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ABSTRACT

Sodium is one of the most abundant metals in the
environment and in biology, playing critical ecolog-
ical and physiological roles. Na+ is also the most
common buffer salt for nucleic acids research, while
its specific interaction with DNA has yet to be fully
studied. Herein, we probe a highly selective and ro-
bust Na+ aptamer using 2-aminopurine (2AP), a fluo-
rescent adenine analog. This aptamer has two DNA
strands derived from the Ce13d DNAzyme. By intro-
ducing a 2AP at the cleavage site of the substrate
strand, Na+ induces ∼40% fluorescence increase.
The signaling is improved by a series of rational mu-
tations, reaching >600% with the C10A20 double mu-
tant. This fluorescence enhancement suggests re-
laxed base stacking near the 2AP label upon Na+

binding. By replacing a non-conserved adenine in the
enzyme strand by 2AP, Na+-dependent fluorescence
quenching is observed, suggesting that the enzyme
loop folds into a more compact structure upon Na+

binding. The fluorescence changes allow for Na+ de-
tection. With an optimized sequence, a detection limit
of 0.4 mM Na+ is achieved, reaching saturated signal
in less than 10 s. The sensor response is insensitive
to ionic strength, which is critical for Na+ detection.

INTRODUCTION

Over the past two decades, many DNA sequences have
been discovered to selectively recognize an impressive num-
ber of metal ions (1–6). The majority of such sequences
are DNAzymes that require metals for activity. Most pre-
vious work focused on divalent metals such as Pb2+ (7,8),
Zn2+ (9,10), Cu2+ (11), UO2

2+ (12,13), Cd2+ (14) and Hg2+

(15,16). Recently, DNAzymes sensitive to trivalent lan-
thanides have also been reported (17–20). Aside from Ag+

(21,22), binding of monovalent cations such as K+ (23) and
Tl+ (24) has mainly relied on G-quadruplex DNA.

Sodium is one of the most abundant and important met-
als in the environment and in biology. Its specific interac-

tion with DNA, however, has not been fully explored. Na+

is always treated as a diffusive charge around DNA with-
out considering its specific chemical properties (25). Re-
cently, a few Na+-specific RNA-cleaving DNAzymes were
discovered (19,26–28). For example, Lu et al. reported the
NaA43 DNAzyme reaching a rate of 0.1 min−1 with 400
mM Na+ alone (26). Interestingly, the NaA43 has a high
sequence analogy to a lanthanide-dependent DNAzyme
named Ce13d we reported (19,29). Further assays indicate
that Ce13d also requires Na+ (30,31), suggesting the possi-
bility of a common Na+ aptamer in these DNAzymes.

The Na+ binding property of the Ce13d has been probed
by activity assay, dimethyl sulfate (DMS) footprinting and
sensitized Tb3+ luminescence (29–32). However, little is
known about the folding of the Na+ aptamer in this
DNAzyme. Metal-induced folding is an important aspect
of understanding aptamers and DNAzymes (33–39). In this
work, we aim to address the following questions: does Na+

induce a specific folding of the DNAzyme, and can we de-
sign a folding based Na+ sensor?

Since Na+ is a cation and DNA is a polyanion, Na+

also promotes non-specific DNA condensation. Therefore,
it is critical to distinguish specific DNA folding from non-
specific interactions. Instead of using techniques that probe
global folding of DNA, such as fluorescence resonance en-
ergy transfer, studying local folding is more appropriate
here. 2-aminopurine (2AP) is a fluorescent adenine analog
(40). Its emission intensity is strongly affected by the local
base stacking environment (40). Such a property has made
2AP a powerful probe for nucleic acids (40–42), and related
analytical applications (43–45). In this work, we probe the
Ce13d using 2AP at a few different positions, allowing us to
map its full folding picture.

MATERIALS AND METHODS

Chemicals

The ribo-2AP-modified substrate was from Trilink
BioTechnologies (San Diego, CA, USA). The rest of the
DNA samples were purchased from Integrated DNA
Technologies (Coralville, IA, USA), and their sequences
and modifications are shown in Supplementary Table S1.
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Figure 1. The secondary structures of (A) the Ce13d, (B) the NaA43 and (C) the 17E DNAzymes. The sequences highlighted in red are identical in the
Ce13d and NaA43. The cleavage sites are marked by the arrowheads. (D) The structures of adenine and 2AP.

The metal salts were from Sigma-Aldrich, and buffers were
from Mandel Scientific Inc. (Guelph, Ontario, Canada).
Milli-Q water was used to prepare all the buffers and
solutions.

Fluorescence spectroscopy

The DNAzyme complexes were annealed in buffer A (100
mM LiCl, 50 mM Tris, pH 7.5) by heating the samples to
80◦C for 2 min and then gradually cooling to 4◦C over
30 min. When 2AP was modified at the substrate strand,
the complex was prepared with 1 �M substrate and 2 �M
enzyme. When the 2AP was at the enzyme strand, 2 �M
substrate and 1 �M enzyme were used. The 2AP emission
was measured immediately after adding metal using a flu-
orometer (FluoroMax-4, Horiba Scientific) by exciting at
310 nm. The spectra were recorded from 360 to 450 nm,
and the peak intensity at 370 nm was used for quantifica-
tion. The Kd value was calculated based on: F = F0 + a ·
[M+]/(kd + [M+]), where F0 and F are the fluorescence in-
tensity before and after adding metal; [M+] is the metal con-
centration; and a is the fluorescence change when [M+] =
∞.

Cleavage activity assays

The DNAzyme complex was annealed in buffer C (25 mM
NaCl, 50 mM MES, pH 6.0) with 1 �M FAM-labeled sub-
strate strand and 2 �M enzyme. At room temperature, 10
�M Ce3+ was added to initiate the cleavage reaction. At
each designated time point, a 2.5 �l aliquot was mixed with
14 �l urea (8 M) to quench the reaction. The cleavage prod-
ucts were separated using 15% denaturing polyacrylamide
gel electrophoresis (dPAGE) and analyzed by a ChemDoc
MP imaging system (Bio-Rad).

RESULTS AND DISCUSSION

Na+-induced folding of the Ce13d

The secondary structures of the Ce13d and NaA43
DNAzymes are shown in Figure 1A and B, respectively.
They have the same substrate (in green) containing a sin-
gle ribo-adenine (rA) as the cleavage site. The NaA43 is ac-
tive with Na+ alone, while the Ce13d requires both Na+

and a lanthanide ion such as Ce3+. They have 16 identi-
cal nucleotides related to Na+ binding (in red) (29,30). A
discussion regarding their secondary structures is shown in
Supplementary Figure S1. Our goal here is to probe Na+-
induced DNA folding and exploit a folding-based Na+ sen-
sor. Out of these two DNAzymes, we focused on the Ce13d
for the following reasons. First, Ce13d is inactive with Na+

alone, allowing us to study Na+-dependent folding indepen-
dent of cleavage. Without cleavage, the Ce13d acts as a Na+

aptamer. Second, the Ce13d is smaller in size. Third, Ce13d
appears to bind Na+ more strongly (vide infra). Since 2AP is
an adenine analog (Figure 1D), we first replaced the cleav-
age site rA1.1 by a 2AP. We hypothesize that Na+ binding
might affect base stacking at this position, which can be re-
flected by the 2AP fluorescence.

With a 2AP ribonucleotide at the rA1.1 position, the
Ce13d complex emits at 370 nm (Figure 2A, green trace).
We then titrated the chloride salts of various monova-
lent metals. With increasing Na+ concentration, the fluo-
rescence gradually increased with a dissociation constant
(Kd) of 27 mM Na+ (Figure 2B, red trace). This value is
quite similar to those obtained using sensitized Tb3+ lumi-
nescence and DMS footprinting (30). This fluorescence in-
crease can be interpreted as a loss of 2AP base stack due to
folding of the aptamer by Na+. In contrast, K+ failed to in-
duce a fluorescence change, while the rest of the group 1A
metals resulted in a slight signal drop. This indicates that
Na+ can selectively fold the Ce13d, and the 2AP modifica-
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Figure 2. (A) The initial fluorescence spectra of the Ce13d, NaA43 and 17E DNAzyme complexes with a 2AP replacing the rA1.1 position in the absence
of Na+. Relative fluorescence intensity at 370 nm of the 2AP-modified (B) Ce13d, (C) NaA43 and (D) 17E DNAzyme as a function of salt concentration.
All the complexes were formed in buffer A (100 mM LiCl, 50 mM Tris, pH 7.5) with 1 �M 2AP-modified substrate strand and 2 �M enzyme. The dilution
effect during titration was corrected. The error bars in all the figures represent the standard deviation from at least two independent measurements.

tion does not alter its Na+ specificity. The specific Na+ bind-
ing of the 2AP-modified DNAzyme is also supported by a
sensitized Tb3+ luminescence experiment (Supplementary
Figure S2). While Na+ binding was confirmed, the signal
enhancement was quite poor. With 100 mM Na+, the emis-
sion increased by only ∼40%. It needs to be emphasized that
Ce3+ was not added in our 2AP fluorescence experiments.
The roles are Ce3+ and Na+ are relatively independent in the
Ce13d: Ce3+ binds to the scissile phosphate to assist cleav-
age (29), while Na+ binds to the nucleotides in red in Figure
1A. Without Ce3+, no cleavage takes place (Supplementary
Figure S3), and only DNA folding is probed (30).

Having confirmed that 2AP is an appropriate probe for
the Ce13d, we next tested the NaA43 DNAzyme using the
same 2AP-labeled substrate (see Figure 1B for structure).
Na+-specific fluorescence enhancement was also observed
(Figure 2C), suggesting a similar Na+ binding. However,
the signal increase was even lower (only ∼20%) with a Kd
of 54 mM Na+, which is consistent with the apparent Kd
from its cleavage activity (40 mM) (26). Since the NaA43
is active with Na+ alone, to avoid potential cleavage by the
NaA43, we also used the non-cleavable full-DNA 2AP sub-
strate (named Sub-deoxyribo-2AP), and the amount of flu-
orescence increase remained similar (Supplementary Figure
S4).

Since the Ce13d and NaA43 are identical in the nu-
cleotides marked in red, the lower Na+ affinity of NaA43
is likely due to the few nucleotides on the other side of the
hairpin (Figure 1B, in black). These nucleotides play a crit-
ical catalytic role (e.g. replacing the role of Ce3+ in Ce13d)
(30). As discussed below, these nucleotides may modulate
the amount of 2AP signal change by affecting the initial or
final base stacking environment of the 2AP. The larger size
of NaA43 may also make the aptamer more floppy and af-
fect its Na+ binding.

We then did a control experiment with the 17E
DNAzyme (see Figure 1C for structure), which is a well-
studied system with no Na+ specificity (46). In this case, the
fluorescence failed to increase with any monovalent metal
(Figure 2D), further supporting the unique property of the
Ce13d and NaA43 for specific Na+ binding. It is interest-
ing to note that the initial fluorescence is stronger in 17E
(Figure 2A), suggesting its 2AP is initially less stacked. Al-
though these three DNAzymes all have a similar overall sec-
ondary structure, as illustrated below, the 2AP emission is
more sensitive to its local environment instead of the global
folding of the whole DNA.
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Figure 3. (A) The base pair structures of 2AP with thymine and cytosine (upper panels), and a cartoon showing the Ce13d mutants at the N20 position
paired with the 2AP label (lower panel). (B) The initial fluorescence spectra of the N20 mutants of Ce13d DNAzyme in absence of Na+. (C) Relative
fluorescence increase of the Ce13d N20 mutants as a function of Na+ concentration. (D) Kd of each mutant calculated from (C). (E) Cleavage kinetics of
the mutants using the cleavable substrate (without 2AP label) in the presence of Ce3+. (F) Correlation between cleavage rate and Ka of the mutants. The
2AP fluorescence was measured in buffer A, with 1 �M 2AP modified complex. The cleavage assays were carried out in buffer C (25 mM NaCl, 50 mM
MES, pH 6.0), with 1 �M FAM-labeled rA substrate, 2 �M enzyme and 10 �M Ce3+.

Tuning the local base pairing environment

While this 2AP-modified Ce13d behaves like a well-defined
Na+ aptamer, the saturated signal increase was only ∼40%.
To improve sensitivity and gain further insights, we aimed
to tune the local stacking of the 2AP. Like adenine, 2AP can
also base pair with thymine (Figure 3A). We chose to focus
on the T20 position (Figure 3A, lower panel), since it may
directly interact with the 2AP label via Watson–Crick base
pairing. Note in our previous papers (19,29), this rA1.1 po-
sition (now replaced with the 2AP) was thought to be non-
paired as predicted by Mfold (47).

We respectively mutated the T20 position to A, C and G.
The initial fluorescence intensity of these mutants followed
the order of A ∼= G > C > T (Figure 3B), which agrees
with their 2AP base pairing affinity ranking (e.g. T-2AP
has the strongest affinity and thus the weakest initial flu-
orescence) (48,49). The schemes of 2AP pairing with T and
C are shown in Figure 3A. We interpret an increased 2AP
emission as relaxed base stacking (40,49). Since a stronger
2AP base pair results in a weaker initial fluorescence, this
result also supports that the 2AP pairs with T20.

After understanding their initial states in the absence of
Na+, we next titrated Na+. Interestingly, Na+-dependent
fluorescence increase still occurred for all the mutants (Fig-
ure 3C). In particular, the highest enhancement was ob-

served with A and G at the N20 position. Note that A and
G had the highest initial fluorescence, yet they still yielded
the highest relative enhancement (∼130% compared to 34%
for T and C). This might be explained by T20 and C20 still
partially base paired with the 2AP even after Na+ binding,
thus limiting their signal increase.

The data in Figure 3C were fitted to Na+ binding curves
to extract the Kd values (Figure 3D). Interestingly, the origi-
nal Ce13d with a T at the N20 position has the lowest Kd (i.e.
the tightest binding), while a C has the highest Kd, leaving A
and G in between. Therefore, the Na+ binding affinity and
the amount of fluorescence enhancement do not correlate.

We also measured the cleavage activity of each mutant
using the rA substrate plus Ce3+ (Figure 3E). The high-
est activity was observed with a T at the N20 position, fol-
lowed by A/G and then C. A good correlation exists be-
tween the Ka values of Na+ (1/Kd) and the cleavage rates
(Figure 3F). Therefore, Na+ binding affinity determines its
cleavage activity. This suggests that Na+ binding might be
a pre-requisite of the cleavage reaction. A higher binding
affinity, however, is not necessarily correlated with a higher
fluorescence change, since the latter is determined by the
local base pairing of the 2AP label. This set of experiments
significantly enhanced our understanding of Na+ binding,
cleavage activity and folding of Ce13d. From the analytical
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Figure 4. (A) Three positions in the Ce13d DNAzyme were studied in this part: A10 and G14 in the enzyme strand and the 2AP label in the substrate.
The schemes of ribo-2AP and deoxyribo-2AP are shown. (B) Relative fluorescence increase at 370 nm of the wild-type Ce13d, and its mutants as a
function of Na+ concentration. (C) Normalized fluorescence at 370 nm of the T20A mutant and the A10C plus T20A double mutant as a function of Na+

concentration. (D) Fluorescence spectra of the double mutant with the ribo-2AP or deoxyribo-2AP substrate before and after adding 100 mM Na+. (E)
Relative fluorescence increase at 370 nm of the double mutant with the ribo-2AP or deoxyribo-2AP substrate as a function of Na+ concentration. All the
experiments were performed in buffer A.

standpoint, we have discovered mutations with higher Na+

sensitivity.

Mutating the Na+ binding loop

After studying the N20 position on the small loop in the en-
zyme strand, we turned our attention to the large loop (Fig-
ure 1A in red). This loop is highly conserved, and only a few
nucleotides can be mutated without significantly undermin-
ing the cleavage activity, such as the A3 and G14 (29). Our
previous Tb3+ luminescence studies also discovered a few
mutants with a similar or even better Na+ binding affinity
than the original Ce13d, such as the G14T and A10C mu-
tants (e.g. A10C means the N10 position A is mutated to C;
Figure 4A) (32). We also hybridized a few such active mu-
tants with the 2AP substrate and titrated them with Na+.
Among them, the A10C and G14T mutants displayed the
strongest signal (Supplementary Figure S5), stronger than
that of the original Ce13d. Their Kd’s (∼19 mM) were lower
as well (Figure 4B). Such larger fluorescence change and
tighter Na+ binding are beneficial for Na+ sensing.

A highly sensitive double mutant

The above studies indicate that the T20A mutant yields
higher signal increase (∼130%), but it has slightly decreased
Na+ binding affinity. On the other hand, mutating the Na+

binding loop (e.g. A10C) results in higher Na+ binding affin-
ity without significantly improving the signaling sensitivity.

We reason that by making double mutants, one at each posi-
tion, both tighter binding and larger signal change might be
achieved. To test this idea, we mutated T20A and A10C to-
gether. Indeed, this double mutant has a much higher fluo-
rescence increase of 230% (Figure 4C) compared to the sin-
gle mutants in Figure 4B. The Kd of this double mutant (37
mM Na+) is also better than the T20A single mutant. Over-
all, this double mutant is the best for Na+ signaling so far
in terms of binding affinity and sensitivity.

Deoxyribo-2AP is even more sensitive

To minimize perturbation, we have been using a ribo-2AP
in the substrate strand so far. We were also interested in test-
ing the deoxyribo-2AP at the A1.1 position for even higher
stability (see Figure 4A for their structures). Next, we hy-
bridized the double mutant with the deoxyribo-2AP sub-
strate. Interestingly, its background in the absence of Na+

was 41% lower compared to its RNA analog (Figure 4D,
lower green trace). The only difference between these two
is the 2′-OH group. This suggests that the deoxyribo-2AP
has a better initial base stacking. Interestingly, after adding
100 mM Na+, the deoxyribo-2AP achieved an even stronger
final fluorescence (Figure 4D, upper green trace).

Next, we performed a careful Na+ titration (Figure 4E).
Compared to the ribo-2AP sample, the deoxyribo-2AP sig-
nal drastically increased with Na+ concentration, reaching
more than 630% fluorescence enhancement, about 3-fold
higher than that with the ribo-2AP sample. The fact that
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Figure 5. (A) Normalized fluorescence intensity at 370 nm of the Ce13d-A82AP as a function of monovalent salt concentration. (B) Cleavage kinetics by
the original Ce13d and the Ce13d-A82AP mutant. The assay was performed in Buffer C with 10 �M Ce3+. (C) A scheme showing Na+-induce folding
of the Ce13d. Na+ binding enhances the 2AP emission at the A1.1 position (suggesting relaxed base stacking) and quenches the 2AP emission at the A8
position (enhanced base stacking).

Ce13d can achieve this must suggest a quite large change in
the local base pairing environment.

Probing local folding at the enzyme loop

In all the above studies, the 2AP label was placed at the A1.1
position in the substrate strand. This has allowed us to mu-
tate the enzyme strand for mechanistic understanding and
for improving signaling. Next, we want to probe the fold-
ing of the enzyme strand. The conserved loop contains four
adenine resides: A3, A8, A9 and A10. Based on our previ-
ous mutation studies, A3 and A8 are unimportant for activ-
ity and can be mutated to other nucleotides while still re-
taining high activity (i.e. rate decreases by less than 10-fold
for most mutants) (29). Some mutations even retained full
activity (e.g. mutating A3 or A8 to guanine). On the other
hand, any mutations to A9 or A10 nearly fully abolished the
activity. Since A8 is in the middle of the Na+ binding loop,
we first replaced it by 2AP to probe the aptamer folding at
this position (named Ce13d-A82AP). In this case, the sub-
strate strand was a non-labeled full-DNA analog.

Interestingly, upon titrating Na+ to the Ce13d-A82AP
complex, the 2AP fluorescence gradually decreased by
∼40% (Figure 5A), while other cations did not have much
effect. Therefore, this fluorescence decrease is also at-
tributed to Na+-induced aptamer folding. Using the cleav-
able RNA substrate, the cleavage activity of the Ce13d-
A82AP mutant is largely retained, with the rate being com-
parable to that of the original Ce13d (Figure 5B). This con-
trol also supports that we are probing the folding relevant
to the original DNA.

We also labeled a 2AP at the A9 position. In this case,
Na+ and Li+ behaved similarly without yielding much sig-
nal change (Supplementary Figure S6). It is likely that this
modification has fully disrupted Na+ binding, which is con-
sistent with this position being highly conserved in the origi-
nal DNAzyme. Since A8 and A9 are right next to each other,
this result also supports that our observed 2AP fluorescence
change is due to specific Na+ binding instead of non-specific
interactions.

A model of Na+-induced Ce13d folding

Our data explicitly indicate a specific folding of the Ce13d
upon Na+ binding. By probing local folding at two different
positions, one in the substrate and the other in the enzyme,
we put forward a model describing this folding in Figure
5C. The binding of Na+ relaxes the stacking between A1.1
and its neighbor bases. Therefore, this position goes from
a confined state to a more flexible state upon Na+ binding.
On the other hand, the A8 position becomes more stacked
after binding Na+, suggesting adaptive folding of this loop
typical of aptamer binding (50). Although two 2AP fluo-
rophores are drawn in Figure 5C, we only labeled them one
at a time in this work. This scheme is to put our data to-
gether to understand the overall folding.

We previously characterized Na+ binding by Ce13d us-
ing DMS footprinting (30), which probes only the guanine
residues in this conserved loop. In addition, sensitized Tb3+

luminescence was performed that probes the overall global
folding. The 2AP information here complements the pre-
vious studies by providing a more detailed picture of Na+-
induced folding at the important adenine positions.

It needs to be noted that while many metal-specific
DNAzymes have been reported (e.g. the GR5 DNAzyme
for Pb2+ (7), the 17E DNAzyme for Pb2+ (51,52) the 39E
for UO2

2+ (12) and some lanthanide-specific DNAzymes
(17,18,20)), the Ce13d and NaA43 are the first examples of
having a well-defined metal binding aptamer domain. For
most other DNAzymes, metal specificity might not come
from typical aptamer-type of metal binding. Despite exten-
sive efforts, finding metal aptamers in most DNAzymes has
been elusive (38,53,54).

Selecting aptamers for metal ions has been a long-
standing challenge due to difficulties associated with metal
ion immobilization. So far, few high-performance metal
aptamers were isolated using selection methods. While it
is possible to immobilize the DNA library (55) or using
emulsion droplets to bypass metal immobilization (56), this
work suggests an alternative method to obtain aptamers via
DNAzyme selection. In this method, no immobilization of
metal ions or the library, or the use of emulsion is needed.
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Figure 6. (A) Kinetics of fluorescence change of the optimized Na+ sensor containing the double mutant and the deoxyribo-2AP substrate at different
Na+ concentrations. (B) A linear response of the sensor is observed with up to 50 mM Na+. (C) The sensor specificity test with various monovalent (50
mM) and divalent (5 mM) metal ions alone, and with additional 50 mM Na+.

Table 1. A comparison between our Na+ aptamer sensor and representative crown ether based sensors.

Sensors LOD (mM Na+) Selectivity over K+ Selectivity over Li+ Ref.

This work 0.4 10-fold >100-fold
Crown ether 0.1 15-fold ∼4-fold (57)
Crown ether <2.7 ∼10 ∼2-fold (58)
Crown ether <5 3.4-fold NA (59)

NA = No data available.

Highly sensitive, selective and robust Na+ sensing

Na+ is a highly important analyte both in the environment
and in biology. With very limited chemical features for ratio-
nal ligand design, however, Na+ detection has been a long-
standing challenge. While in this case Na+ can be measured
based on DNAzyme cleavage (26), folding-based sensors
are reversible allowing continuous sensing. Herein, the dou-
ble mutant with the deoxyribo-2AP substrate was tested as
a Na+ sensor. First, we measured the kinetics of signaling at
different Na+ concentrations. The fluorescence change was
completed within 10 s (the shortest time possible for manual
pipetting) at all tested Na+ concentrations (Figure 6A). We
further plotted the fluorescence enhancement in the range
of 0–50 mM Na+, and a linear relationship was obtained
(Figure 6B). From this curve, a detection limit of 0.4 mM
was obtained from 3�/slope (� is the background variation
of the blank). This figure of merit is similar to that of the
cleavage-based sensor (26).

We then measured the sensor specificity against various
monovalent and divalent metal ions. Among the tested ions,
only K+ shows a weak response while other ions are silent,
suggesting that the sensor is highly selective for Na+ (Fig-
ure 6C, red bars). In addition, the sensor shows a simi-
lar response to Na+ in the presence of 50 mM monova-
lent or 5 mM divalent background metal ions (Figure 6C,
blue bars). Therefore, this sensor works in different ionic
strength conditions, and it resists ionic strength variation.
This is a highly important property for DNA-based metal
sensing as discussed previously. Even in the presence of 100
mM crown ether (18-crown-6) that can bind Na+, this sen-
sor still showed a similar performance (Supplementary Fig-
ure S7). We compared our sensor performance with previ-
ously reported Na+ sensors in Table 1, and our sensor has
the best overall performance.

Finally, we tested this sensor in measuring Na+ in the At-
lantic Ocean water. Using the standard addition method,
the Na+ concentration in ocean sample was determined to
be 276 mM (Supplementary Figure S8A). Within the error
range, this result is identical to the value quantification mea-
sured by ICP (Supplementary Figure S8B).

CONCLUSIONS

In summary, we studied the local folding of a Na+ binding
aptamer using 2AP as a fluorescence probe. The following
important findings were made in this work. First, 2AP was
modified at both the substrate strand by replacing the cleav-
age site adenine base and at the enzyme strand by replac-
ing a replaceable adenine. In both cases, the 2AP fluores-
cence specifically changed with Na+ titration (but in oppo-
site directions), while other ions had little effect on fluores-
cence. This work also gives a vivid picture of the aptamer
conformational change upon Na+ binding, providing im-
portant mechanistic insights for future structural biology
studies. In addition, the effect of important nucleotides in
the enzyme strand were individually probed, providing in-
sights into their roles in metal binding and catalysis. This
work explicitly demonstrates a highly robust DNA aptamer.
This is the first example of extracting a metal binding ap-
tamer resulted from DNAzyme selections. Most previous
DNAzymes can achieve high metal specificity for their ac-
tivity, yet the origin of such specificity is often unknown and
cannot be related to a metal-binding aptamer. Finally, we
identified a double mutant with the deoxyribo-2AP label,
which allows >600% fluorescence enhancement relative to
the background. A highly sensitive folding-based Na+ sen-
sor was demonstrated with a detection limit of 0.4 mM Na+.
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