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Abstract

Genetically encoded fluorescent proteins have been used for metal ion detections by combining 

fluorescent proteins with metal-binding proteins or peptides. However, their applications are 

largely restricted to a limited number of metal ions, such as Ca2+ and Zn2+, due to the lack of 

available metal-binding proteins or peptides that can be fused to fluorescent proteins and the 

difficulty in transforming the binding of metal ions into a change of fluorescent signal. To 

overcome these limitations, we report herein the use of Mg2+-specific 10-23 or Zn2+-specific 8-17 

RNA-cleaving DNAzymes to regulate the expression of fluorescent proteins as a new class of 

ratiometric fluorescent sensors for metal ions. Specifically, we demonstrate the use of DNAzymes 

to suppress the expression of Clover2, a variant of the green fluorescent protein, by cleaving the 

mRNA of Clover2, while the expression of Ruby2, a mutant of the red fluorescent protein, is not 

affected. The Mg2+ or Zn2+ in Hela cells can be detected using both fluorescent confocal imaging 

and flow cytometry. Since a wide variety of metal-specific DNAzymes, such as for Mg2+, Na+, 

Cu2+, Zn2+, Pb2+, Hg2+, Ag+, and UO2
2+, can be obtained through in vitro selection, and the 

resulting DNAzymes often share a similar secondary structure and reaction mechanism, the 

method described in this work can likely be applied to imaging many other metal ions and thus 

significantly expand beyond the range of the current genetically-encoded fluorescent proteins, 

allowing this class of sensors to be even more powerful in providing deeper understanding of the 

roles of metal ions in biology.

Graphical Abstract

Using metal-specific RNA-cleaving DNAzymes to regulate the expression of fluorescent proteins 

has expanded the genetically-encoded fluorescent protein-based sensors for metal ions 

significantly.
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Introduction

Metal ions play crucial structural and functional roles in biological processes. Understanding 

the distribution and concentration fluctuation of metal ions in cells is a central topic in the 

bioanalytical and biomedical sciences with many potential impacts, from cell signaling to 

metabolic engineering to medical diagnostics and imaging.[1] Towards this goal, fluorescent 

sensors for cellular metal ions have been developed based on a variety of molecules, 

including small organic molecules,[2] polymers,[3] and proteins.[4] Among them, genetically 

encoded fluorescent sensors,[4a, 4c-l] pioneered by Tsien and co-workers,[4a] have been a 

major focus by numerous groups around the world for many years, because they can be 

generated by fusing fluorescent proteins to metal-binding proteins or peptides. The resulting 
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fusion proteins often preserve the biochemical functions and cellular localization of the 

partner proteins. These sensors have been applied for intracellular metal ion detection, 

especially in monitoring the homeostasis of subcellular organelles, such as mitochondrion,[5] 

endoplasmic reticulum, and Golgi apparatus.[4h] While much progress has been made, this 

class of sensors can detect only a limited number of metal ions, such as Ca2+, Mg2+, and 

Zn2+, due to the lack of available metal-binding proteins or peptides that can be fused to 

fluorescent proteins and the difficulty in transforming the binding of metal ions into a 

change in the fluorescent signal. For example, to extend this class of sensors to detecting 

Mg2+ in cells,[4i, 6] a number of mutations were made to adapt a truncated version of the 

HsCen3 protein, which contains two EF-hand metal-binding sites that normally bind Ca2+ 

strongly, to also bind Mg2+ with a dissociation constant (Kd=148 μM) around 10 fold 

weaker than that of Ca2+ (Kd=10 μM). In addition, to transform the binding of Mg2+ by this 

mutant protein into genetically encoded fluorescent protein signals, further engineering of 

the protein construct was required in order to trigger enough conformational change of the 

protein to generate a detectable shift in the Főrster Resonance Energy Transfer (FRET) 

fluorescent signal. Because of the difficulty and complexity in transforming metal-binding 

proteins or peptides into fluorescent sensors through large conformational changes, this 

method has been limited to sensing only a few metal ions. Therefore, the method of using 

genetically encoded fluorescent sensors to detect a wide number of other metal ions remains 

a challenge and thus has not reached its full potential.

To meet such a challenge, we examined the possibility that RNA-cleaving DNAzymes could 

be used in conjunction with genetically encoded fluorescent proteins for metal ion detection 

and ratiometric imaging of metal ions in living systems. DNAzymes are catalytic DNA 

molecules that can perform an enzymatic function, often in the presence of specific metal 

ions that act as cofactors in the catalysis.[7] DNAzymes are obtained through in vitro 

selection from a large library of 1015 different sequences, which is subjected to several 

rounds of selection pressure in order to separate out and identify those sequences that 

undergo the desired chemical reaction under the desired conditions, such as in the presence 

of a specific metal ion.[7a, 8] For the case of metal-specific DNAzymes, an RNA cleavage 

reaction is typically selected in which the DNAzyme can site-selectively cleave an RNA 

bond within a specific substrate strand. Furthermore, selectivity for the desired metal ion can 

be significantly enhanced by performing negative selections against other similar ions that 

could have competitive binding, in order to remove any sequences that react with these metal 

ions and keep only those sequences that react with the metal ion of interest. Using these 

techniques, many different DNAzymes have been selected that have high specificity for 

many different biologically relevant metal ions. As a result, many fluorescent sensors have 

been constructed based on these DNAzymes to detect these metal ions, including Mg2+, 

Zn2+, UO2
2+, Pb2+, Ag+, and Na+, in either environmental or biological samples, by 

coupling the metal-selective cleavage of an RNA-containing substrate into a fluorescent 

signal using the catalytic beacon approach.[7f, 8c, 9] Despite the potential of these DNAzymes 

as metal ion sensors, they have been applied to detecting cellular metal ions only within the 

past six years and in limited cases.

In order to expand upon the number of metal ions that the genetically encoded ratiometric 

fluorescent protein sensors can detect and to increase the impact of DNAzyme sensors in 
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cellular biology, we herein report the use of the 10-23 DNAzyme to regulate the expression 

of fluorescent proteins as a method to detect intercellular Mg2+. To demonstrate the 

generality of this approach, we have also used the same approach with the 8-17 DNAzyme 

to ratiometrically image Zn2+ in living cells with genetically expressed plasmids.

Results and Discussion

Fluorescent proteins show many advantages when employed as a fluorescent signal reporter. 

In addition to the biocompatibility and photostability, highly expressed fluorescent proteins 

will generate a strong fluorescent signal, which is crucial for successful cell imaging. In our 

design, we chose Clover2 and mRuby2,[10] mutants of green and red fluorescent proteins, as 

a signal reporter and a permanent reference, respectively, for ratiometric measurement, and 

name them CloverFP and RubyFP. To couple the fluorescent signal changes from CloverFP/

RubyFP with metal-specific DNAzymes, we use a DNAzyme to suppress the expression of 

CloverFP in the presence of the metal ion of interest, while the expression of RubyFP will 

not be affected by the same DNAzyme. As shown in Scheme 1, the DNAzyme and two 

plasmids expressing CloverFP and RubyFP (pCloverFP and pRubyFP, respectively), can be 

co-transfected into HeLa cells. The plasmids could further be transcribed into mRNA 

transcripts for CloverFP and RubyFP (called mRNACloverFP and mRNARubyFP, 

respectively). As the arms of the DNAzyme can be designed to hybridize with a specific 

location within mRNACloverFP, the mRNACloverFP would be cleaved by the DNAzyme in the 

present of its metal ion, while the mRNARubyFP would not be cleaved because it would not 

contain this DNAzyme hybridization sequence. Therefore, the cells would express much 

more RubyFP than CloverFP, of which the fluorescent signal can be observed by either 

confocal microscopy imaging or flow cytometry. In the absence of the metal ion that the 

DNAzyme uses for mRNA cleavage, the ratio of the RubyFP fluorescence to CloverFP 

fluorescence (RRubyFP/CloverFP) will be close to one, since they are both under the same 

promoter and so should have similar expression levels. In the presence of the metal ion, the 

DNAzyme would cleave mRNACloverFP, suppressing the CloverFP expression and resulting 

in an increased RRubyFP/CloverFP.

RNA-cleaving DNAzymes have been reported to cleave full RNA strands, which provide a 

potential alternative for the regulation of gene expression.[11] In 2010, Deiters and co-

workers reported a DNAzyme-based ratiometric sensor that hybridized to the target mRNA 

of a fluorescent protein through the binding arms of DNAzymes, which induced degradation 

of the mRNA.[12] By using binding arms of both inactive DNAzymes and DNA strands that 

didn’t contain the DNAzyme catalytic core, they also found similar levels of mRNA 

degradation and thus concluded that their DNAzyme methodology in fact achieved the 

majority of its mRNA silencing not through its DNAzyme-mediated mRNA cleavage 

activity, but rather via a typical antisense mechanism which utilizes cellular RNAse H to 

recognize RNA: DNA duplexes to degrade target mRNA. As a result, this previous design 

cannot be used for sensing metal ions, because the antisense function is not dependent on 

Mg2+ concentration. We overcome this issue with careful optimization of DNAzyme sensor 

design, mRNA target site selection, and cellular transfection conditions to allow for optimal 

DNAzyme cleavage activity of our intended mRNA target, as well as the use of inactive 

DNAzyme negative controls, to ensure that signal response is due to the Mg2+-dependent 
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multiple turnover activity of DNAzymes, rather than other cellular degradation pathways 

such as RNAse H. We chose the 10-23 DNAzyme for this study because it has been reported 

to cleave mRNA both in vitro and in vivo.[13] As shown in Figure 1a, the 10-23 DNAzyme 

strand consists of a 15-nucleotide (nt) single-stranded DNA region called the catalytic 

domain (purple), which is critical to the DNAzyme cleavage activity. Two binding arms 

(orange) flanking the catalytic domain can hybridize to an RNA substrate strand containing 

the cleavage site (red) which is directly opposite to the catalytic core (Figure 1a). In the 

cleavage site, it has been determined that the susceptibility of the dinucleotide influences the 

DNAzyme activity, with the trend being AU = GU ≥ GC >> AC.[14] Therefore, we have 

selected the GU dinucleotide pair for this study. In addition to the cleavage site, the length of 

the two binding arms plays a role in determining the effectiveness of hybridization before 

cleavage and release of the product after the cleavage,[15] which is critical for catalytic 

turnover of the DNAzymes. Therefore, the 10-23 DNAzyme with 8-, 9-, 10-, 11- or 12-nt in 

the binding arms, called 8Dz, 9Dz, 10Dz, 11Dz, 12Dz, respectively, were designed to 

investigate their effect on the reactivity. (See Table S1 in ESI for complete sequence 

information).

To assess the activity of the above DNAzyme constructs, the RNA substrate was labelled 

with γ-32P ATP before the 10-23 DNAzymes were added in the presence of 30 mM Mg2+ in 

Tris-HCl buffer. After 60 minutes, the solution was quenched by stop-solution and loaded 

onto denaturing polyacrylamide gel electrophoresis (PAGE) to determine the percentage of 

the cleaved product from the RNA substrate. To investigate the ability of multi-turnover 

cleavage by the DNAzyme, an excess amount of substrate was used to make the ratio of 

DNAzyme: substrate to be 1:10. As shown in Figure 1b, obvious lower band, likely 

representing the cleaved substrate product can be observed for all DNAzyme lengths tested, 

from lane 2 to lane 6, after the addition of the DNAzymes. In contrast, no cleaved product 

band was found in the absence of DNAzyme (lane 1), which demonstrates that all of the 

DNAzymes with different lengths of binding arms were able to cleave the RNA substrate. 

Quantitative analysis of the results indicates that the DNAzymes exhibited cleavage 

efficiency higher than 0.1 (the maximum possible efficiency for single-turnover reaction 

under a 1:10 enzyme: substrate ratio), which strongly suggests that the DNAzymes carry out 

more than one cleavage reaction turnover (Figure 1c). Among these tested DNAzymes, the 

10-23 DNAzyme with 10-nt binding arms (10Dz) showed the highest multi-turnover 

cleavage efficiency, which is consistent with results reported previously,[16] as the shorter 

binding arms cannot form an efficient hybridization with the RNA substrate, while the 

longer binding arms could inhibit the release of the cleaved substrate. Additionally, inactive 

DNAzymes that have a point mutation from G to C within the catalytic domain (named 

8DzM, 9DzM, 10DzM respectively) were tested as negative controls to rule out any possible 

artifacts in target RNA cleavage that are independent of Mg2+-based activity. As the results 

show in Figure S2, the RNA substrate was efficiently cleaved in the active DNAzyme 

constructs, while the mutation in the catalytic domain led to almost no catalytic activity, 

which indicates that the cleavage of RNA substrate was indeed caused by the catalytic 

function of the DNAzyme. Finally, the cleavage efficiency of 10Dz towards the RNA 

substrate under different concentrations of metal ions was also studied. As displayed in 

Figure S3, the 10Dz displayed higher enzymatic activities in the presence of increasing 
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concentrations of Mg2+. Therefore, 10Dz, the 10-23 DNAzyme with flanking arms of 10 

bases, was selected for further experiments.

In order to investigate whether the above 10-23 DNAzyme construct can be used to 

specifically cleave the mRNA coded for a fluorescent protein in mammalian cells, we 

searched GU sites in mRNACloverFP (see complete sequence of mRNACloverFP in ESI). 

Based on minimal free energy predictions of the secondary structures of mRNACloverFP in 

Figure S1, we identified GU at positions 49-50 to be an accessible region for cleavage by the 

DNAzyme. To protect the DNAzymes from degradation by exonucleases in cells, the 

DNAzymes were modified with either inverted T at 3´ end (Dz10TCloverFP) or two hairpins 

at both the 3´ and 5´ ends (Dz10HCloverFP). Either Dz10TCloverFP or Dz10HCloverFP was co-

transfected in HeLa cells with both pCloverFP as the reporter and pRubyFP as the reference 

for ratiometric imaging. To find the optimal conditions for plasmid expression and 

DNAzyme transfection, the time-dependent activity of DNAzymes in cells was studied by 

confocal imaging (Figure S4). After 24 hours of total incubation (transfection and Mg2+ 

treatment), the cells transfected with Dz10TCloverFP or Dz10HCloverFP showed a higher 

ratiometric signal than the cells transfected with plasmids only, without the DNAzymes. 

Extending the total measurement time to 48 hours could not significantly increase the 

ratiometric change of the sensor, and the change was decreased after 72 hours of total 

incubation. This decrease of sensor performance during longer incubation could be 

explained by the degradation of the DNAzymes under cellular conditions. Based on these 

observations, we decided to use the protocol of 6 hours transfection with 18 hours ion 

treatment (24 hours total) before fluorescence quantification by confocal microscopy 

imaging or flow cytometry for later experiments. After 6 hours of incubation, different 

concentrations of Mg2+ were delivered into cells with the assistance of 2 μM calcimycin, 

which was demonstrated to show no interference in the DNAzyme reactivity (Figure S5). 

The cells were subsequently incubated for another 18 hours to allow the expression and 

maturation of the fluorescent proteins. The transfection efficiency of plasmids and 

DNAzymes were measured by flow cytometry. The expression efficiency of CloverFP and 

RubyFP were observed to be 57.1% and 57.3%, indicating a stable co-transfection of the 

plasmids, and the transfection efficiency of Dz10TCloverFP and Dz10HCloverFP were observed 

to be 95.6% and 93.6%, respectively (Figure S6). The confocal microscopy imaging 

demonstrated that when Mg2+ was applied into cells after Dz10TCloverFP and Dz10HCloverFP 

transfection, the fluorescent signal in the green channel where CloverFP emits decreased, 

while the red channel where RubyFP emits remained relatively constant (Figure 2 and 

Figure S7). Furthermore, the change of ratios between two fluorescent proteins can also be 

observed visually by examining the changes in the “overlay” merged channel (Figure 2, 

Figure S7) and the RubyFP/CloverFP ratio channel of single cells (Figure S8) with 

increasing concentrations of Mg2+. These results suggest our design in Figure 1 works 

toward imaging metal ions in living cells.

To better understand the pathway of DNAzymes after co-transfection with the plasmids, a 

Cy5 labelled DNA (see Table S1 in ESI for sequence information) was co-transfected with 

the CloverFP plasmid and the localization of the Cy5-DNA was tracked after 6h and 24h 

(Figure 3). Since the CloveFP needs a relatively long time to express and mature, the 

lysosome stained by LysoGreen can still be visualized at 6h. The absence of co-localization 
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between the Cy5-DNA (red channel) and the lysotracker (green channel at 6h) indicated that 

most of the Cy5-DNA resides outside of lysosomes. Interestingly, the Cy5-DNA was found 

to be localized largely to the nucleus at 6h transfection time, which might be caused by the 

transfection reagent.[17] However, by 24h transfection time, the Cy5-DNA is dispersed 

throughout the cytoplasm.

To ensure the results from confocal microscopy imaging apply to the entire cell population, 

we examined the fluorescence in a large cell population using flow cytometry. Two channels 

were used to measure the fluorescence intensities. As shown in Figure 4a, both 

Dz10TCloveFP and Dz10HCloverFP induced a fluorescence decrease in the green channel in 

the presence of Mg2+, while no obvious change was observed in the red channel. 

Correspondingly, the ratio of RubyFP to CloverFP increased when more Mg2+ was 

introduced into the cells, suggesting a direct correlation between this ratio, as an indicator of 

DNAzyme activity, and Mg2+ concentration (Figure 4b). This result is in strong agreement 

with the confocal imaging results, suggesting the successful detection of Mg2+ through this 

approach. To further demonstrate that this signal change was caused by the catalysis of 

DNAzymes rather than RNase H mediated RNA degradation, the mutant DNAzymes 

Dz10TMCloverFP and Dz10HMCloveFP were also employed as negative controls. As shown in 

Figure 4c, minimal change of the ratio was detected by the inactive Dz10TMCloverFP and 

Dz10HMCloverFP over the plasmid control with or without addition of 20mM Mg2+. In 

contrast, the ratio was significantly increased when the active Dz10TCloverFP or 

Dz10HCloverFP was used, which implies that the downregulation of the mRNACloverFP is 

induced by the catalysis of the active DNAzymes. Moreover, even without additional Mg2+, 

both active DNAzyme constructs (Dz10TCloverFP and Dz10HCloverFP) showed higher ratios 

than the mutant DNAzymes (Dz10TCloverFP and Dz10HCloverFP), and this ratio increased 

even further when 20 mM Mg2+ was added. These results suggest that the active DNAzyme 

constructs can detect endogenous Mg2+ in cells and the ratios depend on Mg2+ 

concentrations. In order to obtain even better quantification of the metal ions in the cells, 

DNAzymes with affinity for metal ions in their physiological concentration range needs to 

be obtained, either through optimization of the sensor design or re-selection of DNAzymes.
[18]

To investigate the generality of our ratiometric ion detection method to be applied to other 

DNAzymes for detection of different metal ions in living cells, the 8-17 DNAzyme, a Zn2+-

specific RNA-cleaving DNAzyme, was employed to construct another genetically encoded 

ratiometric sensor using the same strategy. The 8-17 DNAzyme has been demonstrated to 

cleave full RNA sequences at a GG dinucleotide junction.[19] The activity of the 8-17 

DNAzyme (10Zn-GG) version of the ratiometric sensor was confirmed by polyacrylamide 

gel electrophoresis (Figure S9).

More importantly, after screening GG junctions in both mRNARubyFP and mRNACloverFP 

(see Figure S1 for the sequences investigated) by ratiometric imaging, we found that 10ZnC 

targeting the mRNACloverFP was able to downregulate the CloverFP under endogenous Zn2+ 

levels (Figure S10). Moreover, quantifying the RRubyFP/CloverFP ratio showed a further 

increase after introducing additional Zn2+ in cell culture. Therefore, our strategy can be 
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generalized and applied to image intracellular Zn2+ (Figure S11) in addition to intracellular 

Mg2+.

Conclusion

In summary, we have successfully developed a novel fluorescent imaging method for 

ratiometric imaging Mg2+ and Zn2+ in living cells based on DNAzyme-mediated genetically 

encoded fluorescent proteins, which to our knowledge, is the first demonstration of 

DNAzyme-mediated genetically encoded sensors for intracellular detection of metal ions. 

Even though numerous fluorescent proteins have been reported for more than 30 years for 

other targets, few sensors have been applied to imaging metal ions in living cells. In 

comparison to previous publications in which the mRNA of fluorescent proteins was mainly 

degraded by the hybridization of DNAzymes with mRNA to induce degradation through a 

classical antisense mechanism using RNAse H rather than DNAzyme-mediated RNA 

cleavage,[12] our method possesses the advantage of Mg2+-dependent multi-turnover 

cleavage toward target mRNA by the activity of DNAzymes. This advantage leads to a 

correlation between the expression levels of fluorescent protein and the concentration of 

target metal ions. By using Mg2+- or Zn2+-specific DNAzymes to mediate expression of 

fluorescent proteins, we demonstrate the use of fluorescent proteins to image Mg2+ and Zn2+ 

in living cells. Having demonstrated that this methodology can be applied to two different 

DNAzymes, it is likely that it can be further applied to other RNA-cleaving DNAzymes, as 

long as they are capable of cleaving an all-RNA substrate. Thus, in utilizing the many 

different metal-specific DNAzymes for metals, such as Mg2+, Na+, Cu2+, Zn2+, Pb2+, Hg2+, 

Ag+, and UO2
2+, DNAzyme-based sensors have the potential to greatly expand upon the 

range of metal ions able to be imaged using genetically-encoded proteins, allowing this class 

of sensors to be even more powerful in providing deeper understanding of the roles of metal 

ions in biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) The structure of the 10-23 DNAzyme and detection of the RNA substrate cleavage 

catalysis. (b) Gel electrophoresis analysis of the RNA cleavage efficiency by using 8Dz, 

9Dz, 10Dz, 11Dz, and 12Dz with a DNAzyme: substrate ratio of 10:1. (c) The quantification 

of the gel electrophoresis analysis.
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Figure 2. 
Confocal imaging of the cells expressing CloverFP (green channel) and RubyFP (red 

channel). The cells were transfected with plasmids only (first row) or with plasmids and 

Dz10TCloverFP with different concentrations of added Mg2+ (second to fourth rows). Scale 

bar = 100 μm.
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Figure 3. 
Confocal imaging of cells co-transfected with CloverFP plasmid (green channel) and Cy5-

DNA (red channel) at 6 h and 24h. The lysosomes of cells were stained with Lysotracker 

Green. (The CloverFP expressing cells exhibited green fluorescence in the whole cells). 

Scale bar = 20 μm.
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Figure 4. 
(a) The contour charts of flow cytometry when Dz10TCloverFP or Dz10HCloverFP was 

applied to different concentrations of Mg2+. (b) Fluorescent signal ratio of RubyFP to 

CloverFP in different concentrations of Mg2+ when Dz10TCloverFP or Dz10HCloverFP was 

used. (c) Comparison of the ratio generated by Dz10TCloverFP or Dz10HCloverFP and 

Dz10TMCloverFP or Dz10HMCloverFP in the absence or presence of Mg2+.
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Scheme 1. 
Schematic illustration of DNAzyme-mediated genetically encoded sensors for ratiometric 

imaging of metal ions in living cells.
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