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Acidic In Vitro Selection of Metal-Specific Deoxyribozymes

Pan Jia,® Yangyang Chang,*2° Shen Li,> Wei Xue,? Shusen Xiao,® Qiang Zhang,® Jiuxing Li,*® Ying
Wang,d Zijie Zhang,*** and Meng Liu*2b

Deoxyribozymes (DNAzymes) are in vitro selected catalytic DNA molecules that recruit metal ions to function. However,
nearly all previous DNAzymes generated through conventional selection methods exhibit poor metal selectivity. Here we
report an acidic in vitro selection strategy for isolating truly metal-specific DNAzymes. By using Ca?* as the target in positive
selection and a mixture of competing metal ions in counter-selection, and conducting the selections under acidic conditions
to suppress metal hydrolysis, we have successfully selected an acidic RNA-cleaving DNAzyme, termed aRCD-Ca2, which is
only activated by Ca?* and shows no response to all other tested metal ions, including monovalent ions and chemically similar
competing divalent ions (Mg?*, Cu®, Zn%, Co?, Ni?*, Mn?* and Pb?*). This represents the first acidic DNAzyme with exclusive
metal selectivity. Moreover, aRCD-Ca2 exhibits a fast catalytic activity, with a kops of 0.026 min~" toward Ca%. A trans-acting
aRCD-Ca2TCQ was also engineered from aRCD-Ca2 that enabled highly specific and sensitive monitoring of Ca?* dynamics in
HT22 cell lysosomes through a fluorescent probe. We envision that the described acidic in vitro selection strategy can be
readily adapted to obtain more new DNAzymes with high specificity for other metal ions, and advance the development of

nucleic acid catalysts for a wide range of applications.

Introduction

Deoxyribozymes (or DNAzymes) are single-stranded DNA
molecules with catalytic activity.»? In contrast to naturally
ribozymes, DNAzymes are
isolated from large pools of random DNA sequences via in vitro

evolved protein enzymes and

selection, a process also referred to as systematic evolution of
ligands by exponential enrichment (SELEX).3® Since its first
report in 1994, numerous DNAzymes that can catalyze various
chemical reactions have been identified by in vitro selections.”
10 One of the most extensively studied classes of DNAzymes is
RNA-cleaving DNAzymes (RCDs), which catalyze RNA cleavages
in a site-specific manner.11,12

Because metal ions are commonly recruited as cofactors for
structural folding and catalysis, RCDs have been widely applied
to sensing or imaging of metal ions.’3’> However, nearly all
RCDs obtained through conventional in vitro selection suffer
from poor particularly difficult in
distinguishing chemically similar competing ions, such as Ca?*
and Mg?*.16 A notable example is 8-17 DNAzyme, which was first
isolated in 1997 under simulated physiological conditions (i.e.,

metal specificity,
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2 mM MgCl,/150 mM KCl, pH 7.5, 37°C).Y” Although derived
with Mg?*, 8-17 exhibits activity with many other divalent ions,
including Pb?*, Zn?*, Ca2*, Min?*, and Co?*, and others.'®1° Recent
structural studies have shown that these metals induce a similar
tertiary fold of 8-17, demonstrating its non-specificity in metal
binding.?® Interestingly, the 8-17 motif has been repeatedly
rediscovered under different selection conditions, including
variants such as 17E (isolated with Zn?*), Mg5 (isolated with
histidine and Mg?*) and others.?>* These variants share the
catalytic core of 8-17 (Scheme 1a), demonstrating the difficulty
in obtaining truly metal-specific DNAzymes via traditional in
vitro selection. In fact, many other RCDs (e.g., 10-23), suffer
from poor metal specificity.2>26

An overlooked factor in conventional in vitro selection is
metal hydrolysis. In agueous environments, metal-bound water
molecules deprotonate and produce metal-bound hydroxyl
groups.'® As a result, DNA is not fully exposed to free metal ions
during selection under neutral conditions. Lowering pH can
suppress metal hydrolysis, thus facilitating the interactions
between DNA with free metal ions, and potentially enhancing
the isolation of specific DNAzymes for a given metal ion.

Recently, a few new DNAzymes have been selected under
unconventional conditions to reveal their hidden abilities.?’-31
We hypothesize that, rather than conventional selections near
neutral pH, selecting DNAzymes under acidic conditions could
yield highly metal-specific RCDs by suppressing metal hydrolysis
in a low-pH environment. In addition, acidic in vitro selections
offer several inherent advantages. First, RNA substrates exhibit
higher chemical stability under acidic conditions. For instance,
the rate constant for RNA degradation at pH 6 is approximately
10-fold lower than under otherwise similar conditions at pH 7.4,
which could improve the chemical stability of RNA-cleaving
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DNAzymes.3? Second, acidic selection may avoid the recurrence
of existing metal-nonspecific catalytic motifs such as 8-17, since
the DNA folding is strongly influenced by the base
protonation.33:34

To test this idea, we recruit the chemically similar Ca?* and
Mg?* as the first case. Ca?*/Mg?* were chosen for three reasons:
(1) they share similar properties. They are both Group 2 alkaline
earth metal ions with a +2 charge and a preference for oxygen-
containing ligands, making them difficult to be distinguished,
and many DNAzymes fail to differentiate between them;%24 (2)
Ca?* and Mg?* differ in ionic radius, charge density, and
coordination dynamics (Scheme 1b).16:35-38 Ca2* prefers flexible
and fast-exchanging coordination (with 6-8 ligands), while Mg?*
exhibits rigid (mostly  octahedral), slow-exchanging
coordination and has a higher dehydration enthalpy due to its
higher charge density;'63%37 (3) a Ca?*-specific DNAzyme is
valuable for monitoring Ca?* dynamics in the acidic
microenvironment of lysosomes in live cells.3® Currently,
monitoring of lysosomal components remains challenging due
to the small size, acidic pH, and compartmentalization of
lysosomes.
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Scheme 1 Acidic in vitro selection of RNA-cleaving DNAzymes for
discrimination between Ca?* and Mg?*. (a) Structures of the 8-17
DNAzyme and its variants containing the similar catalytic core motif. R
denotes adenosine ribonucleotide. (b) Comparison of Mg?* and Ca?*.
llon diameter refers to the diameter of the bare ion in the crystal.
blHydrated diameter refers to the effective diameter of the hydrated
ion in solution. [ICharge density is calculated by the cation’s charge by
its volume. [Coordination number and geometry of metal ion aqua
complexes in aqueous solution. (c) Schematic presentation of the RNA-
cleaving reaction catalyzed by the Ca?*-specific acidic DNAzyme.

In this work, we conducted the first attempt to use acidic in
vitro selection to isolate metal-specific DNAzymes. We have
successfully isolated a Ca?*-specific acidic RNA-cleaving
DNAzyme, named aRCD-Ca2 (Scheme 1c), which exhibited
effective catalytic activity with an observed rate constant (kobs)
of 0.026 min* at pH 5.0, and demonstrated excellent selectivity

2| J. Name., 2012, 00, 1-3

over other competing metal ions (Mg?*, Cu?*, ZnZ}, GaZ, NiZ,
Mn2* and Pb2*). We further developed B 'tF@rs & ting-aRCHE
Ca2T-based fluorescent probe for imaging of Ca?* dynamics
within lysosomes in HT22 hippocampal neuron cells with high
sensitivity and stability, validating its practical intracellular
sensing applications.

Results and Discussion
Acidic in vitro selection of Ca2*-specific RNA-cleaving DNAzymes

Before performing the acidic in vitro selection, we first
examined the Ca?*-dependent cleavage activity of the canonical
8-17 DNAzyme and its variant 17E at pH 7.0 and 4.6. Both
displayed high activity at pH 7.0 but were completely inactive at
pH 4.6 (Fig. S1), thus laying the foundation for avoiding the
recurrence of 8-17 motif, and generating completely new
DNAzymes under acidic conditions.

The key steps in the acidic in vitro selection of Ca*-specific
DNAzymes are illustrated in Fig. la. To isolate Ca?*-specific
DNAzymes, we performed an acidic in vitro selection in a low-
pH selection buffer (SB) containing 50 mM glycine at pH 4.6,
without using other buffer salts to avoid contamination from
other metal ions. Positive selection that uses Ca?* as the target
metal ion, and counter selection that uses a mixture of
competing divalent metal ions (Mg?2*, Zn2*, Mn?*, Cu?*, and Pb?*)
were both incorporated to promote the selection of DNAzymes
with metal specificity.

The starting pool of ~10* DNA molecules was initially
incubated with 5 mM Ca?* in the acidic selection buffer at 37°C
for positive selection. DNA molecules that cleaved substance
(FS1) in the presence of Ca?* were purified using 10% denaturing
polyacrylamide gel electrophoresis (dPAGE) and amplified by
two rounds of PCR to regenerate the library for next selection
cycle. To enrich for highly active DNAzymes, the incubation time
was gradually reduced from 12 hours to 0.5 hours, and the Ca%*
concentration was decreased from 5 mM to 1 mM from round
1 (R1) to round 8 (R8). Counter selection steps were introduced
in rounds 6-8 to enhance the metal specificity. Additional
experimental details are provided in the Supporting
Information.

As illustrated in Fig. 1b, an 82-nucleotide (nt) DNA library
containing a 40-nt randomized region flanked by two 21-nt
primer-binding sites (PBS) for PCR amplification was used
(oligonucleotide sequences are provided in Table S1 and S2 of
the Supporting Information). The library was ligated to a 30-nt
substrate FS1, which was purposely engineered with a single
ribonucleotide adenosine (rA) as an intended cleavage site (R).
FS1 was labeled with a fluorescein (F) at position 24 to enable
fluorescent monitoring of DNAzyme cleavage during selection.
Selection progress was monitored by quantifying the cleavage
yield (clv%) to confirm the enrichment of Ca?*-specific
DNAzymes (Fig. S2). After eight rounds of selection, the
cleavage products were collected and sequenced. Many
candidate sequences were identified. The five top sequences in
R8 pool are shown in Fig. 1c and they occupied for 9.21% of the
total population of R8. The top five candidates were designated
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aRCD-Cal through aRCD-Ca5, where “aRCD-Ca” stands for
acidic RNA-cleaving DNAzyme for Ca?*, and the number reflects
their enrichment rank in R8. Due to sequence differences,
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aRCD-Cal to aRCD-Ca5 exhibit diverse featuges sin. their
predicted secondary structures (Fig. S3). DOI: 10.1039/D55C08656F

FS1(30nt) ¢ 5'PBS (21 nt) Random domain (40 nt) 3'PBS (21 nt)
[l ,

GA TCGCACTGCTCCTGA/

CTATGAACTGACTRTGACCTCACFACCAAG

Random domain (40 nt)
aRCD-Cal GGGAGAAGGA ATACATAAAA TGAAAGATGG GAATATGAGA (2.61%)
aRCD-Ca2 GGGTAGGTGT TCTCCCTTAG GGCAGTAAGT ACGTTGGCTT (2.04%)
aRCD-Ca3 GGTCATGATC GCTACGACGA TGTAGTCAGT AACGGAGCAC (2.00%)
aRCD-Ca4 CTTGCATACG TGGGGCATAT AGTTATGGAT GGTCAGTTCG (1.31%)
aRCD-Ca5 GTGTCATTAT AAGAGTGTAC ACTCATTATG TAGTCAATGC (1.25%)
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Fig. 1 Acidic in vitro selection of Ca?*-specific RNA-cleaving DNAzymes. (a) Strategy of the acidic in vitro selection. (i) DNA library (DL1) was linked to a substrate
(FS1). (ii) The ligation products were incubated in buffer containing 150 mM Na*, 10 mM Mg, 1 mM Zn?, 1 mM Mn?*, 1 mM Cu?*, and 0.2 mM Pb?*, with 50
mM glycine at pH 4.6. Cleaved DNA molecules were discarded, and the uncleaved ones were collected. (iii) The uncleaved products were incubated in selection
buffer (1x SB; 50 mM glycine, pH 4.6) with different concentrations of Ca?*. Cleaved DNA molecules were subsequently collected. (iv) and (v) The cleaved
products were amplified by PCR. (b) Library construct used for selection: A DNA library containing a 40-nt random domain and two constant primer-binding
sites (PBS) was linked to a 30-nt substrate FS1 containing an adenosine ribonucleotide (rA) as the cleavage site. FS1 was modified with fluorescein (F) for
fluorescence measurement. (c) Random domain sequences of the top five selected RCD-Ca (aRCD-Cal to aRCD-Ca5). (d) Cleavage activity analysis of aRCD-
Cal to aRCD-Ca5 evaluated by the cleavage vyield (clv%) in 1x SB containing 0.5 mM Ca?*. Reaction time: 1 h. unclv: uncleaved aRCD-Ca; clv: 5’ cleavage
fragment; M: marker for 5’ cleavage fragment. Gel band intensities were quantified using ImageQuant TL software. Uncropped gel image is provided in

Supporting Information.

Catalytic proficiency and metal specificity of aRCD-Ca2

We first assessed the catalytic activity of the top five candidate
sequences (aRCD-Cal to aRCD-Ca5). Each of them was ligated
to 5’-fluorescein-labeled substrate FS2 for testing. After a 1-
hour incubation with 0.5 mM Ca?* in acidic selection buffer, the
cleaved and uncleaved products were separated via dPAGE, and
the clv% was calculated based on the fluorescence intensity
(Fig. 1d). These DNA sequences exhibited varying activities.
Notably, aRCD-Ca2 showed the highest activity, achieving a clv%
of 33% within 1 hour.

The predicted secondary structure of aRCD-Ca2 is shown in
Fig. 2a. Since aRCD-Ca2 was selected under acidic conditions,
we next examined its cleavage activity across a range of pH
values (Fig. S4). The highest cleavage was achieved at pH 5.0
(clv%: 42%), close to the selection condition. Sigmoidal fitting of
clv% versus pH revealed a transition midpoint (pHr) of 5.33
0.01 (Fig. 2b). Moreover, aRCD-Ca2 displayed a narrow
response range, defined as the pH interval in which it retains 10-
90% of maximal activity, spanning only ~0.4 pH units. The Hill
coefficient (ny) was determined to be 4.9 + 0.6, indicating strong
cooperative binding of protons. This high degree of
cooperativity enables an ultrasensitive pH response, where
small pH shifts lead to pronounced changes in the cleavage
activity. This property has been effectively exploited in previous
studies to track drug-induced pH changes in cellular
lysosomes.3* Notably, a gradual reduced activity was observed
between pH 5.0 and 5.6, suggesting aRCD-Ca2 may use general

This journal is © The Royal Society of Chemistry 20xx

acid catalysis, in which protonation is progressively suppressed
as the pH increases.*°

We next examined the cleavage kinetics of aRCD-Ca2 (Fig.
S5). As shown in Fig. 2c, aRCD-Ca2 achieved a clv% of 59% within
two hours of reaction in the presence of Ca?* at pH 5.0 and 37°C,
with a kobs of 0.026 minl. In contrast, no detectable cleavage
was observed in the absence of Ca?*, confirming its dependency
on Ca?.

We quantitatively assessed the cleavage activity of aRCD-
Ca2 across a range of Ca?* concentrations (Fig. S6). As shown in
Fig. 2d, aRCD-Ca2 exhibited a clear dose-dependent response to
Ca?* in the range of 0-300 uM, with a linear detection range
between 3-20 uM (R? = 0.991). We next evaluated its specificity
for metal ions, a key property for DNAzymes in metal detection.
The cleavage activity of aRCD-Ca2 was tested in the presence of
competing metal ions, including 1 mM divalent cations (Mg?*,
Cu?*, Zn?*, Co?*, Ni**, and Mn?*) and 150 mM monovalent
cations (Na*, K*, and Li*) (Fig. 2e). aRCD-Ca2 exhibits high
catalytic activity exclusively in the presence of Ca?*, with no
detectable activity toward other metal ions. Due to the low pK;
of water coordinated to Pb?*, lead ions can efficiently hydrolyze
RNA, and many DNAzymes exhibit higher activity with Pb2* than
with other metal ions.1® However, under equivalent metal ion
concentrations, aRCD-Ca2 shows minimal cleavage with Pb2*
(clv%: 3%), while maintaining high selectivity for Ca?* (clv%:
45%, Fig. S7). As noted, the Ca?*/Pb?* discrimination achieved
by aRCD-Ca2 is much greater than that of the EtNa DNAzyme,
which lacks the selectivity between Ca?* and Pb2*.41

J. Name., 2013, 00, 1-3 | 3


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08656f

Open Access Article. Published on 20 January 2026. Downloaded on 1/20/2026 10:35:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Chemical Science

The success of aRCD-Ca2 suggests that acidic in vitro
selection can facilitate the discovery of new DNAzymes with
enhanced metal specificity. In contrast, DNAzymes isolated
using conventional selection under neutral conditions often
struggle to distinguish similar metal ions. For example, the
classical 8-17 and 10-23 DNAzyme cannot differentiate between
Ca%* and Mg?*,'617 Mg5 and 17EV1 DNAzyme also fails to
discriminate between Ca%* and Mg?+.2224 |n addition to ionic size
and charge density, Mg?* and Ca?* also differ in their hydration
properties and coordination flexibility. Previous theoretical
calculations have shown that Mg?* forms a rigid six-coordinate
hydration structure with a high dehydration and water-
exchange energy barrier, whereas Ca?* can adopt more flexible
coordination numbers (6-8) with lower water-exchange
barriers.#?4” Compared to Mg?*, CaZ* more readily undergoes
transient coordination rearrangement, which may allow it to
interact more effectively with DNA. Acidic conditions could
facilitate Ca?* coordination reorganization, thereby enhancing
the discrimination from Mg?*

e ~04units n,=49206

pH, =533 £0.01

aRCD-Ca2

48 52 56 6.0 6.4

Ca*(+)
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>80 =20
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15 10
Kobs = 0 min Ca® (=) 0 5 10 15 20
0 0 [Ca™] (uM)
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Fig. 2 Characterization of aRCD-Ca2. (a) The predicted secondary structure of
aRCD-Ca2. (b) Cleavage yield (clv%) as a function of pH. Hill coefficient (ny)
and pH transition midpoint (pHr) are indicated. (c) Cleavage kinetics of aRCD-
Ca2 in the absence (blue) and presence (red) of 300 uM Ca?* in 1x RB (50 mM
glycine, pH 5.0). The observed rate constant (kobs) is shown. (d) Cleavage
activity of aRCD-Ca2 in the presence of different concentrations of Ca?* in 1x
RB at 37°C for 1 h. Insert: Linear dose-response relationship between clv%
and Ca?* concentration (3-20 uM; R? = 0.991). Error bars represent mean + SD
(n = three independent experiments). (e) Metal specificity of aRCD-Ca2.
Reactions were conducted with 300 uM Ca?* or 1 mM competing divalent
metal ions (Mg?*, Cu?*, Zn%, Co?, Ni?*, and Mn?*) or 150 mM monovalent ions
(Na*, K*, and Li*). NC: negative control without metal ions. Uncropped gel
image is provided in Supporting Information.

Sequence optimization of aRCD-Ca2 by nucleotide truncation

To investigate the functional importance of structural elements
and improve the practicality of DNAzymes, we systematically
truncated aRCD-Ca2. It was found that 32 nucleotides of aRCD-

4| J. Name., 2012, 00, 1-3

Ca2 could be removed without affecting its catalytig.activity(Fig-
S8). This leads to a minimized cis-acting VersiBACASMeEd aRCDH-
Ca2s (Fig. 3a). aRCD-Ca2s retains essential structural features,
including a single-stranded region (SS1), four short duplexes
(P1-P4), three hairpin loops (L1-L3), and four interhelical
unpaired junctions (J1/2,J2/3, J3/1, and J1/4).

We next evaluated the catalytic performance of aRCD-Ca2S.
It exhibited a kobs of 0.022 mint and a clv% of 43% within 1 hour
in 1x RB at pH 5.0 and 37°C (Fig. S9), confirming that the
truncation did not impair the catalytic efficiency of the parent
aRCD-Ca2.

Based on the minimized cis-acting aRCD-Ca2S, we next
engineered a trans-acting version by splitting the L1 loop of
aRCD-Ca2S. The resulting construct, named aRCD-Ca2T, is
shown in Fig. 3b. Unlike cis-acting RCDs, which require ligation
to their RNA substrates, trans-acting RCDs bind substrates
through Watson—Crick base pairing. We then evaluated the
catalytic activity of aRCD-Ca2T by determining its cleavage
kinetics. In the presence of CaZ*, aRCD-Ca2T exhibited a kops Of
0.019 min, comparable to the original aRCD-Ca2, and achieved
a final cleavage yield of 53% within 1 hour (Fig. S10). This
catalytic activity exceeds that of EtNa in catalyzing reactions
with Ca?*.4! No cleavage activity was observed in the absence of
Ca?*, confirming the metal-dependent property of aRCD-Ca2T.

aRCD-Ca2T
Kebs = 0.019 min™!

-p3  aRCD-Ca2S
kovs = 0.022 min”

M NC

Ca* Mg* Cu? Zn* Co* NI Mn* Na* K Li*

a— UNCIV

——

—_— clv

0 52 0.3 0 0 0 0 0 0 0 0 chv%

60 1.

45

clv (%)
8

[} 100 200 300 400 215 220 225 230 235
[Ca] (M) Log [Ca*]

Fig. 3 Characterization of aRCD-Ca2S and aRCD-Ca2T. (a) Predicted
secondary structure of minimized cis-acting aRCD-Ca2S. Key elements:
SS (single-stranded region), P (pairing region), L (loop), and J (junction
between two pairing regions). (b) A trans-acting aRCD-Ca2T. (c)
Selectivity of aRCD-Ca2T with 300 uM Ca?* and different competing
metal ions (1 mM divalent ions: Mg?*, Cu?*, Zn?* Co?*, Ni?*, and Mn?*; 150
mM monovalent ions: Na*, K*, and Li*). Uncropped gel image is provided
in Supporting Information. (d) Cleavage activity of aRCD-Ca2T in the
presence of different concentrations of Ca?*in 1x RB at 37°C. (e) Double
log plots of Ca?* concentration versus kobs. Error bars represent mean *
SD (n = three independent experiments).

We further examined the metal specificity of aRCD-Ca2T (Fig.

3c). The results showed that aRCD-Ca2T retained high

This journal is © The Royal Society of Chemistry 20xx
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selectivity for Ca?* over other competing metal ions. Similarly,
its cleavage activity toward Pb?* remained minimal (clv%: 3%,
Fig. S11). We next tested the Ca?*-dependence of aRCD-Ca2T to

understand its binding mechanism (Fig. 3d and Fig. S12). The clv%

was measured with increasing Ca%* concentrations. Curve fitting
shows the sigmoidal behavior characteristic of a cooperative
system, suggesting that aRCD-Ca2T requires multiple Ca?* ions
for efficient catalysis.

To quantitatively determine the number of Ca?* ions
involved in catalysis, we measured cleavage kinetics across a
range of Ca2* concentrations (Fig. S13a). The kinetics were fitted
to determine kobs at each Ca?* concentration (Fig. S13b). By
fitting the data to the equation kops = k [Ca?*],,*® a double-
logarithmic plot of kobs versus Ca?* concentration (Fig. 3e)
yielded a slope of 2.4, indicating that at least two Ca?* ions are
involved in the binding and catalytic process.

Characterization of the cleavage products and site selectivity of
aRCD-Ca2T

Because deprotonation of the RNA 2’-hydroxyl is disfavored at
low pH, the catalytic mechanism of aRCD-Ca2T under acidic
conditions may differ from that at neutral pH. We therefore
investigated whether the RNA-cleaving generates distinct
terminal groups at low pH.?° To investigate the 3’-phosphate
moieties generated on the 5’-cleavage product (5’ CP), the RNA-
containing substrate was incubated with aRCD-Ca2T in the
presence of Ca%* at pH 5.0 for 1 hour. The resulting products
were then treated with various phosphodiesterases for terminal
group analysis, including polynucleotide kinase (PNK), calf
intestinal alkaline phosphatase (CIAP), and 2’,3’-cyclic
nucleotide 3’-phosphodiesterase (CNPase). These enzymes
differ in catalytic specificity: PNK possesses both 2’,3’-cyclic
nucleotide 3’-phosphodiesterase and 2’/3’-phosphatase
activities; CIAP exhibits only 2’/3’-phosphatase activity; while
CNPase hydrolyzes 2’,3’-cyclic phosphate to 2’-phosphate.

PNK treatment reduced the gel mobility of 5’ CP, likely due
to the removal of negatively charged phosphate group (Fig. 4a,
lane 4). In contrast, CIAP treatment had no effect on its
migration (Fig. 4a, lane 5), and CNPase treatment similarly
caused no change (Fig. 4a, lane 6). However, sequential
treatment with CNPase followed by either PNK (Fig. 4a, lane 7)
or CIAP (Fig. 4a, lane 8) resulted in a decreased mobility of 5’ CP.

These results suggest that aRCD-Ca2T-mediated RNA-
cleavage produces a 5’-cleavage fragment bearing a 2’,3’-cyclic
phosphate and a 3’-cleavage fragment with a 5’-OH (Fig. 4b),
which is similar to the cleavage products generated by
conventional RCDs. To confirm the identity of the cleaved
product, electrospray ionization mass spectrometry (ESI-MS)
analysis of the 5’-cleavage fragment was performed, confirming
that the cleavage product contains a 2’,3’-cyclic phosphate (Fig.
S14).

We investigated the cleavage-site selectivity of aRCD-Ca2T.
The original rAT cleavage site in the substrate was replaced with
rCT, rUT, rAC, or rGC, and the catalytic activity of aRCD-Ca2T
toward these substrates was examined (Figure S15).
Replacement of the adenosine ribonucleotide (rA) at the
cleavage site with cytidine ribonucleotide (rC) or uridine

This journal is © The Royal Society of Chemistry 20xx
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ribonucleotide (rU) resulted in nearly undetectahle .cleavage
activity. Similarly, substitution of the rAT eléal@ge3siteowitRGHE
or rGC abolished catalytic activity. These results demonstrate
that aRCD-Ca2T is highly specific for the rAT cleavage site.
Adenosine is known to undergo protonation under acidic
conditions,*® which may contribute to the observed site
selectivity of aRCD-Ca2T.

a
1 2 3 4 5 6 7 8

1. Marker (5' CP) 5. Ca® + CIAP e b e )

2. Uncleaved S3 6. Ca™ + CNPase
3. Ca® Reaction 7.Ca+ CNPase + PNK

4. Ca* + PNK 8. Ca®* + CNPase + CIAP — - —

s —5'CP-OH

= -5 CP>Por5 CP-P

b

m H?- A o} /\0
P— g i 9
g ) M e 5 CTATGAACTGACT— 3

Fig. 4 Characterization of the cleavage products of aRCD-Ca2T. (a) Enzymatic
digestion analysis to determine the chemical group at the 3’ end of the 5’-cleavage
products (5’ CP). CP-OH represents a cleavage product with a 3’-hydroxyl group,
while CP>P or CP-P indicates a 3’ terminus bearing either a 2’,3’-cyclic phosphate
Schematic

or a 2’-/3’-monophosphate. (b)

transesterification reaction catalyzed by aRCD-Ca2T.

representation of the

Visualizing lysosomal Ca2* in HT22 hippocampal neuron cells

To convert the aRCD-Ca2T into a fluorescent probe, we first
employed a catalytic beacon design (named aRCD-Ca2TCQ), in
which the RNA-containing substrate strand was labeled with a
fluorophore (Cy5) at the 5’ end and a quencher (BHQ3) at the 3’
end of the enzyme strand. To further reduce the background
fluorescence, the substrate strand (CQS4) was additionally
labeled with BHQ3 (Fig. 5a). In the presence of Ca%*, aRCD-Ca2T
can catalyze the cleavage of the substrate strand, resulting in
fluorescence generation. We first evaluated the biostability of
aRCD-Ca2TCQ in cell transfection medium (Opti-MEM). dPAGE
results indicated that the construct remained highly stable over
an 8-hour incubation (Fig. S16). We also assessed its cellular
compatibility in HT22 hippocampal neuron cells using a
standard MTT assay, which showed no significant reduction in
cell viability (Fig. S17).

Given the excellent in vitro performance of aRCD-Ca2T, we
next investigated its potential for sensing Ca?* in living cells.
Lysosomes have recently been recognized as acidic Ca?*
reservoirs, with luminal Ca?* concentrations maintained at
approximately 0.5 mM—nearly 5,000 times higher than that of
the cytosol (~¥100 nM).*® Lysosomal Ca?* plays a crucial role in
regulating diverse cellular processes, including vesicle fusion,
intracellular signaling, transcriptional regulation, lysosomal
dynamics, autophagy, and exocytosis.’® However, the absence
of Ca?*-specific DNAzymes that function exclusively under acidic
conditions has hindered the accurate quantification of Ca?* in
acidic organelles. Therefore, we investigated the potential of

J. Name., 2013, 00, 1-3 | 5
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aRCD-Ca2T for visualizing lysosomal Ca?* fluctuations in living
cells.

To evaluate the lysosomal colocalization, HT22 hippocampal
neuron cells were incubated with aRCD-Ca2TCQ for various
durations. At 4 hours post-transfection, colocalization analysis
between the Cy5 and LysoTracker channels yielded a Pearson
correlation coefficient of 0.80, demonstrating its strong
lysosomal localization (Fig. 5b). Fluorescence intensity profiling
analysis along the white line in merged image further confirmed
the spatial overlap between these two signals (Fig. 5c). We
observed a gradual increase in red fluorescence in the Cy5
channel over time, indicative of DNAzyme activation. In contrast,
a mutant version (maRCD-Ca2TCQ), containing critical
nucleotide substitutions in the J2/3 junction (GT replaced with
AA) and the J3/1 junction (TAG replaced with ATT), showed no
appreciable signal increase (Fig. S18). These results
demonstrate that aRCD-Ca2TCQ is specifically activated by
lysosomal Ca?*, enabling visualization of endogenous CaZ*
within lysosomes.

A aRCD-Ca2TCQ b
< Cy5
RTG CQS4
Cy5-C U -
Y TGAC CCTCACTACCAAGCA-BHQ3
1«1 trrrrrrrrrrenrnl
ACGG GGAGTGATGGT TCG.;_ 1h
Arp_aT  aRCD-CazTQ
Cc-G
C-G
o T
. G
=L 2h
C 300
——LysoTracker —— aRCD-Ca2TCQ
250
2 2001
B 3h
c
2 150+
c
i 100
50 A
4 h
0 1 r - T T ;
0 2 4 6 8 10 12

Distance (um)

To verify the responsiveness of aRCD-Ca2TCQ tQ changssiin
lysosomal Ca?* levels (Fig. 6a), we introdiided X8RI CH
and applied ionomycin to facilitate the equilibration of Ca?*
across cellular membranes.?®5? As shown in Fig. 6b, the
fluorescence observed in the Cy5 channel was attributed to the
activation of aRCD-Ca2TCQ by lysosomal Ca?* (Image b1). Upon
Ca?* treatment, a marked increase in Cy5 fluorescence intensity
was observed (Image b2), confirming that the probe is capable
of detecting changes in lysosomal Ca?* levels. In contrast, cells
transfected with the mutant maRCD-Ca2TCQ displayed minimal
fluorescence signals, regardless of Ca?* influx (Images b3 and
b4), thus highlighting the high specificity of aRCD-Ca2TCQ for
Ca?*. Quantitative fluorescence analysis revealed that HT22
hippocampal neuron cells transfected with aRCD-Ca2TCQ
exhibited 2.3-fold and 3.1-fold higher fluorescence intensities in
the absence and presence of Ca?* influx, respectively, compared
to cells treated with the mutant probe (Fig. 6¢c). Together, these
results demonstrate that aRCD-Ca2TCQ enables reliable
monitoring of lysosomal Ca?* fluctuations in living cells.

LysoTracker Hoechst Merge Enlarged

Fig. 5 Ca?*-mediated activation of aRCD-Ca2TCQ in HT22 hippocampal neuron cells. (a) DNA sequences used for the construction of aRCD-Ca2TCQ.
aRCD-Ca2TCQ consists of an aRCD-Ca2TQ DNAzyme strand hybridized with a substrate CQS4 strand. (b) CLSM images of HT22 hippocampal neuron
cells incubated with aRCD-Ca2TCQ for 1, 2, 3, and 4 h. Hoechst 33342 used for cell nuclear fluorescence staining. Scale bars: 20 um (merged images)
and 5 um (enlarged image). (c)Fluorescence intensity profile along the white line in the enlarged image at 4 h. HT22 hippocampal neuron cells
were obtained from the Central Hospital of Dalian University of Technology.

Conclusions

In summary, we have demonstrated an innovative approach for
enhancing the metal specificity in DNAzyme evolution by
harnessing acidic in vitro selection. While certain RCDs capable
of recognizing Ca?* have been reported, no Ca%*-specific
DNAzymes have previously been directly isolated via in vitro
selection under acidic conditions. Leveraging this strategy, we
successfully isolated a Ca%*-specific aRCD from a random DNA
library by performing a positive selection in the presence of Caz*
at low pH, followed by a counter selection against competing

6 | J. Name., 2012, 00, 1-3

metal ions (Mg2*, Zn%*, Mn?*, Cu?*, and Pb?*). The resulting
aRCD-Ca2 exhibited activity exceptional
discrimination against other competing metals at pH 5.0. This
strategy can be readily adapted to isolate new high-specific
DNAzymes for other metal ions.

Although the role of Ca%* in the catalysis of aRCD-Ca2
remains to be fully elucidated, the reduced activity with
increasing pH from 5.0 to 5.6 supports the notion that the RNA-
cleaving by aRCD-Ca2 likely proceeds through general acid

robust and

This journal is © The Royal Society of Chemistry 20xx
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catalysis. The specific recognition principles and catalytic
mechanisms still need to be clarified through high-resolution
techniques, such as crystallography and nuclear magnetic
resonance (NMR), to gain a deeper understanding of its
molecular structures. We further engineered a trans-acting
variant, aRCD-Ca2T, which displays strongly cooperative binding
to Ca?*, a feature that likely underlies its high metal specificity.
Based on this trans-acting design, we developed a fluorescent
probe, aRCD-Ca2TCQ, for imaging of endogenous lysosomal
Ca%*in HT22 hippocampal neuron cells, thereby offering a highly
a b
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aRCD-Ca2TCQ

Chemical Science

selective potential tool for studying Ca?*-mediatged, hielogical
processes within lysosomes. DOI: 10.1039/D55CO8656F

Together, these findings not only elucidate the potential of
specific metal-DNA interactions in acidic media but also expand
the toolkit for selective metal sensing in complex biological
Future work will focus on extending this
platform to other biologically relevant metal ions, and
combining these DNAzymes into diagnostic and therapeutic

applications.

environments.

Ca*/aRCD-Ca2TCQ maRCD-Ca2TCQ Ca*/maRCD-Ca2TCQ

Fig. 6 aRCD-Ca2TCQ respond to lysosomal Ca?* changes in HT22 hippocampal neuron cells. (a) Schematic illustration of aRCD-Ca2TCQ for imaging
the lysosomal Ca?* in HT22 hippocampal neuron cells. (b) Representative CLSM imaging of HT22 hippocampal neuron cells under different
treatment conditions: (b1) aRCD-Ca2TCQ only, (b2) pre-treated with Ca?* (1 mM) and ionomycin (2 uM) for 15 min following incubation with aRCD-
Ca2TCQ, (b3) maRCD-Ca2TCQ only, (b4) pre-treated with Ca?*(1 mM) and ionomycin (2 uM) for 15 min following incubation with maRCD-Ca2TCQ.
Hoechst 33342 used for cell nuclear fluorescence staining. Scale bars: 20 um. (c) Comparison of signaling magnitude (i.e., S/B, defined as the
fluorescence intensity in treated cells over that of maRCD-Ca2TCQ-transfected cells) in different cells in (b). Data are presented means + SD (n =
36, 54, 65, and 56 cells). ***p < 0.001. ns, no significant difference. One-way ANOVA test was used for statistical analysis.
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