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Abstract
Fluorescence resonance energy transfer (FRET) has been used to study the global folding of an
uranyl (UO2

2+)-specific 39E DNAzyme in the presence of Mg2+, Zn2+, Pb2+, or UO2
2+. At pH 5.5

and physiological ionic strength (100 mM Na+), two of the three stems in this DNAzyme folded
into a compact structure in the presence of Mg2+ or Zn2+. However, no folding occurred in the
presence of Pb2+ or UO2

2+; this is analogous to the “lock-and-key” catalysis mode first observed
in the Pb2+-specific 8–17 DNAzyme. However, Mg2+ and Zn2+ exert different effects on the 8–17
and 39E DNAzymes. Whereas Mg2+ or Zn2+-dependent folding promoted 8–17 DNAzyme
activity, the 39E DNAzyme folding induced by Mg2+ or Zn2+ inhibited UO2

2+-specific activity.
Group IIA series of metal ions (Mg2+, Ca2+, Sr2+) also caused global folding of the 39E
DNAzyme, for which the apparent binding affinity between these metal ions and the DNAzyme
decreases as the ionic radius of the metal ions increases. Because the ionic radius of Sr2+ (1.12 Å)
is comparable to that of Pb2+ (1.20 Å), but contrary to Pb2+, Sr2+ induces the DNAzyme to fold
under identical conditions, ionic size alone cannot account for the unique folding behaviors
induced by Pb2+ and UO2

2+. Under low ionic strength (30 mM Na+), all four metal ions (Mg2+,
Zn2+, Pb2+, and UO2

2+), caused 39E DNAzyme folding, suggesting that metal ions can neutralize
the negative charge of DNA-backbone phosphates in addition to playing specific catalytic roles.
Mg2+ at low (<2 mM) concentration promoted UO2

2+-specific activity, whereas Mg2+ at high (>2
mM) concentration inhibited the UO2

2+-specific activity. Therefore, the lock-and-key mode of
DNAzymes depends on ionic strength, and the 39E DNAzyme is in the lock-and-key mode only at
ionic strengths of 100 mM or greater.
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Introduction
Metal ions play important roles in biological systems. A more clear understanding of how
metal ions bind to biomolecules with high specificity can significantly advance our
knowledge of fundamental chemistry and biology, and aid in the development of metal ion
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sensors, novel biocatalysts, or metal-based pharmaceutical agents.[1] In contrast to the vast
amount of information known about metalloproteins, much less is known about how nucleic
acids interact with metal ions. Therefore, these interactions are currently being investigated
in chemistry and biology fields.[1–2] Catalytic RNA[3] and DNA,[4] discovered in the 1980 s
and 1990 s, respectively, are of particular interest because metal ions have been shown to
play structural and/or functional roles in these biomolecules.

We are interested in the roles of metal ions in catalytic DNA molecules. These molecules
are also called deoxyribozymes and DNAzymes, and will be referred to as DNAzymes
herein. Just as with catalytic RNA molecules or ribozymes, DNAzymes have been shown to
catalyze many reactions.[1c, 5] However, DNAzymes are much more cost-effective to
synthesize and much more stable than catalytic RNA molecules; this makes DNAzymes
more suitable for fundamental studies and practical applications. With the further addition of
functional groups through chemical modifications, functional DNA molecules with novel
functions can be generated by in vitro selection.[6] More importantly, in vitro selection has
been used to obtain a number of DNAzymes with high specificity for metal ions, such as
Pb2+,[4] Mg2+,[7] Ca2+,[8] Cu2+,[9] Zn2+,[10] Mn2+,[11] UO2

2+,[12] and Hg2+.[13] These
DNAzymes have also been converted into highly sensitive and selective metal-ion
sensors[14] and are excellent models for metal-ion interactions with nucleic acids. The
insights gained from this study can advance our goal toward the rational design of metal-ion
sensors.

The Pb2+-specific 8–17 DNAzyme has been isolated by several different groups through in
vitro selection,[7–8, 10–11] and out of all DNAzymes obtained to date, it has been subjected to
the most biochemical and biophysical investigations, including metal-dependent structural
and functional studies. Biochemical assays have shown that the metal-dependent activities
can be ranked as: Pb2+ ≫ Zn2+ ≫ Mn2+ ≈ Co2+ > Ni2+ > Mg2+ ≈ Ca2+ > Sr2+ ≈ Ba2+.[8b, 15]

To elucidate the origin of this metal-ion selectivity, the metal-ion-dependent folding of 8–17
DNAzyme has been studied by using fluorescence resonance energy transfer (FRET), both
in bulk solution[16] and at the single-molecule level.[17] One interesting finding from these
studies is that whereas other, less-active metal ions, such as Mg2+ and Zn2+, induce global
folding, no global folding was observed for the most active metal ion–Pb2+. These results
point to a possible origin for the high Pb2+-dependent activity: the 8–17 DNAzyme in the
resting state forms a structure that binds to Pb2+ selectively, although the DNAzyme is in the
resting state, like a lock and key. Recent contact photo-cross-linking studies also found that
local instead of global folding is responsible for the Pb2+-dependent activity of the 8–17.[18]

Whereas the “lock-and-key” catalysis mode is common in protein enzymes, this was the first
time that it was demonstrated in a DNAzyme system. Most catalytic DNA and RNA
molecules assume resting-state conformations that do not support efficient catalysis, and
must change conformations to become active.[19] An immediate question is whether the 8–
17 DNAzyme is an exception to this rule or if the lock-and-key mode is common among
DNAzymes. Furthermore, the Pb2+ concentration used in these studies was much lower (in
the micromolar range) than the concentrations of other metal ions (e.g., a millimolar range
for Mg2+). Such a low concentration may partially be responsible for the observed
difference.

To answer these questions, we turned our attention to a UO2
2+-specific DNAzyme called

39E, which was isolated by our group through in vitro selection.[12] The sequences of 39E
and the substrate 39S are shown in Figure 1 a. The DNA enzyme strand (39E, in green) can
form a stem-loop structure with the DNA-substrate strand (39S, in black). The substrate
strand is composed of deoxyribonucleotides, except for a single adenosine ribonucleotide in
the middle (rA, shown in red). Upon addition of UO2

2+, 39E catalyzes the phosphodiester
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transfer reaction at the ribonucleotide scissile site in the 39S; this cleaves the strand into two
pieces. This DNAzyme has comparable activity to and even higher metal selectivity than the
8–17 DNAzyme. For example, whereas the 8–17 DNAzyme has some Zn2+- and Mg2+-
dependent cleavage activity, the 39E DNAzyme has no detectable activity even in the
presence of either of these metal ions in a millimolar concentration range. Among the twenty
competing metal ions tested, only Pb2+ caused <10% cleavage at 1 mM.[20] Because of these
features, this DNAzyme has been transformed into a fluorescent sensor based on the
catalytic beacon method, with a detection limit of 11 ppt (45 pM) and over a millionfold
selectivity over competing metal ions.[12] In addition, the 39E DNAzyme has been
converted into a colorimetric sensor,[21] a label-free fluorescent sensor,[22] a logic gate,[23]

and other sensors.[24] Given the excellent performance and wide range of applications, we
wish to investigate whether and how the conformational changes of the 39E–39S complex
induced by different metal ions are responsible for the activity and selectivity.

To monitor the DNA or RNA conformational changes induced by metal ions, several
methods have been used, including X-ray crystallography,[25] isothermal titration
calorimetry,[26] transient electric birefringence,[27] FRET,[16–17, 19b, 28] EPR,[1d, 29] and
NMR[30] spectroscopic techniques. We chose FRET because it provides long-range-distance
(10–100 Å) information that is helpful in studying the global structure of nucleic acids.[31]

FRET monitors the interactions between two fluorophores. When these fluorophores are
sufficiently close, the emission from one fluorophore (the donor) excites the other
fluorophore (the acceptor).[31] FRET has been widely used to detect the ion-induced folding
of the hammerhead ribozyme,[19b, 32] hairpin ribozyme,[33] hepatitis delta virus (HDV)
ribozyme,[34] Neurospora Varkud satellite (VS) ribozyme,[35] Group II intron ribozyme,[36]

Diels–Alderase ribozyme,[30c, 37] and the DNA and RNA Holliday junctions.[38] FRET has
also been used in the study of other RNA or DNA constructs, including the duplex,[39]

bulged duplex,[40] triplex,[41] guanine quadruplex,[42] and i-motif.[43] Herein, we report
FRET studies of metal-ion-dependent folding of the 39E DNAzyme–substrate complex and
correlate this folding with the activity. We found a second example of the lock-and-key
binding mode in the 39E DNAzyme in the presence of UO2

2+, suggesting that the lock-and-
key may be a common mode of catalysis, at least for the most efficient DNAzymes.
Furthermore, we showed that UO2

2+ is capable of inducing the 39E–39S complex to fold at
low monovalention concentrations, indicating that the DNAzyme–substrate complex can
undergo global folding in the presence of UO2

2+ under low ionic strength when monovalent
metal ions are not capable of bringing about the folding. Under conditions of physiological
ionic strength (100 mM Na+), however, the 39E–39S complex is fully folded into the most
active conformation ready for UO2

2+ binding.

Results and Discussion
DNAzyme constructs for FRET studies

The 39E construct originally reported was asymmetric, with sixteen base pairs in the left
binding arm and nine in the right binding arm around the scissile site (Figure 1 a).[12] This
design is important for the catalytic beacon sensor to ensure that both arms of substrate 39S
and enzyme 39E are fully hybridized before cleavage, but that the shorter arm dehybridizes
after cleavage due to a lower melting temperature. This shorter arm is functionalized with a
fluorophore, and when it is released, it produces a fluorescent signal increase.[1c, 14, 44] A
recent biochemical study of this DNAzyme indicated that the arm lengths can be varied
without affecting the metal-ion-dependent activity.[20] Therefore, to eliminate arm-length-
dependent FRET changes that have little to do with metal-ion activity or selectivity, we
made the two arms of equal length by shortening the left arm and extending the right arm
(Figure 1 b). In addition, the A·G wobble pair three base pairs away from the cleavage site
has been found to be nonessential;[20] when this wobble pair was changed to a regular A·T
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Watson–Crick base pair, the resulting DNAzyme had a similar reactivity to the original
construct (the mutant 39E had a kobs of (1.8 ± 0.4) min−1, whereas the original 39E had a
kobs of (1.0 ± 0.2) min−1).[20] We thus decided to use the construct with the A·T mutation at
this position. Finally, the rA at the cleavage site was replaced with an adenosine
deoxyribonucleotide to render the substrate uncleavable so that the FRET studies could
focus on metal-ion-dependent folding. The replacement of a ribonucleotide with a
deoxyribonucleotide at the scissile position is a common practice in folding studies with
FRET.[16b, 19b, 32b, e] Such a practice assumes that replacing the ribonucleotide with a
deoxyribonucleotide will not change the overall folding patterns. However, a single-
molecule study of the Group II intron ribozyme reported that, by replacing a ribonucleotide
cytidine with a deoxyribonucleotide cytidine, the rate of the cleavage reaction was reduced
as well as the frequency of high FRET-efficiency (EFRET) populations.[36a] On the other
hand, a single-molecule FRET study of the 8–17 DNAzyme with an active ribonucleotide at
the scissile position and a bulk FRET study of the same DNAzyme with a
deoxyribonucleotide at the same position showed that changing the ribonucleotide did not
affect the folding kinetics significantly.[17a]

The FRET construct is shown in Figure 1 b, and stems I, II, and III are labeled according to
the naming convention of the hammerhead ribozyme[19b, 32b] and the 8–17 DNAzyme.[16b]

To probe the folding of each stem by FRET, the stems were labeled with Cy3 (FRET donor)
and Cy5 (FRET acceptor) fluorophores, as shown in Figure 1 c–e. A six-carbon alkyl linker
to the fluorophore was used to avoid perturbing the folding of the 39E–39S complex.[45] Of
the fluorophore-labeled positions, stem II had the highest probability of interfering with the
folding and activity of the DNAzyme–substrate complex, because the fluorophore is in the
middle of the DNAzyme strand rather than at the end. To find which position was suitable
for internal labeling at stem II, each of the three T bases in the stem II loop (shown in Figure
1 b) was labeled with Cy5 and the activities of the modified enzymes were investigated by
using 32P-labeled substrates. All three modified enzymes maintained the activities (kobs are
(1.6 ± 0.1), (2.0 ± 0.1), and (1.7 ± 0.1) min−1 at 18T, 21T, and 22T positions, respectively,
which is similar to the observed rate of the unmodified construct (kobs is (2.1 ± 0.2) min−1)).
Because the 21T modification has the least effect on the activity of the enzyme, it was
chosen for all internal labeling.

FRET studies of metal-ion-dependent folding in a buffer containing 100 mM Na+

By labeling the stems two at a time, one with a FRET donor (Cy3) and another with a FRET
acceptor (Cy5), the folding of the three stems in the presence of Mg2+, Zn2+, Pb2+, or UO2

2+

was monitored in a buffer with 100 mM Na+ (50 mM Na-MES buffer, pH 5.5, and 50 mM

NaNO3). One example of emission spectra at donor and acceptor excitation wavelengths and
the calculation of the EFRET-versus-Mg2+-concentration plot by acceptor normalization
((ratio)A method) under Mg2+-titration conditions are shown in Figure S1 in the Supporting
Information.

Folding induced by Mg2+ or Zn2+—Mg2+ and Zn2+ are common metal cofactors for
DNAzymes that play structural or functional roles. For example, Mg2+ induces the folding
of a four-way junction in the hairpin[33b] and hammerhead ribozymes.[19b, 32b] The
conformation of these and other nucleic-acid enzymes depends on the ionic strength and
concentration of specific species (such as surfactants)[46] in the buffer solution. Recent
FRET studies of the 8–17 DNAzyme indicated that both Mg2+ and Zn2+ can cause this
DNAzyme to fold.[16a,b, 17a] We therefore investigated the Mg2+- and Zn2+-dependent
folding of the 39E DNAzyme. As shown in Figure 2 a, the EFRET between stems I–II and II–
III increased as the concentration of either Mg2+ or Zn2+ increased, suggesting that these
metal ions induced the two stem pairs of the DNAzyme to fold more compactly. On the
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other hand, the EFRET between stems I–III was largely unaffected by increasing metal-ion
concentrations, indicating that this pair did not undergo metal-ion-dependent folding. The
apparent dissociation constants were obtained by fitting the folding curves in Figure 2 a, and
were generally stronger for Zn2+ ((1.6 ± 0.5) mM between stems I–II and (1.0 ± 0.2) mM

between stems II–III) than for Mg2+ ((3.2 ± 0.4) mM between stems I–II and (5.5 ± 0.9) mM

between stems II–III). Mg2+ induced a greater change in EFRET; this may correspond to
different compact conformations.

Folding induced by UO22+ or Pb2+—In contrast what was observed for Mg2+- and
Zn2+-induced folding, addition of either UO22+ or Pb2+ caused minimal changes in the
EFRET within the concentration range that supports the activity of the DNAzyme (Figure 2
b); this suggests that minimal global folding occurred in the presence of these two metal
ions.

Because the ionic radii of Mg2+, Zn2+, U (+VI) in UO2
2+, and Pb2+ are 0.66, 0.74, 0.80, and

1.20 Å, respectively,[47] one explanation for the apparently different folding behaviors of
39E in the presence of these ions is the different sizes or geometries of the metal ions that
the DNAzyme interacted with; the greater size of Pb2+ and the different, more linear-shaped
UO2

2+ ions do not induce significant folding of the 39E DNAzyme, whereas the smaller
ions Mg2+ and Zn2+ do. To address this question further, we investigated the folding of stem
II–III in the presence of the Group IIA series of metal ions in a buffer with 100 mM Na+. The
ionic radii for Mg2+, Ca2+, and Sr2+ are 0.66, 0.99, and 1.12 Å, respectively.[47] As shown in
Figure S2 in the Supporting Information, all three metal ions promoted folding of 39E. The
apparent binding affinity between these metal ions and 39E decreases as the ionic radius of
the metal ions increases. Contrary to Pb2+, Sr2+ induces the DNAzyme to fold under the
present conditions, in spite of a comparable ionic radius (1.12 Å) to Pb2+ (1.20 Å); hence,
ion size alone cannot account for the unique folding behaviors of Pb2+ and UO2

2+ in the 39E
DNAzyme.

Correlation of folding with activity in a buffer containing 100 mM Na+—With the
metal-ion-induced folding results in hand, we moved on to consider structural information of
39E in the context of the enzymatic activity results.[48] The 39E DNAzyme is highly
specific for UO2

2+ and has no observable activity in the presence of Mg2+ or Zn2+. For
example, whereas 90% of the substrate was cleaved by 4 µM UO2

2+ in 10 min, no cleavage
was observed over the course of two hours in the presence of either 50 mM Mg2+ or 6 mM

Zn2+ (i.e., the highest concentrations of these two metal ions used in the FRET
experiments). As a result, it is difficult to correlate metal-ion-dependent folding with
cleavage activity directly. Nonetheless, the correlation is still possible in competition
experiments. As demonstrated above, even though Mg2+ and Zn2+ induced stems I–II and
II–III of the 39E–39S complex to fold, the enzyme was not active. We then wondered if
Mg2+ and Zn2+ in the same concentration range would affect the UO2

2+-dependent activity
of 39E. To answer this question, we carried out activity assays in the presence of 4 µM

UO2
2+ and various concentrations of Mg2+ or Zn2+. Interestingly, the UO2

2+-dependent
activity of 39E decreased as the Mg2+ or Zn2+ concentrations increased (Figure 3),
suggesting an inverse correlation between the folding ability and activity of this DNAzyme.
More importantly, the dissociation constants (Kd, refer to Table 1) obtained from these
inhibition reactions correlated with those obtained from FRET studies. For example, the Kd
for Mg2+ inhibition is (7.5 ± 0.8) mM, whereas the Kd for the Mg2+-induced folding of stems
I–II and II–III are (3.2 ± 0.4) mM and (5.5 ± 0.9) mM, respectively. On the other hand, the Kd
for Zn2+ inhibition is (0.28 ± 0.06) mM, whereas the Kd for the Zn2+-induced folding of
stems I–II and II–III are (1.6 ± 0.5) mM, and (1.0 ± 0.2) mM, respectively. These results
suggest that the Mg2+- and Zn2+-induced folding of 39E inhibits the UO2

2+-dependent
activity. The Kd values from Zn2+ folding and inhibition experiments are all smaller than
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those for Mg2+. Many properties of metal ions will affect metalion and nucleic-acid
recognition efficiencies, such as charge, size, and coordination number.[2d] These two metal
ions have the same ionic charge (+2) and similar ionic radii (0.66 Å for Mg2+ and 0.74 Å for
Zn2+), but Zn2+ has an intrinsically higher affinity for ligands than Mg2+. For example, Zn2+

has a stronger affinity for several binding sites of individual nucleic- acid bases.[1j] In this
context, these results also suggest that Zn2+ binds more specifically to 39E than Mg2+ does;
this is similar to what was found in the 8–17 DNAzyme study.[16b]

FRET studies of metal-ion-dependent folding in a buffer containing 30 mM Na+

Although it is interesting to find a second example of the lock-and-key mode of catalysis in
a DNAzyme, there is one qualifier, that is, the most active metal ions do not induce folding,
but do induce enzyme activity (UO2

2+ and Pb2+). However, they were investigated at much
lower concentrations than the metal ions that induce folding (Mg2+ and Zn2+); the former
metal ions were used in nano- to micromolar ranges, whereas the latter were used in the
millimolar range. These concentration ranges were chosen because they are the
concentration ranges at which the respective DNAzyme activities are induced. Such a
difference in concentrations does raise the question of whether and how electrostatic
interactions play a role in the folding and activity of DNAzymes. To answer these questions,
we turned our attention to the ionic strength at which the DNAzyme foldings and activities
were carried out. The FRET studies of the 39E DNAzyme system reported above was
performed in a buffer with 100 mM Na+ (50 mM NaNO3 and 50 mM Na-MES, pH 5.5). The
conformations of hammerhead ribozyme mutants with three arms selectively elongated were
studied by gel electrophoresis under three conditions: in the absence of added ions, with
Mg2+, and with Na+. These gel-electrophoresis studies indicated that the global folding of
the hammerhead ribozyme was highly dependent on the concentration and identity of the
metal ions in the environment.[49] It was found that Na+ alone was not sufficient to induce
the compact folding conformation that Mg2+ did. On the other hand, the presence of Na+ did
not prevent the Mg2+-induced folding process from occurring. Also, the Holliday junction
appeared to assume different conformations at high and low salt concentrations.[38c] In
addition, FRET studies with RNase P RNA revealed that the concentration of Mg2+

critically affected the early conformation evolution.[50] Recent experimental and simulation
studies have demonstrated that certain monovalent metal ions are also capable of inducing
similar folding events and even cleavage activity in many ribozymes[33b, 51] and in the 8–17
DNAzyme.[52] Therefore, we hypothesize the reason that the stem I–III did not fold after the
addition of Mg2+ or Zn2+ and that no folding was observed in any of the stems after adding
UO2

2+ and Pb2+, in due to the fact that the DNAzyme had already folded into a defined
conformation in the presence of the high concentration of monovalent ions (100 mM Na+) in
the buffer. Evidence that supports this hypothesis is the high initial EFRET between stems I–
III (ca. 0.3). To test this hypothesis, we lowered the concentration of Na+ in the buffer to 30
mM by using 30 mM Na-MES, pH 5.5, and repeated the FRET studies and activity assays.
The concentration of Na+ was not zero because some ionic strength is needed to maintain
DNA hybridization.

Mg2+- and Zn2+-induced folding in a buffer containing 30 mM Na+—As shown in
Figure 2 a, in a buffer with 100 mM Na+, foldings were observed between two sets of arms,
except stems I–III. In contrast, when the same experiment was carried out in the presence of
a buffer with 30 mM Na+, the EFRET between all three pairs of stems, including stems I–III,
were observed to increase as the concentration of Mg2+ or Zn2+ increased (see Figure 4 a).
Whereas the folding of stems I–II and stems II–III were already obvious in the buffer with
100 mM Na+, the metal ions bound 39E tighter in the buffer with 30 mM Na+ (see the
dissociation constants (Kd) listed in Tables 2 and 3). These results suggest that the ionic
strength provided by monovalent ions, such as Na+ also affects the folding of 39E.
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In the general polyelectrolyte theory, counter-ions provided by, for example, metal-ion
binding or condensation onto DNA, has been classified into two categories: site-bounded
(inner sphere) and territorially bounded (outer sphere).[2a] Metal ions that participate in
nucleic-acid enzymatic catalysis can also be classified to have catalytic or structural
roles.[2d, 53] Because of the phosphate groups, the backbone of DNA is negatively charged.
Therefore, a certain number of positively charged ions are needed for two DNA strands to
overcome the electrostatic repulsion and form a complex. Monovalent ions present in the
buffer normally play a significant structural role in DNA,[33b] although they sometimes play
a catalytic role in DNAzymes, as some DNAzymes have been selected in the absence of
divalent metal ions.[54] Divalent ions normally play catalytic roles, but they can also bind
DNA nonspecifically to serve in a structural role. Because of charge differences and other
related properties, these two types of ions may bind DNA at different locations.[55] In a
single-molecule FRET study on a two-way junction hairpin ribozyme, monovalent and
divalent ions were found to compete to interact nonspecifically with RNA.[56]

Pb2+- and UO22+-induced folding in a buffer containing 30 mM Na+—In a buffer
with 100 mM Na+, no Pb2+- or UO2

2+-dependent global folding was observed by FRET
(Figure 2 b). In the buffer with 30 mM Na+, however, both Pb2+- and UO2

2+-dependent
global foldings were observed (Figure 4 b). All three pairs of stems became more compact
as the concentrations of Pb2+ or UO2

2+ increased. The apparent Kd values for the global
foldings of stems I–II, II–III, and I–III are (0.06 ± 0.01), (0.03 ± 0.01), and (0.019 ± 0.007)
mM, respectively for Pb2+, and (0.09 ± 0.04), (0.07 ± 0.01), and (0.12 ± 0.01) µM,
respectively, for UO2

2+. These results strongly suggest that Pb2+ and UO2
2+ are capable of

inducing global folding at very low concentrations if there are not enough other metal ions
to fulfill the structural role. Importantly, Pb2+- and UO2

2+-induced folding is shown to be
less significant than the folding induced by other metal ions (e.g., Mg2+ and Zn2+) because
the EFRET change in the case of Pb2+ and UO2

2+ is around 0.1 and resembles the Na+-
induced folding. Therefore the lock-and-key catalysis mode depends on the conditions under
which the investigations were carried out. The 39E operates in a lock-and-key catalysis
mode for UO2

2+ when a buffer with 100 mM Na+ is present (50 mM NaNO3 and 50 mM Na-
MES, pH 5.5). Interestingly, even though Pb2+ induces global folding in the 39E–substrate
complex as UO2

2+ does (i.e., there is no observed folding in the buffer containing 100 mM

Na+ and some folding in 30 mM Na+), it does not confer any significant cleavage activity.
The difference between the roles played by Pb2+ and UO2

2+ must be due to a specific
binding site; Pb2+ must not occupy the same binding site as UO2

2+ does in the case of the
39E DNAzyme.

FRET studies of monovalent-metal-ion-dependent folding
Because the previous experiment suggested that different concentrations of Na+ affect the
39E–39S folding differently, we carried out systematic FRET studies of Na+-dependent
folding of the three stems. As shown in Figure 4 a, the EFRET between all stems (I–II, II–III,
and I–III), increases as the concentration of Na+ increases, with similar binding affinities
(Kd(I–II) = (0.48 ± 0.09) M, Kd(II–III) = 0.6 ± 0.1 M, Kd-(I–III) = 0.3 ± 0.1 M). Comparing the
initial EFRET values in Figure 2 (0.15, 0.2, and 0.3 for stems I–II, II–III, and I–III) and
saturated EFRET values (Na+ titration) in Figure 4 a (0.3, 0.4, and 0.3 for stems I–II, II–III
and I–III) indicates that a buffer with 100 mM Na+ is sufficient to fold stem I–III and
partially fold stems I–II and II–III.

Correlating the folding of 39E–39S with UO22+ activity in a buffer containing 30 mM Na+

The UO2
2+-dependent enzyme cleavage activities of 39E were measured under different

Na+ concentrations ranging from 30 to 2500 mM (Figure 5 a; 4 µM UO2
2+ was used). The

upper limit was 2500 mM, which is the highest Na+ concentration that has been used in
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folding studies (Figure 4 a). In the buffer with 30 mM Na+, the initial kobs of the 39E
DNAzyme was very small, about 0.04. As the Na+ concentration increased, the kobs rapidly
increased, then plateaued between 100 and 500 mM, after which it decreased. This trend
revealed a correlation between the Na+-dependent folding and 39E UO2

2+-dependent
cleavage activity. At the beginning, 30 mM Na+ was not enough to neutralize the backbone of
the 39E–39S complex and hence did not allow the active conformation to be formed; this
resulted in low activity. As the Na+ concentration increased, more and more positive ions
were provided and the complex gradually folded into the correct conformation; the enzyme
activity recovered accordingly. After reaching the optimal concentration, additional Na+

probably induced alternative folding that interfered with the activity of the 39E DNAzyme.

Correlation of 39E folding with the UO22+-dependent activity in the presence of different
concentrations of Mg2+ and 30 mM Na+

Similar to the trend in the Na+-dependent activity assay, the kobs of the UO2
2+-specific

cleavage in the presence of the buffer with 30 mM Na+ increased rapidly with the Mg2+

concentration until the Mg2+ concentration reached approximately 2 mM, after which kobs
decreased (Figure 5 b). To the best of our knowledge, this is the first time that Mg2+ is
observed to promote catalysis at low concentrations, but to inhibit catalytic reactions at high
concentrations. As explained above in the Na+ study, the DNAzyme proceeded through
three stages as Mg2+ was added: a less-active state (the DNAzyme was incompletely
folded), an active state (the DNAzyme was sufficient folded when there was ca. 2 mM

Mg2+), and a less active state (the DNAzyme was folded unproductively). In contrast to the
gradual transitions seen in the Na+ study, the transitions in the Mg2+ case was rather rapid;
instead of reaching a plateau at 2 mM, the kobs decreased dramatically. This contrast suggests
that Na+ does not neutralize the charge of the nucleic acids as well as Mg2+ does. These
results agree with results previously obtained with several RNA structures. Because Mg2+ is
divalent, it binds to folded RNA more readily than Na+ does.[2d] Another interesting
observation is that the kobs values of 39E at each Mg2+ concentration are lower than the kobs
values measured in the buffer with 100 mM Na+. This result makes sense, because, from the
FRET data, the binding affinities of 39E for Mg2+ in a buffer with 30 mM Na+ are much
greater than the affinities for Mg2+ in a buffer with 100 mM Na+. In Figure 5 b, the kobs
results measured in buffers with 100 and 30 mM Na+ are also fitted for comparison. The Kd
values obtained by fitting kobs measured in buffers with both 30 and 100 mM Na+ (Table 2)
also support the conclusion that the 39E DNAzyme adopts a conformation that binds more
tightly to Mg2+ in a buffer with 30 mM Na+ than in a buffer with 100 mM Na+. Interestingly,
despite the difference in kobs between the buffers with 30 and 100 mM Na+ at low Mg2+

concentrations, the kobs fitting curves converge at the highest concentration (50 mM Mg2+),
suggesting that the initial small ionic strength difference provided by insufficient
monovalent ions is compensated by the increasing concentration of Mg2+, and is eventually
dominated by the high concentration of divalent metal ions. These different activity trends
provide further evidence for the transition from diffusive-binding to site-binding modes.

Comparison between the 39E and 8–17 DNAzymes
The UO2

2+-specific 39E DNAzyme and the Pb2+-specific 8–17 DNAzyme are two efficient
metal-ion-specific DNAzymes with similar secondary structures. Useful insights were
obtained into the activity of these enzymes by comparing the similarities and differences in
the metal-ion-induced folding patterns at optimal ionic strengths measured by FRET studies:

1. Mg2+ and Zn2+ induce folding: Mg2+ and Zn2+ can both induce the 39E and 8–17
DNAzymes to fold. The apparent Kd values obtained for 39E were generally lower
with Zn2+ ((1.6 ± 0.5) mM between stems I–II and (1.0 ± 0.2) mM between stems II–
III) than with Mg2+ ((3.2 ± 0.4) mM between stems I–II and (5.5 ± 0.9) mM between
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stems II–III); the latter were similar to the Kd values observed for the 8–17
DNAzyme. The difference between the effects of Mg2+ and Zn2+ on the 39E
DNAzyme was less pronounced compared with the differences measured for 8–17
DNAzyme (e.g., the Kd for Mg2+ was (1.36 ± 0.24) mM and (0.840 ± 0.023) mM for
stem I–III and II–III, respectively, whereas Kd for Zn2+ was (52.6 ± 2.3) µM and
(83.2 ± 12.6) µM for stem I–III and II–III, respectively, for 8–17 DNAzyme). In
terms of cleavage activity, the 8–17 DNAzyme also displayed a larger difference in
Zn2+- and Mg2+-induced cleavage activity compared with 39E DNAzyme, as Zn2+

induces a much faster cleavage rate than Mg2+ does (kobs(2 mM Zn2+) = 2.7 min−1,
kobs(2 mM Mg2+) = 0.018 min−1). On the other hand, the 39E DNAzyme appeared
to have a much higher selectivity for UO2

2+ over other metal ions and so the
difference between the concentrations needed for Mg2+- and Zn2+-induced folding
for FRET results was smaller.

2. The most active metal ions induce no conformational change: Previous FRET
folding studies of the 8–17 DNAzyme indicated that Mg2+ and Zn2+ can cause
substantial folding, whereas Pb2+ does not,[16b, 17a] supporting the hypothesis that
the 8–17 DNAzyme in the resting state is optimal to support Pb2+-dependent
catalysis without the need for global folding. Similarly, the 39E DNAzyme does
not show significant conformational changes in the presence of the species that
induces the highest activity—UO2

2+. Because the lock-and-key mode of catalysis
has only been demonstrated in one DNAzyme to date, the question remains as to
how general this mode of catalysis is in DNAzymes. We have now found a second
example of this mode of catalysis; this suggests that it is commonly used by
DNAzymes. This conclusion is at least true for some of the most efficient
DNAzymes, because both the 8–17 and the 39E DNAzymes fall into this class.

3. The overall folding schemes for 39E and 8–17 DNAzymes are different: Based on
the aforementioned two points, a metal-ion-dependent folding pattern for 39E
DNAzyme at optimal ionic strength emerges (Figure 6 b; the 39E DNAzyme
sequence is shown in Figure 6 a). For comparison, the folding Scheme of the 8–17
DNAzyme reported previously[16b] is also shown in Figure 6 d (the 8–17
DNAzyme sequence is shown in Figure 6 c). If we use the same nomenclature for
the arms of stem I, II, and III, then in response to Mg2+ and Zn2+, stem III of the 8–
17 DNAzyme complex folds toward the plane defined by stems I and II. In the 39E
DNAzyme, however, in response to Mg2+ and Zn2+, stem II (with the internal loop
region) folds towards the plane defined by stems I and III. It is proposed that metal
ions could bind to regions of highly negative electrostatic potentials in RNA
structures.[2d] These FRET results suggest that each DNAzyme has its own
conformation in which a different electrostatic potential exists between different
stems. The same metal ions will thus selectively bind to these regions to induce
different folding patterns.

4. The effects of Mg2+- and Zn2+-induced folding on cleavage activity are different: In
the case of the 8–17 DNAzyme, Mg2+- and Zn2+-induced folding is conducive for
the enzymatic activity, although this activity follows a different reaction pathway
than the pathway induced by Pb2+.[16b, 17a] Mg2+ and Zn2+ induce the 8–17
DNAzyme to fold and then induce the cleavage, and the folding and activity were
found to be highly correlated; the higher the binding affinity of the FRET-based
folding, the higher the binding affinity based on activity.[16b] In the case of the 39E
DNAzyme, Mg2+- and Zn2+-induced folding is not conducive for the enzymatic
activity of 39E. Mg2+ and Zn2+ can only induce 39E to fold, but cannot lead to the
cleavage reaction. More interestingly, Mg2+- and Zn2+-induced folding is
counterproductive; this prevents UO2

2+-dependent cleavage from occurring.
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Conclusion
In summary, the metal-ion-induced folding of the UO2

2+-specific DNAzyme 39E has been
investigated by FRET and has been correlated with the UO2

2+-specific cleavage activity in
the presence of other metal ions. This study found that the UO2

2+-specific DNAzyme
operates in a lock-and-key mode of catalysis, just as the Pb2+-specific 8–17 DNAzyme does.
In contrast to the effects on the 8–17 DNAzyme, however, Mg2+ and Zn2+ induce the 39E–
39S complex to assume a conformation that inhibits UO2

2+-specific activity. By lowering
the ionic strength, we have separated the roles of metal ions (such as Na+) that act as
nonspecific electrostatic neutralizers from those (such as UO2

2+) that are selective metal
cofactors for enzymatic activities; other metal ions (such as Mg2+) are shown to go through
a transition from general charge neutralizers to more specific binders. Therefore, whether or
not a DNAzyme will operate in a lock-and-key catalytic mode depends on the ionic strength
of the environment.

Experimental Section
Materials

All oligonucleotides were ordered from Integrated DNA Technologies (Coralville, IA, USA)
in a HPLC-purified form. Uranium acetate dihydrate was purchased from Fisher Scientific
(Pittsburgh, PA, USA). All other chemicals were purchased from Sigma–Aldrich (St. Louis,
MO, USA) and used without further purification.

Activity assays
To determine the effects of the stem arm length on the DNAzyme activity, cleavage activity
assays with a cleavable substrate containing a rA base at the cleavage site were carried out
under single-turnover conditions by using a 4 µM UO2

2+ solution. The samples for this assay
were prepared at twice the final concentration and were mixed at a 1:1 ratio at the beginning
of the assay. To anneal the enzyme–substrate complex before the reaction, 2 nM (2X) of
5′-32P-labeled (1)39S (−5) and 4 µM (2X) of (−5)39E(1) (a shortened version of the original
39E, see Figure.1b) was mixed together in 50 mM sodium 2-(N-morpholino)ethane sulfonic
acid (Na-MES, pH 5.5) and 50 mM NaNO3 buffer, put into a boiling water bath for 1 min,
and cooled down to room temperature for 1 h. The above annealed DNAzyme–substrate
complex was then mixed with 8 µM (2X) of UO2

2+ solution in a 1: 1 volume ratio to start the
reaction. At different time points, aliquots of the reaction solution were taken out and placed
into a stop solution containing 8 M urea, 50 mM EDTA, 0.05% xylene cyanol, and 0.05%
bromophenol blue. The cleaved and non-cleaved substrates were separated by
electrophoresis by using a 20% polyacrylamide denaturing gel, and the band intensities were
quantified with a phosphorimager (Storm 840, GE healthcare Life Science).

To correlate the metal-ion-dependent folding from FRET studies with metal-specific
activity, a cyanine-fluorophore-labeled DNA substrate was used under similar conditions as
in the 32P assay presented above, except 2 µM (2X) of 5′-labeled Cy3-(1)39S(−5) and 3 µM

(2X) of 5′-labeled Cy5-(−5)39E(1) were used. Again the assay employs a cleavable
substrate with a rA base at the cleavage site. To avoid any interference from organic dyes in
the stop solution when measuring the fluorescent signal of the Cy3/Cy5 fluorophore labels
on the DNA, a colorless stop solution containing 8 M urea and 50 mM EDTA, without the two
organic dyes (xylene cyanol and bromophenol blue), was used. The band intensities were
quantified with a phosphorimager (FLA-3000, Fujifilm). In both the 32P- and fluorophore-
labeled assays, the fraction of cleaved DNA substrate was plotted against time by using the
program SigmaPlot 8.0 (Systat Software) and the curve was fitted with nonlinear regression
by using the following equation:
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in which y is the percentage of cleaved substrate at time t, y0 is the percentage of cleaved
substrate at time t = 0, a is the cleavage percentage achieved at t = ∞, and k is the observed
rate constant, kobs.

Effects of Mg2+, Zn2+, and Na+ on UO22+-dependent cleavage activity
The activity assays were performed under conditions similar to those described above,
except that various concentrations of Mg2+, Zn2+, or Na+ were added to the DNAzyme
samples and this mixture was incubated for 30 min to 1 h to ensure that the DNAzyme had
folded before an equal volume of UO2

2+ solution was added to start the reaction.

FRET experiments
Noncleavable substrate in which the rA at the cleavage site was replaced by an adenosine
deoxyribonucleotide (A) was used to probe only the conformation changes. To obtain a
homogeneous enzyme substrate complex, 10 µM of Cy5-labeled (−5)39E(1) and 10 µM of
Cy3-labeled (1)39S(−5) were annealed in 50 mM Tris/acetic acid (pH 7.5) and 100 mM

NaNO3 buffer (100 mM instead of 50 mM NaNO3 was used to increase hybridization
efficiency and maintain the Na+ concentration consistency) or 30 mM NaNO3 buffer. The
mixture was placed in a boiling water bath for 1 min and cooled down to room temperature
over the course of 2 h. The DNA complex solution was then placed at 4°C for 30 min to
anneal further. The hybridized DNAzyme–substrate complex was then separated from the
unhybridized strands by running it through a 16% polyacrylamide native gel (50 mM Tris/
acetic acid buffer, pH 8.0 and 100 mM NaNO3) with a power of 4 W for 10 h at 4°C. After
verifying the separation by using a phosphorimager (FLA-3000, Fujifilm), the completely
hybridized DNAzyme–substrate-complex band was cut out of the gel, crushed, and soaked
by shaking for 2 to 3 h in soaking buffers with either 100 mM Na+ (50 mM Na-MES buffer,
pH 5.5, and 50 mM NaNO3) or 30 mM Na+ (30 mM Na-MES, pH 5.5). The DNA samples
were then recovered from the supernatant after centrifugation. For each FRET experiment,
this native-gel-purified DNAzyme–substrate-complex concentration was decreased to
approximately 100 nm with the same soaking buffer. Upon addition of concentrated metal-
ion solutions, the fluorescence emission spectroscopy for both Cy3 and Cy5 was collected at
each metal-ion concentration with polarization of 54.7° for the emission spectrum. The
excitation wavelengths for Cy3 and Cy5 were 513 and 648 nm respectively (see Figure S1 in
the Supporting Information for donor and acceptor emission spectra). At least two or three
experiments were performed for each experimental data, and the error bars are plotted as one
standard deviation if there are three data points, or as the offset between each data and the
average if there are two data points. The EFRET was calculated by using the (ratio)A method
of normalization for the acceptor fluorescence.[31] The EFRET is inversely proportional to the
sixth power of the distance between the fluorophores:

in which R is the distance between the donor and acceptor and R0 is the Förster length (the
distance at which the energy transfer efficiency is 50%) for the two fluorophores used.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The sequences and secondary structures of the UO2

2+-specific DNAzyme–substrate
complex used previously for fluorescent sensing[12] and the sequences and secondary
structures modified for the FRET studies described herein. a) The UO2

2+-specific
DNAzyme–substrate used for fluorescent sensing based on the catalytic beacon method. The
substrate strand is shown in black and the enzyme strand is shown in green. The rA base
shown in red in the middle of the substrate strand is the cleavage site. b) The modified
sequence used in activity assays to identify which position Cy5 could best be attached to for
FRET studies. The arms are shortened on the left and extended on the right to make it
symmetrical for FRET studies. An A·G wobble pair three bases from the scissile rA is
replaced with an A·T pair. The three T bases indicated by arrows are possible positions to
introduce Cy5 into the loop (18T, 21T, and 22T). The three arms are termed I (the linear
stem composed of the 5′ end of the 39S strand and the 3′ end of the 39E strand), II (the
bulged loop in the middle of the 39E strand) and III (the linear stem composed of the 3′ end
of the 39S strand and the 5′ end of the 39E strand). c–e) The sequences, secondary
structures, and positions of fluorophore pairs for FRET studies involving: c) stems I–III, d)
stems I–II, and e) stems II–III. The rA at the cleavage site is replaced by an A in order to
probe only conformation changes.
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Figure 2.
Plots of EFRET versus metal-ion concentrations for different pairs of stems in the buffer
containing 100 mM Na+ and a) Mg2+ or Zn2+, or b) Pb2+ or UO2

2+.
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Figure 3.
Correlation of the EFRET of the two folding stems and UO2

2+-induced cleavage rates in the
presence of different concentrations of other fold-inducing metal ions (Mg2+ and Zn2+) in a
buffer with 100 mM Na+. The black line shows the kobs changes according to the fold-
inducing-metal-ion (Mg2+ or Zn2+) concentrations. The grey and light grey curves show the
EFRET fittings of stems I–II and II–III versus the fold-inducing metal-ion concentrations.
Cleavable substrates with a rA base at the cleavage site was used and the UO2

2+

concentration in the assays was 4 µM.
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Figure 4.
Plots of EFRET versus metal-ion (Mg2+, Zn2+, Na+, UO2

2+, and Pb2+) concentrations for
different stems in a buffer with 30 mM Na+ and a) Mg2+, Zn2+, and Na+, or b)UO2

2+ and
Pb2+.
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Figure 5.
The correlation between the EFRET of the three folding stems of 39E and the UO2

2+-induced
cleavage rates in the presence of different concentrations of Na+ and Mg2+ and a 30 mM

background Na+ concentration. a) Na+ titration: The black line shows the kobs (▲) changes
according to the fold-inducing-metal-ion (Na+) concentration. The grey, light grey, and dark
grey curves show the fittings of EFRET between stems I–II (●), II–III (■), and I–III (♦)
versus the fold-inducing-metal-ion (Na+) concentrations. b) Mg2+ titration: The black solid
line and dashed line show the kobs changes according to the fold-inducing-metal-ion (Mg2+)
concentration under buffers containing 30 (▲) and 100 mM Na+ (▽), respectively. The grey,
light grey, and dark grey curves show the fittings of EFRET between stems I–II (●), II–III
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(■), and I–III (♦) versus the fold-inducing-metal-ion (Mg2+) concentrations. The cleavable
substrate with a rA base at the cleavage site was used and the UO2

2+ concentration used in
these assays was 4 µM.
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Figure 6.
The folding schemes of the UO2

2+-specific DNAzyme 39E and the Pb2+-specific DNAzyme
8–17 in response to different metal ions. a) The 39E–substrate sequence used in these FRET
experiments; b) the folding scheme of the UO2

2+-specific DNAzyme 39E–substrate; c) the
sequence of the 8–17–substrate sequence used in these FRET experiments; d) the folding
scheme of the Pb2+-specific DNAzyme 8–17–substrate. The enzyme strand is shown in
green and the substrate strand is shown in black.
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Table 1

A summary of the Kd values from fittings of Mg2+ or Zn2+-dependent FRET curves of different stem pairs and
the Mg2+ or Zn2+-dependent inhibition of UO2

2+-catalyzed activity in the presence of a buffer with 100 mM

Na+.

Kd [mM]
(Stem I–II
EFRET)

Kd [mM]
(Stem II–III
EFRET)

Kd [mM]
(Stem I–III
EFRET)

Kd [mM]
(Activity)[a]

Mg2+ 3.2 ± 0.4 5.5 ± 0.9 no folding 7.5 ± 0.8

Zn2+ 1.6 ± 0.5 1.0 ± 0.2 no folding 0.28 ± 0.06

[a]
This column lists Kd values based on the fitting of the Mg2+ or Zn2+ inhibition to UO22+ cleavage kobs curves.
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Table 2

A comparison of the Kd values obtained by fitting Mg2+-dependent FRET curves of different pairs of stems
and the Mg2+-dependent inhibition of UO2

2+-induced catalytic activity in the presence of a buffer with either
100 mM or 30 mM Na+.

Mg2+ Titration Stem I–II Stem II–III Stem I–III Activity[a]

Kd [mM] (100 mM Na+) 3.2 ± 0.4 5.5 ± 0.9 no folding 7.5 ± 0.8

Kd [mM] (30 mM Na+) 1.7 ± 0.3 0.6 ± 0.1 5.1 ± 0.6 3.9 ± 0.7

[a]
This column lists Kd values based on the fitting of the Mg2+ inhibition to UO22+ cleavage kobs curves. In the case of the buffer with 30 mM

Na+, only the region in which kobs is decreasing is used for the fitting.
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Table 3

A comparison of the binding affinities of the stems when titrating Zn2+ in a buffer with 100 mM or 30 mM Na+.

Zn2+ Titration Stem I–II Stem II–III Stem I–III

Kd [mM] (100 mM Na+) 1.6 ± 0.5 1.0 ± 0.2 no folding

Kd [mM] (30 mM Na+) 0.5 ± 0.1 1.0 ± 0.4 1.0 ± 0.2
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