presence of Na+. Therefore, we then used spectroscopic methods that do not require labeling or 166 
staining of the DNA. 167 

168 
2.3. Design of a cis-DNAzyme for NMR spectroscopy 169 

To further confirm our results, we performed NMR spectroscopy. One of the main bottlenecks 170 
in obtaining information from nucleic acid NMR is the length of the sequence under study. The 171 
chemical diversity of the nucleotide monomers (i.e. adenine, thymine/uracil, cytosine, and guanine) 172 



 

present in naturally occurring nucleic acids is very low. Due to this there is high spectral overlap in 173 
their NMR peaks. [40] This problem becomes more and more significant as the number of nucleic 174 
acid polymers or the number of nucleotides increase. [41] The DNAzyme version used for ThT 175 
experiments (Figure 1A) contains two separate strands, and the full Ce13d DNAzyme used for 176 
previous studies had nearly 90 nucleotides. It is difficult to prepare a homogenous NMR sample with 177 
the two-strand system, since it is hard to control the presence of any unhybridized strand by having 178 
exactly the same ratio of the two strands. Such heterogeneity adds spectral overlap of NMR peaks as 179 
well, making NMR analysis even more difficult. Therefore, to lessen the probability of spectral 180 
overlap, short cis versions of Ce13d were designed for NMR studies. 181 

 182 

Figure 3. The secondary structure of (A) trans-cleaving DNAzyme Ce13d with the conserved 184 
nucleotides (red) numbered from 3-18, and its non-cleavable analogues (B) Ce13dA, and (C) Ce13dB.185 
  186 

 The secondary structure of the trans-cleaving Ce13d previously used for biochemical 187 
characterizations, [32] and the two short cis versions: Ce13dA and Ce13dB used for NMR studies are 188 
shown in Figure 3. The two substrate binding arms of these two cis DNAzymes are 6 base pair (shown 189 
in green color) and 5 base pair (shown in blue color) long, much shorter than those in Ce13d. Previous 190 
studies showed that the hairpin size and composition can be change as long as a hairpin structure is 191 
retained. [12, 16, 19] In the catalytic loop, the length of the hairpin was also shortened. The only 192 
difference between Ce13dA and Ce13dB is that the adenine in the tip of the hairpin loop was changed 193 
to a cytosine. Shortened cis-DNAzymes were used to solve the DNA length and substrate/enzyme 194 
ratio problems. The region shown in dark red is the same for all three versions shown. These 195 
conserved nucleotides present in the enzyme loop of Ce13d are most important for Na+-binding as 196 
well as catalytic activity (nucleotides numbered 3-18 in Figure 3 A). A systematic mutation study of 197 
the conserved enzyme loop, in which each nucleotide was mutated to the other three has revealed 198 
interesting insights. [16] It was found that most of the mutants except for A3G, A8G, G14A, and G14T, 199 
were incapable of specific Na+-binding. In terms of catalytic activity, the nucleotides A3, G14 and T17 200 
exhibited tolerance to mutations, and mutants C7A, A8G, and T13C were found active. Except these, 201 
all the other mutants remarkably hampered the Ce13d catalysis. These data present a good 202 
correlation between Na+-binding and catalytic activity, showing that Na+-binding is a key factor for 203 
catalysis to take place. These data also validate the usage of Ce13dA and Ce13dB for NMR, as these 204 
have the conserved set of nucleotides preserved. In the trans-cleaving Ce13d DNAzyme (Figure 3 A), 205 
the cleavage site is denoted with a black arrow, and the cleavage site ribonucleotide ‘rA’ is colored in 206 
cyan.  The cis-versions of Ce13d are designed to be non-cleavable by replacing the cleavage site ‘rA’ 207 
to deoxy-ribonucleotide ‘A’ (colored in cyan in Figure 3B and 3C). 208 
 209 
2.4. Folding of Ce13d in Li+, Na+ and K+. 210 

To see if we could gain a deeper understanding of the folding of Ce13d in the presence of various 211 
monovalent ions we probed the 1D 1H spectrum of Ce13dA in the presence of various monovalent 212 
ions at two different pH values (Figures 4 and 5). The imino proton regions of 90% H2O/10% D2O 1D 213 
1H NMR spectra of Ce13dA were collected with no salt added (only trace amounts of Li+ present) at 214 
pH 6.8 (Figure 4A), 10 mM K+ at pH 6.8 (Figure 4B), and 10 mM Na+ at pH 6.8 (Figure 4C) respectively. 215 
The imino region of the 1D 1H spectrum contains peaks for the exchangeable imino protons of 216 
guanine (H1) and thymine (H3). [42] More specifically, the region of 12-14 ppm represents signals 217 
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from imino (NH) protons which are strongly hydrogen bonded in Watson-Crick base pairs, while the 218 
signals in the region around  9-12 ppm   belong to imino protons that are typically involved in non-219 
canonical base pairs which are useful for characterizing the secondary structures formed by 220 
complexed DNA. [43, 44] A comparison of the three spectra in the region of 12-14 ppm in Figure 4 221 
suggests that there are similar number of peaks and several shared chemical shifts between each of 222 
the three spectra, suggesting that the structure of the base paired regions shown in Figure 3B was 223 
relatively rigid and stable in the presence of traces of Li+, or 10 mM Na+, and K+ at pH 6.8. However, 224 
the region of 9-12 ppm is quite different with respect to the number of peaks and chemical shifts of 225 
the peaks for each of the three spectra, indicating that Ce13dA adopted a different conformation 226 
and/or equilibrium of conformations in the presence of no salt (Li+ traces), Na+ and K+. 227 

In Figure 5, similar spectra were acquired but at a lower pH of 5.8 and with higher salt 228 
concentrations of 80 mM K+ (Figure 5B) and 80 mM Na+ (Figure 5C) to drive the binding of the cations. 229 
Under these conditions, the spectra for Li+ and K+ had a much broader linewidth and more spectral 230 
overlap, resulting in poorly defined peaks. This is indicative of the presence of multiple 231 
conformations, which is unsurprising at a lower pH where exchange occurs more readily due to 232 
higher H+ concentration. On the other hand, it can be observed in Figure 5C that there are shifts in 233 
the Na+ spectrum from higher salt concentration and lower pH, but in general it retains its structured 234 
conformation. From Figure 4, it is evident that many of the peaks affected in presence of Na+ are 235 
different from those affected with K+, and at the lower pH of 5.8 where the exchange rate is higher, 236 
Ce13dA visibly retains much more structure in the presence of Na+ than the free DNA or in the 237 
presence of K+. This emphasizes that Ce13dA adopts a different conformation and/or equilibrium of 238 
conformations in the presence of Na+ versus K+. It is also worth noting that in Figure 4, there are fewer 239 
peaks present in the absence of salt than there are in the presence of Na+ or K+ which implies that 240 
some features of the folded structures are unable to form without cation stabilization. These 241 
interpretations support the conclusions of previous results, where using intrinsic fluorescence 242 
changes of 2-aminopurine labeled at the cleavage site, it was shown that the folding pattern with Na+-243 
binding was completely different from K+-binding, where K+ is considered to induce misfolding of 244 
Ce13d. [19, 21] 245 



246 
Figure 4. Imino proton region of 90 % H2O / 10 % D2O 1D 1H NMR spectra of Ce13dA at 277K. (A) 247 
600 μΜ Ce13dA with no salt added (only trace amounts of Li+ from purification present), pH 6.8, (B) 248 
150 μM Ce13dA in 10mM K+, pH 6.8, (C) 150μM Ce13dA in 10mM Na+, pH 6.8. 249 
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Figure 5. Imino proton region of 90 % H2O / 10 % D2O 1D 1H NMR spectra of Ce13dA at 277K. (A) 251 
150 μΜ Ce13dA with no salt added (only trace amounts of Li+ from purification present), pH 5.8, (B) 252 
150 μM Ce13dA in 80mM K+, pH 5.8, (C) 150μM Ce13dA in 80mM Na+, pH 5.8.  253 

2.5. NMR spectra suggest the Na+-binding structure is not a G-quadruplex. 254 
Many G-rich DNA aptamers contain G-quadruplex structures for molecular recognition, and 255 

these structures have fairly well defined guanine imino 1H NMR shifts between 10.5-12.5 ppm. [45, 256 
46, 47, 48] G-quadruplex DNA is a highly stable structure and therefore these peaks are typically 257 
defined by high intensity and narrow linewidth. Due to the Na+ dependence of the Ce13d DNAzyme 258 
and its sequence containing sufficient G-rich regions, NMR was also used to qualitatively assess the 259 
presence of G-quadruplex DNA. This needed the investigation of Ce13d in presence of Na+ due to its 260 
functional role, and also in presence of K+ because of the well-established preference of G-tetrads for 261 
K+. [49, 50] The spectra in Figures 4 and 5 were analyzed for this purpose. However, no compelling 262 
evidence supported the presence of a G-quadruplex in Ce13dA in the presence of Na+ or K There are 263 
some peaks between 10.5 ppm and 12.5 ppm at both pH ranges but this is not atypical of DNA, and 264 
based on the linewidths, G-quadruplex is not conclusively present in any of the spectra. At pH 5.8, it 265 
is highly likely that a G-quadruplex would be stable and retain its characteristic, narrow imino peaks 266 
between 10.5-12.5 ppm and it is clear that this is not the case for free DNA or in the presence of K+. In 267 
the presence of Na+, peaks in this region are much sharper but located in the same region. Analysis 268 
of Figure 4 shows that there are not significantly more peaks in the presence of Na+ than K+. Based on 269 
these observations and the fact K+ is known to have a higher propensity for G-quadruplex formation 270 
than Na+, it is unlikely that Ce13dA forms a G-quadruplex. Additional evidence against the presence 271 
of G-quadruplex was acquired by running D2O spectra with the three samples from Figure 5. These 272 
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samples were lyophilized after the previous spectra were obtained, resuspended in D2O and spectra 273 
were acquired within 30 minutes of resuspension. Under these conditions, signals from exchangeable 274 
imino and amino resonances from G-quadruplex G residues may survive for up to two or more weeks 275 
in D2O. [51] To summarize, these 1H NMR spectra support the presence of a specific and unique 276 
aptamer for Na+ within the catalytic loop of Ce13d and show that this aptamer is not based on a G-277 
quadruplex structure. 278 

279 
2.6. CD spectra confirm the absence of G-quadruplex structure. 280 

CD spectra were then obtained for Ce13dA under the same three salt conditions used for 281 
NMR experiments (no salt added, 80 mM K+ and 80 mM K+). We chose the cis-cleaving Ce13dA to 282 
better match the results of the NMR experiments. All three spectra had maxima at approximately 280 283 
nm, minima at 250 nm and a cross-over point from positive to negative intensity around 260 nm 284 
which is typical of duplex DNA (Figure S5). [52, 53] G-quadruplex DNA can have different forms, all 285 
with characteristic CD signatures, such as parallel (~264 nm max, 245 nm min), antiparallel (~ 295 286 
max, 260 min) or hybrid (~ 295 max, 260 max, 245 min). [54, 55]  These peaks are clearly not present 287 
in any of the CD spectra obtained. In addition to this, all three salt conditions give nearly identical 288 
CD spectra, which is not consistent with the presence of a G-quadruplex. Since G-quadruplex 289 
formation is dependent on salt, a sequence containing G-quadruplex would experience significant 290 
shifts in wavelengths and increases in peak magnitudes in the presence of K+ compared to the absence 291 
of K+. [56] We previously measured the CD spectra of the trans-cleaving Ce13d DNAzyme and also 292 
the G-quadruplex control shown in Figure 1A and 1B, respectively  [20]. The trans-cleaving Ce13d 293 
spectra were very similar to that of the cis-cleaving Ce13dA presented in Figure S5, suggesting that 294 
they had a similar overall folding. The G4 control, on the other hand, had the peaks shifted to 290 nm 295 
and 250 nm in the presence of K+， suggesting its folding into an anti-parallel G-quadruplex. The 296 
peaks did not perfectly match with the ideal values since a portion of the DNA was in duplex. This 297 
evidence indicates that Ce13dA does not form a G-quadruplex, in agreement with 1D NMR data. 298 

299 
2.7. Potential Structural Information from 2D NMR 300 

In addition to the 1D 1H NMR, we probed the structure of Ce13d with 2D NMR. For this we used 301 
the Ce13dB construct. The Ce13dB differs from Ce13dA by a cytosine residue its hairpin-loop (shown 302 
in pink in Figure 3B and 3C). This change could be afforded as this position is known to be 303 
insignificant in Na+ binding and catalysis of Ce13d. [12, 32] This was done to increase the number of 304 
cytosine residues as it proves beneficial for spectral assignment of peaks, and therefore in 305 
determining the homogeneity of the sample. Typically for cytosines, the H5 and H6 protons show up 306 
peaks between 5-6 ppm and 6.9-7.9 ppm respectively. The through-bond interaction between H5 and 307 
H6 protons is unique to cytosines, and the number of peaks coming from this interaction directly 308 
correlates to the number of cytosines in the structure. To determine if Ce13dB is present in a single 309 
homogeneous conformation, we probed the structure of Ce13dB with a 2D TOCSY experiment 310 
(Figure S3), and looked at the peaks generated by the through-bond interactions of H5/H6 protons in 311 
the cytosine nucleotides (Figure S4). The number of cytosines in Ce13dB is 12 (Figure 1 C), while the 312 
number of peaks showing up in the 100 % D2O 1H5/1H6 2D TOCSY is 18 (Figure S4). This clearly 313 
indicated that Ce13dB is present in multiple three-dimensional conformations. Since conformational 314 
homogeneity is a pre-requisite for structure determination through NMR, any further spectra for 315 
structure determination was not acquired this study. 316 

3. Materials and Methods317 
3.1. Chemicals 318 

The DNA sequences were obtained from Integrated DNA Technologies (Coralville, IA) and 319 
Eurofins (Huntsville, AL). Metal salts including lithium chloride (LiCl), sodium chloride (NaCl), 320 
KH2PO4, K2HPO4, Na2HPO4, and NaH2PO4 were obtained from Sigma-Aldrich, VWR, and Fischer 321 
Scientific Canada at the highest purity available. ThT was from Sigma-Aldrich. 99.9% D2O was from 322 
Cambridge Isotope Laboratories. 323 



324 
3.2. ThT fluorescence spectroscopy 325 

For ThT fluorescence spectroscopy, the Ce13d DNAzyme or G4 complexes were annealed at a 326 
final concentration of 20 μM in buffer A (25 mM LiCl, 50 mM HEPES, pH 7.5) by heating the samples 327 
to 85 °C for 5 min and then gradually cooling to 4 °C over 30 min. For the experiments, final 328 
concentration of 0.6 μM DNA complexes were added to a final concentration of 3 μM ThT solution 329 
in buffer B at room temperature (500 mM TA, pH 8). After 15 min reaction at 4°C, the sample was 330 
recovered to room temperature. Then fluorescence readings were collected on a Cary Eclipse 331 
fluorometer in a 1x1 cm quartz fluorescence cuvette with the excitation wavelength (λexc) as 442 nm 332 
and the scanning emission wavelength (λemm) range from 455 to 650 nm at room temperature. 333 

334 
3.3. Nuclear Magnetic Resonance 335 

DNA for NMR experiments was purified by 10% denaturing polyacrylamide gel electrophoresis 336 
(dPAGE). The DNA was eluted from the dPAGE using 300 mM LiCl. This was followed by 337 
purification on a HiPrep 16/10 DEAE FF anion-exchange column (GE Healthcare, Uppsala, Sweden), 338 
and desalting on a HiPrep 26/10 Desalting column (GE Healthcare, Uppsala, Sweden). Buffers 339 
containing only Li+ cations (no Na+ or K+) were used throughout purification. NMR samples were 340 
prepared by dissolving an appropriate weight of lyophilized powder in 400μL of either water (no 341 
salt samples), 5 mM NaH2PO4 and 5 mM NaCl, 5 mM KH2PO4 and 5 mM KCl, 80 mM NaCl or 80 mM 342 
KCl.  The pH was adjusted to 5.8 or 6.8 with ammonia, NaOH or KOH depending on the cation 343 
already present. The samples were dried by lyophilization and re-dissolved in 500 μL of 90% H20/10% 344 
D2O or 99.9% D2O. Samples were heated to 85°C for 5min and cooled to 4°C before spectra were 345 
acquired. All spectra were collected on a Bruker DRX-600 spectrometer equipped with a HCN triple-346 
resonance, triple-axis PFG probe (Bruker, Billerica, MA). 1H NMR experiments were carried out at 347 
277 K in 90% H2O/10% D2O or 298 K in D2O. Solvent suppression was achieved using 1-1-spin echo 348 
pulse sequences  [57] for 90% H2O/10% D2O or presaturation [58] for D2O samples. 349 

 The 2D CITY TOCSY [59] experiment was run at 298 K in 100% D2O. and quadrature detection 350 
for the indirect dimension was achieved using the States-TPPI method. [60] 351 

352 
3.4. Circular Dichroism 353 

CD experiments were performed on a Jasco J-815 spectropolarimeter (Jasco Inc., Easton, MD). 354 
CD scanning experiments were run from 330 nm to 200 nm with a path length of 0.1 cm, data interval 355 
of 0.5 nm, band width of 0.5 nm, response of 1 second, scanning speed of 200 nm minute−1 and a total 356 
of four accumulated scans. Samples contained 5 μM DNA at pH 6.8 and either H2O, 80 mM KCl or 357 
80 mM NaCl. The samples were also heated to 85 °C for 5min, cooled to 4 °C and incubated for at 358 
least 24hrs before acquisition at 25 °C. 359 

360 

4. Conclusions361 
In this study, ThT staining, NMR spectroscopy and CD spectroscopy were employed to study Na+ 362 
binding by its aptamer, which is embedded in the Ce13d and NaA43 DNAzymes. By accomplishing 363 
comparative analysis between Ce13d Na+-aptamer versus a G4 construct, it was observed that both 364 
show a distinct fluorescence change in the presence of Li+, Na+ and K+. In case of Ce13d, while most 365 
of the binding was observed with Na+, no evidence supported that formation of a G4 structure makes 366 
the basis of Na+-binding, and thus this aptamer likely uses other mechanisms to bind Na+. NMR 367 
provided a similar conclusion arguing against a G4 structure in the presence of Na+. This is further 368 
supported by lack of G4 observed in CD. This report not only explicitly demonstrates the presence of 369 
a uniquely folding novel Na+-aptamer in Ce13d, but also substantiates that fact that isolation of novel 370 
aptamer containing DNAzymes or Aptazymes are a prudent way of discovering novel distinctly 371 
folding metal-binding aptamers. Additionally, this study highlights the possibility of utilizing 372 
monovalent metal ions to play novel and unique roles in DNA scaffolding and DNA nanotechnology 373 
in general, other than just nucleic acid duplex stabilization. 374 



375 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1. Fluorescence 376 
intensity in lower buffer concentration, Figure S2. Fluorescence intensity at different DNA concentrations, Figure 377 
S3. 2D-TOCSY spectrum of 450 μM Ce13dB in 5 mM LiPO4 pH 6.8, 200 mM Na+, Figure S4. H5/H6 proton region 378 
of the 2D-TOCSY spectrum of Ce13dB. 379 
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