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Abstract

Protein metalloenzymes use various modes for functions where metal–dependent global 

conformational change is required in some cases, but not in others. In contrast, most ribozymes 

appear to require a global folding that almost always precedes enzyme reactions. Herein we 

studied metal–dependent folding and cleavage activity of the 8–17 DNAzyme using single 

molecule fluorescence resonance energy transfer (FRET). Addition of Zn2+ and Mg2+ resulted in a 

folding step followed by cleavage reaction, suggesting that the DNAzyme may require metal–

dependent global folding for activation. In the presence of Pb2+, however, cleavage reaction 

occurred without a precedent folding step, suggesting that the DNAzyme may be prearranged to 

accept Pb2+ for the activity. This feature may contribute to the remarkably fast Pb2+–dependent 

reaction of the DNAzyme. These results suggest that DNAzymes can use all modes of activation 

that metalloproteins use.

Metal ion–dependent folding can play a critical role in metalloenzyme function. 

Understanding the relationship between folding and reaction is important in obtaining 

deeper insight into the enzyme mechanism. For protein metalloenzymes, an active–site 

metal–dependent global folding precedes enzymatic reaction in some cases while such a 

folding is not required in others1. These different modes of activation may fulfill different 

functions. For example, a reaction preceded by a folding step may be responsible for an 

allosteric effect in many enzyme functions, or such a folding step may contribute to the 

overall reaction.
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In the early 1980s, RNA molecules that can catalyze enzymatic reactions were discovered 

and named ribozymes2,3. This discovery was then followed by demonstrations in the 1990s 

that DNA can also act as enzymes, termed deoxyribozymes or DNAzymes4–7. With only 

four nucleotides as building blocks versus twenty in proteins, nucleic acid enzymes may 

need to recruit cofactors to perform some functions. Metal ions are a natural choice and 

indeed most nucleic acid enzymes require metal ions for function under physiological 

conditions and therefore, are metalloenzymes. Even though DNAzymes constitute the 

newest metalloenzyme family, they have already been used in a number of applications such 

as therapeutic agents8, biosensors9–12, and nanomaterials assembly13, often because 

DNAzymes are more stable against hydrolysis and more cost–effective to produce than 

proteins or ribozymes. A primary example is the 8–17 DNAzyme which cleaves a DNA 

substrate containing one RNA base at the cleavage site (Fig. 1a),8,14–17 and depends on 

metal ions with the following order of potency: Pb2+ >> Zn2+ >> Cd2+ >> Ca2+ > 

Mg2+ 15,18,19. Based on this finding, the DNAzyme has been converted into highly sensitive 

and selective fluorescent9,11, colorimetric10 and electrical sensors20.

Despite the progress made in DNAzyme applications, information about the structure and 

dynamics of the DNAzyme is surprisingly limited in comparison to those of protein and 

ribozymes. FRET is one of the most widely used tools for studying the structures and 

dynamics of biomolecules21,22, including metal ion–dependent folding and catalysis of 

ribozymes23–26. All studies indicate that global folding is required before enzymatic reaction 

can occur. Recently, a FRET study of metal–dependent folding of the 8–17 DNAzyme 

showed no global folding of the DNAzyme in the presence of Pb2+, the most effective 

cofactor, while the DNAzyme folds into a compact conformation in the presence of Mg2+ 

and Zn2+ 27. These results left several issues to be resolved. First, to separate folding from 

subsequent cleavage, the FRET study 27 used an inactive DNAzyme variant where the 

scissile ribonucleotide A (rA) in the substrate was replaced with deoxyribonucleotide A, 

which may change metal–binding and thus folding properties. In fact, significant effects of 

similar modifications on the hairpin ribozyme folding have been reported28. Second, the 

metal–dependent folding could be heterogeneous, and bulk FRET measurements can detect 

only average folding behavior and may miss certain conformational changes that are low in 

population, but important for activity.

To address these issues, it is necessary to observe active cleavable enzymes individually, 

and in real time along the reaction pathway. FRET at the single molecule level or smFRET 

is a powerful method to probe dynamic conformational changes and molecular level 

interactions of biomolecules29,30. For example, smFRET studies of the hairpin ribozyme 

have revealed heterogeneous folding kinetics and have dissected the cleavage and ligation 

reactions coupled with folding and unfolding reactions28,31–33. Here we applied smFRET to 

the study of the conformational changes and cleavage reactions of a DNAzyme. While 

global folding of the catalytically active 8–17 DNAzyme was observed prior to cleavage 

with Mg2+ and Zn2+, no global folding was observed with the most active metal ion, Pb2+. 

No ligation reaction of the cleaved substrates nor dynamic changes between folded and 

unfolded states were observed, indicating the combined reaction of folding and cleavage of 

the 8–17 DNAzyme is unidirectional.
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DNAzyme constructs

The original 8–17 DNAzyme was labeled with a fluorophore (Alexa fluoro 488) and two 

quenchers (Dabcyl) for bulk cleavage activity assays (Fig. 1a). To carry out the smFRET 

studies of the 8–17 DNAzymes on a surface, the substrate and enzyme of the 8–17 

DNAzyme were extended to enhance the thermal stability of the complex under conditions 

of this study and were terminally modified by fluorophores, and biotin (Fig. 1b). The 

substrate was extended by 2 nucleotides (nts) at the 3′ end. Another substrate was extended 

by additional 2 nts at the 5′ end, and is called the long substrate. Non–cleavable substrate 

contains deoxyribonucleotide A instead of rA at the cleavage site. The enzyme strand was 

extended by 2 nts at both the 5′ end and the 3′ end for base pairing with the extended 

substrates and had (dT)5–biotin at the 3’ end as a linker. Bulk activity assays of these 

modified enzyme–substrate complexes indicate that the modifications did not perturb the 

enzyme activity significantly (Supplementary Fig. 1 online). For the FRET study, the 

substrates were labeled with Cy3 (donor) at the 5′ end while the enzyme was labeled with 

Cy5 (acceptor) at the 5′ end. Two mutant enzymes with weakened and abolished activities 

were also designed. A less active mutant, 17E(sda5), has an extra T base on the hairpin 

loop16,27. An inactive mutant has GC base pair instead of GT wobble pair right next to the 

cleavage site, which abolishes the cleavage activity completely19.

Zn2+ and Mg2+–dependent folding and cleavage reactions

Zn2+–dependent activity was observed from individual DNAzymes tethered to a quartz 

surface using a prism–based total internal reflection (TIR) fluorescence microscope34. The 

reaction was initiated via flow delivery of an imaging buffer (Materials and Methods) 

containing 100 µM Zn2+ 21 seconds after starting the fluorescence imaging of more than one 

hundred molecules. 100 µM Zn2+ is enough to saturate the folding (Supplementary Fig. 2 

online). Buffer flow without divalent metal ions showed no FRET changes and no 

significant photobleaching.

Single molecule time traces of the donor and acceptor intensities, ID and IA respectively, and 

the corresponding FRET efficiency, EFRET≡ ID/( ID+ IA), shown in Fig. 2a, are typical of 

the majority molecules (65%, 339 out of 552). Before addition of Zn2+, EFRET was ~ 0.16. 

Upon adding 100 µM Zn2+, EFRET transited to a higher value of ~ 0.25 immediately, and 

then to a low value of ~ 0.11, after which the fluorescence signals disappeared. Histograms 

of smFRET were obtained by measuring EFRET values at each level from 339 individual 

molecules (Fig. 2b). The unfolding and fluorescence signal disappearing rates were 

measured from dwell time histograms on the folded and unfolded states, respectively. (Fig. 

2d and e) The remaining population includes ~ 10% of molecules showing only a transition 

to EFRET ~ 0.25 without further change and ~ 25% of molecules without any transition at all 

in the observation time of 180 seconds. These populations probably represent inactive 

molecules, consistent with the bulk activity assays (Supplementary Fig. 1 online).

To aid the assignment of different FRET states, we tested a long substrate, the 5’ cleavage 

product of which should form a more stable complex with the enzyme strand by virtue of 

two additional base pairs. The long substrate showed similar transition to EFRET ~ 0.25 upon 
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Zn2+ addition and then a subsequent transition to EFRET ~ 0.11 (Fig. 2c). However, in 

contrast to the short substrate which showed rapid fluorescence disappearance from the 

EFRET ~ 0.11 state with an average lifetime of 5.5 s (Fig. 2e), very few molecules showed 

fluorescence disappearance during the measurement time of 70 s (Fig. 2f) Therefore, 

fluorescence signal disappearance is primarily due to the release of the short 5′ cleavage 

product carrying the donor rather than donor photobleaching. Next, the same study was 

carried out using a non–cleavable substrate. We observed the same EFRET ~ 0.25 state 

induced by the Zn2+ ions but not the subsequent lowering of FRET or fluorescence 

disappearance (Fig. 2c), supporting our assignment of the EFRET ~ 0.11 state to the cleaved 

state. In addition, another inactive mutant enzyme, which has GC base pair instead GT 

wobble pair right next to the cleavage site showed the exactly same behavior (Fig. 2c). 

Based on the above observations, we assigned the EFRET ~ 0.25 state to a folded state, the 

subsequent EFRET ~ 0.11 state to a cleaved and unfolded state, and the final fluorescence 

signal disappearance to the dissociation of the 5’ cleavage product from the enzyme strand 

(Scheme 1).

Mg2+ ion–dependent FRET changes were also studied. Since Mg2+ is a less effective 

cofactor in both folding and cleavage19, 10 mM or 50 mM Mg2+, by which complete folding 

was observed in bulk FRET measurements (Supplementary Fig. 2 online), were used. Upon 

addition of 10 mM Mg2+, molecules showed immediate folding (EFRET = 0.17 → 0.29), 

cleavage and unfolding (EFRET = 0.29 → 0.12), and then release of the cleavage product 

(Fig. 3a and b), similar to those observed with Zn2+ ions. The same behavior was observed 

with 50 mM Mg2+ except that 50 mM Mg2+ showed a shorter duration of the folded state 

and a longer duration of the cleaved and unfolded state (Fig. 3c and d). These results are 

consistent with the bulk activity assays which showed that a higher Mg2+ concentration 

induces faster cleavage reaction19, yet slower release of the cleaved product due to the 

stabilized base pairs in a higher ionic strength condition. These observations further support 

our assignments of the different FRET levels.

Pb2+–dependent cleavage reaction

Pb2+–dependent FRET changes along the reaction pathway were measured in the same way 

in the presence of 20 µM of Pb2+ (Fig. 4a). EFRET started at ~ 0.18. In contrast to what 

observed with Zn2+ or Mg2+, however, EFRET stayed at the same level upon Pb2+ addition at 

21 seconds. Lowering of FRET to EFRET ~ 0.10 was observed later, followed by 

fluorescence signal disappearance. Histograms of smFRET before and after the drop in 

EFRET are shown in Fig. 4b. The average time from the Pb2+ addition until the transition to 

the EFRET ~ 0.10 state is very similar for the short (18.7 s) and long (15.7 s) substrates (Fig. 

4c). The dwell time at the EFRET ~ 0.10 state was much longer for the long substrate (Fig. 

4d). In addition, reactions with the non–cleavable substrate and with the inactive enzyme did 

not show the low FRET state nor fluorescence signal disappearance (Supplementary Fig. 3 

online). Based on these observations, we assigned the low FRET state to the cleaved state 

and the disappearance of the donor signal to the release of the 5′ cleavage product (Scheme 

1).

Kim et al. Page 4

Nat Chem Biol. Author manuscript; available in PMC 2015 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Studies on a variant with less activity

We next studied a less active 17E(sda5) mutant. A reduced glucose oxidase concentration 

(16 U ml−1) was used since the glucose oxidase was more detrimental to the 17E(sda5) 

mutant activity. The 17E(sda5) showed immediate folding upon addition of 100 µM Zn2+, 

followed by unfolding and disappearing fluorescence signal (Supplementary Fig. 4 online). 

However, no FRET change was observed in the presence of 20 µM Pb2+, and only later 

unfolding was observed (Supplementary Fig. 4 online). These observations are highly 

similar to those with the wild type enzyme except for the difference in the reaction rates. 

The mutant reaction in the presence of 100 µM Zn2+ was 6.4 fold slower than the wild type 

reaction (τ = 146 s vs. 22.8 s) (Fig. 2d) and was not affected by reduction in glucose 

concentration. For the case of 20 µM Pb2+, the two–fold reduction of glucose oxidase 

concentration reduced the reaction time of the wild type enzyme from τ = 18.7 s to 8.40 s 

and the mutant had 7 fold slower reaction (τ = 60.3 s) compared to the wild type (Fig. 4c 

and e). These results are comparable to the bulk activity assay results showing 5.2 fold and 9 

fold lower activity for the mutant at 100 µM Zn2+ and 20 µM Pb2+, respectively 

(Supplementary Fig. 1 online). No difference on the product release rate was observed (Fig. 

2e and 4f). These results indicate that the 17E(sda5) shares the same reaction pathway as the 

wild type.

Pb2+–dependent activity of the folded DNAzyme

The above studies raise an interesting question of whether the Zn2+ or Mg2+–induced folded 

state of the DNAzyme is an active conformation for the cleavage activity or is rather an off–

pathway trapped state with a higher energy barrier toward a cleavage reaction. Therefore, 

Pb2+–dependent reaction of the wild type DNAzyme was carried out in the presence of 

Mg2+. We chose 10 mM Mg2+ at which the folding is saturated (Kd = 0.7 mM, see 

Supplementary Fig. 2 online), but activity is much less in comparison to that of 20 µM Pb2+ 

(τ 10mM Mg2+ = 59.6 s vs. τ 20 µM Pb2+ = 8.4 s, see Fig. 3c and 4e). Upon flow of a mixture of 

20 µM Pb2+ and 10 mM Mg2+, identical FRET changes were observed as those when only 

Mg2+ was present (Supplementary Fig. 5 online). The cleavage and unfolding reaction was τ 

= 15.2 s (Supplementary Fig. 5 online) which was two–fold slower than that in the presence 

of 20 µM Pb2+ only (τ = 8.4 s, Fig. 4e)), but about four–fold faster than that in the presence 

of 10 mM Mg2+ only (τ = 59.6 s, Fig. 3c)).

Comparisons with the bulk assay results

Finally, we compared the reaction rates between the single molecule fluorescence 

measurements of immobilized molecules and bulk solution activity measurements of 

molecules without fluorescent modifications and found good agreements (Supplementary 

Fig. 6 online).

In this report, the folding and cleavage catalyzed by a DNAzyme has been monitored at the 

single molecule level for the first time. An initial FRET increase followed by a FRET 

decrease upon addition of Zn2+ or Mg2+ were assigned to the initial metal–dependent 

folding followed by the cleavage–induced unfolding through a series of control experiments 

(Scheme 1). Interestingly, we did not detect any dynamic folding and unfolding transitions 
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once folding occurs or any re–ligation reaction after cleavage in contrast to the hairpin 

ribozyme which underwent several cycles of folding and unfolding events after cleavage 

until re-ligation28. However, since 100 µM concentration of Zn2+ used in this study is only 

two to five–fold higher than the apparent Kd of 18.9 µM for folding of the wild type 

(Supplementary Fig. 2 online) and 52.6 µM the slow mutant 17E(sda5)27, it remains possible 

that the DNAzyme is in dynamic equilibrium between the folded and unfolded states on a 

faster time scale than our time resolution of 100 ms. Fluorescence anisotropy measurements 

of terminally attached fluorophores suggested that the 3′ product stays bound on the enzyme 

strand after cleavage (unpublished observation). Thus, we can exclude the possibility that 

the absence of re–folding and ligation events after cleavage–induced unfolding is due to the 

fast product release. It is most likely that once the enzyme unfolds after cleavage, it can no 

longer obtain the active conformation required for catalytic reaction due to the strain relief, 

rendering the combined reaction of folding and cleavage for the 8–17 DNAzyme essentially 

unidirectional.

In contrast to single molecule studies of ribozymes and even the same DNAzyme with Mg2+ 

and Zn2+, we could not detect any evidence of global folding of the 8–17 DNAzyme with 

Pb2+ ion, the most active metal ion27. It is technically possible that Pb2+–dependent 

cleavage from the folded state is much faster than our time resolution (100 ms) so that the 

folded state goes undetected. However, this would also mean that folding itself is very slow, 

taking 15–18 seconds, which we suggest is less likely because folding was faster than our 

time resolution with less optimal ions such as Zn2+ and Mg2+. Furthermore, the less active 

17E(sda5) mutant did not show any difference from the wild type regarding the pattern of 

FRET changes. Therefore, we suggest that the 8–17 DNAzyme carries out catalysis along a 

different reaction pathway in the presence of Pb2+ from that in the presence of Zn2+ or Mg2+ 

(Scheme 1).

Interestingly, apparent folding was observed upon simultaneous addition of both Pb2+ and 

Mg2+ with the reaction rate much closer to that of Pb2+. Thus, the Pb2+–dependent reaction 

did occur from the Mg2+–induced folded state. The two–fold reduction in the reaction rate 

compared to that of Pb2+ only may arise due to competitive binding of Mg2+ to a Pb2+ 

binding site or due to the Mg2+–induced distortion of the conformations most active for 

Pb2+–dependent reaction. These results imply that there are multiple reaction pathways 

depending on the metal cofactors, similar to the proposals made for the hammerhead 

ribozyme35. The 8–17 DNAzyme in the presence of Zn2+ or Mg2+ ions behave similarly to 

many proteins and ribozymes in that it requires a metal–dependent global folding step before 

it can be functional. However, the DNAzyme may be prearranged to accept Pb2+ and may 

not require global conformational changes for the catalytic reaction. A similar feature has 

been reported for the GlmS ribozyme36,37, whose ligand binding pocket is pre–organized for 

the ligand to participate in the chemistry directly. Our results imply that DNAzymes can also 

use all modes of activation that other metalloprotein enzymes and some ribozymes use.

In conclusion, divalent metal–dependent folding, cleavage, and release of the product of a 

DNAzyme were probed at the single molecule, providing a unique opportunity to dissect the 

reaction pathways and to determine the rates of both cleavage reaction and product release 

unambiguously. Our study suggests that the catalytically active DNAzyme does not undergo 
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global folding before cleavage if Pb2+ is used as the cofactor. The different reaction 

pathways between Pb2+–dependent and Zn2+– and Mg2+–dependent reactions may 

contribute to the high activity of the Pb2+–dependent 8–17 DNAzyme, which is among the 

fastest nucleic acid enzymes.

Methods

Bulk activity assays

HPLC–purified oligonucleotides were purchased from Integrated DNA Technology Inc. The 

enzyme–substrate complex (Fig. 1a) with excess enzyme (3 µM substrate + 5 µM enzyme) 

was annealed in 50 mM Tris (USB Corporation)–HCl (Alfa Aesar) (pH 7.3) and 50 mM 

NaCl (Alfa Aesar) by immersing the samples in 85 °C water bath, then cooling down to 4 °C 

over 3 hours. The reaction was initiated by adding 10 times concentrated metal ion solutions 

into the DNA solution at room temperature and the reaction was quenched at various time 

points by adding an aliquot of the reaction mixture into a stop-buffer containing 50 mM 

EDTA (Fisher Scientific) and 8 M urea (USB Corporation). The reaction products and the 

uncleaved substrates were separated by electrophoresis on a 20% denaturing polyacrylamide 

gel and analyzed with a fluorescence imager (FLA-3000, Fujifilm). The fraction of the 

cleaved product was plotted against time and observed rate constant (kobs) was obtained by 

nonlinear curve fitting using SigmaPlot 6.0 based on the equation, y = y0 + a(1-e−kt), where 

y is the cleaved fraction at time t, y0 is the background cleavage at t = 0, a is the fraction 

reacted at t = ∞, and k is the observed rate constant, kobs.

smFRET study

Single molecule fluorescence measurements were performed using a wide–field prism–type 

TIR fluorescence microscope system. Molecules were excited by TIR of a 532 nm laser (and 

a 633 nm laser for alternate excitation) and fluorescence was measured with 100 ms time 

resolution. Annealed biotin modified enzyme–substrate complex (1 µM Enzyme + 2 µM 

substrate) was diluted and immobilized on a BSA–biotin–Neutravidin (Pierce) coated quartz 

slide via Neutravidin–biotin interactions38. The DNA concentration was adjusted until a 

sufficient number of molecules were observed (usually 100–200 pM).

We characterized the DNAzyme activity in the presence of individual components required 

for prolonging photobleaching lifetimes of fluorophores. We found that the commonly used 

β–mercaptoethanol chelates Zn2+, inhibiting folding of the DNAzyme, and therefore used 

Trolox (Sigma) instead. Trolox did not chelate Zn2+ nor interfere with the DNAzyme 

activity, and turned out to eliminate acceptor blinking and to enhance fluorophores’ 

photostability39. In addition, the standard concentration of glucose oxidase (165 U ml−1, 

Sigma) decreased the Pb2+–dependent activities (Supplementary Fig. 1 online). Thus, 

glucose oxidase concentrations of 33 U ml−1 and 16 U ml−1 were used for the wild type and 

the mutant enzymes, respectively, as a compromise between slowing photobleaching and 

maintaining the cleavage activity. No other reagents affected the activity of the enzyme 

(Supplementary Fig. 1 Online).
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Single molecule fluorescence measurements were performed in an imaging buffer of 50 mM 

Tris–HCl (pH 7.3), 50 mM NaCl in saturated (~ 2 mM) Trolox (Sigma) with an oxygen 

scavenging system (0.4 % β–D–glucose (Sigma), 16 U ml−1 or 33 U ml−1 glucose oxidase 

(Sigma), and 2170 U ml−1 catalase (Roche)). Reactions were initiated by injecting 80 µL of 

metal ion solution at a flow rate of 0.5 ml min−1 using a flow system coupled to a syringe 

pump during fluorescence measurement. In order to distinguish EFRET decrease due to 

cleavage from acceptor photobleaching, the acceptor’s presence was checked with a briefly 

turned on red laser (633 nm). For data analysis, only molecules with functional acceptors at 

the end of the reaction were included. Cleavage and product release rates were determined 

by fitting the dwell time histograms to a single exponential decay curve. EFRET is 

approximated by the acceptor intensity divided by the sum of the donor and acceptor 

intensities after correcting for background and cross–talks between the two detection 

channels (~ 15%). Data were analyzed with Matlab 7.0 student version and Microcal Origin 

6.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The proposed secondary structure of the 8–17 DNAzyme and its fluorophore attachments 

for the single molecule FRET studies. (a) The original 8–17 DNAzyme with enzyme (17E) 

and substrate (17S) strands. For the bulk activity assays described here, the enzyme strand 

was labeled with a dabcyl (Dy) quencher at the 3′ end, and the substrate strand was labeled 

with a Alexa fluoro 488 flurophore (Alx) at the 5′ end and a dabcyl quencher at the 3′ end. 

The arrow indicates a cleavage site. (b) Modified 8–17 DNAzyme and its variants for the 

single molecule experiments described here. The enzyme strand was extended by 2 nts at the 

5′ end and by 2 nts and (dT)5 at the 3′ end, and modified with Cy5 at the 5′ end and a biotin 

at the 3′ end. The substrate is extended by 2 nts at the 3′ end, and labeled with Cy3 at the 5′ 

end. For control experiments, two mutant enzymes and two mutant substrates were used. An 

inactive enzyme has a GC base pair instead of GT wobble pair right next to the cleavage site 

and a less active 17E(sda5) enzyme has one more T base inserted on the hairpin loop. Two 

more substrates were used. A non–cleavable substrate has a ribonucleotide A (rA) at the 

cleavage site instead of a deoxyribonucleotide A, rendering it non–cleavable. Another 

substrate is extended by 2 more nts at the 5′ end for further thermal stability, and is called 

long substrate.
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Figure 2. 
Zn2+–dependent conformational changes and cleavage reaction. (a) Time traces of donor 

and acceptor fluorescence signals and FRET changes along the 100 µM Zn2+–dependent 

reaction. The arrow at 21 s denotes the addition of Zn2+ ions. The activity of the acceptor 

was checked six times during this data acquisition using excitation at 633 nm. (b) 

Histograms of the FRET at the three different levels obtained from the individual FRET 

time traces. (c) Variants’ time traces of donor and acceptor fluorescence signals. Top: a wild 

type molecule with the long cleavable substrate in the presence of 200 µM Zn2+. Middle: a 

wild type molecule with the non–cleavable substrate in the presence of 100 µM Zn2+. 

Bottom: an inactive mutant enzyme with the cleavable substrate in the presence of 100 µM 

Zn2+. The arrows denote the time of Zn2+ flow. Dwell time histograms of (d) the folded 

state (EFRET ~ 0.25) and (e) the unfolded state (EFRET ~ 0.11) of the wild type (top) and the 

17E(sda5) mutant (bottom) in the presence of 100 µM Zn2+. Data for the wild type and the 

17E(sda5) were obtained from three sets and two sets of experiments, respectively. (f) Dwell 

time histogram of the unfolded state of the wild type molecules with the long substrate in the 

presence of 200 µM Zn2+. Data was obtained from one set of experiment.
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Figure 3. 
Mg2+–dependent conformational changes and cleavage reaction. (a) Time traces of donor 

and acceptor fluorescence signals and FRET changes along the 10 mM Mg2+–dependent 

reaction with the cleavable substrate. (b) Histograms of FRET at the three different levels 

obtained from the individual FRET time traces in the presence of 10 mM Mg2+. Dwell time 

histograms of (c) folded state (EFRET ~ 0.29) and (d) unfolded state (EFRET ~ 0.12) in the 

presence of 10 mM Mg2+ (top) and 50 mM Mg2+ (bottom). Histograms were fitted to a 

single exponential decay curve. Data for 10 mM and 50 mM Mg2+ were obtained from three 

and two sets of experiments, respectively.
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Figure 4. 
Pb2+–dependent conformational changes and cleavage reaction. (a) Time traces of the 

fluorescence signals and FRET changes upon injection of 20 µM Pb2+ at 21 s with the 

cleavable substrate. (b) FRET histograms obtained by measuring the FRET values at the two 

different states. (c) and (d). Comparison between the cleavable substrate (top) and the long 

cleavable substrate (bottom) with the wild type enzyme. Dwell time histograms of (c) the 

Pb2+ injection to FRET change to EFRET ~ 0.10 state and (d) of the unfolded state (EFRET ~ 

0.10). The glucose oxidase concentration was 33 U ml−1. Data were obtained from one each 

set of experiment. (e) and (f) Comparison between the wild type (top) and 17E(sda5) mutant 

(bottom). Dwell time histograms of (e) the Pb2+ injection to FRET change to EFRET ~ 0.10 

state and (f) of the unfolded state (EFRET ~ 0.10). The glucose oxidase concentration was 16 

U ml−1. Data for the wild type and the 17E(sda5) were obtained from two and one sets of 

experiments, respectively. Average reaction times, τ, were measured by fitting the 

histograms to a single exponential curve.
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Scheme 1. 
Proposed reaction pathways of the 8–17 DNAzyme in the presence of Zn2+ or Mg2+ and 

Pb2+.
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