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The Importance of Peripheral Sequences in Determining
the Metal Selectivity of an in Vitro-Selected Co2 + Dependent DNAzyme
Kevin E. Nelson,[a, b] Hannah E. Ihms,[c] Debapriya Mazumdar,[c] Peter J. Bruesehoff,[c] and
Yi Lu*[a, c]
DNAzymes are catalytically active DNA molecules that use
metal cofactors for their enzymatic functions. While a growing
number of DNAzymes with diverse functions and metal selectivities have been reported, the relationships between metal
ion selectivity, conserved sequences and structures responsible
for selectivity remain to be elucidated. To address this issue,
we report biochemical assays of a family of previously reported
in vitro selected DNAzymes. This family includes the clone 11
DNAzyme, which was isolated by positive and negative selection, and the clone 18 DNAzyme, which was isolated by positive selection alone. The clone 11 DNAzyme has a higher selectivity for Co2 + over Pb2 + compared with clone 18. The reasons
for this difference are explored here through phylogenetic
comparison, mutational analysis and stepwise truncation. A
novel DNAzyme truncation method incorporated a nick in the
middle of the DNAzyme to allow for truncation close to the

nicked site while preserving peripheral sequences at both ends
of the DNAzyme. The results demonstrate that peripheral sequences within the substrate binding arms, most notably the
stem loop, loop II, are sufficient to restore its selectivity for
Co2 + over Pb2 + to levels observed in clone 11. A comparison
of these sequences’ secondary structures and Co2 + selectivities
suggested that metastable structures affect metal ion selectivity. The Co2 + selectivity of the clone 11 DNAzyme showed that
the metal ion binding and selectivities of small, in vitro selected DNAzymes may be more complex than previously appreciated, and that clone 11 may be more similar to larger ribozymes than to other small DNAzymes in its structural complexity and behavior. These factors should be taken into account
when metal-ion selectivity is required in rationally designed
DNAzymes and DNAzyme-based biosensors.

Introduction
The discovery of the first catalytic DNA molecule (also called a
DNAzyme or deoxyribozyme) settled a fundamental question:
whether DNA, from a four-letter alphabet of building blocks
lacking the 2’-hydroxyl present in RNA, could form sufficiently
complex secondary and tertiary structures to achieve DNA catalysis. Since 1994, when the first DNAzyme was isolated
through in vitro selection,[1] many DNAzymes with significant
rate enhancements over uncatalyzed reactions, high substrate
selectivities, and diverse catalytic functions have been isolated;
they have also been shown to have potential as pharmaceutical drugs, sensors, and logic gate mathematical regulators.[2] In
contrast to the significant advances in isolating and applying
DNAzymes, the understanding of the structure–function relationships of these DNAzymes is progressing much more slowly.
Understanding these relationships will enrich our knowledge
of chemical biology and nucleic acid biochemistry, and will, in
turn, produce more customizable DNAzymes for practical applications.
DNAzymes have been shown to selectively recruit metal
ions to perform diverse functions similar to those performed
by protein and RNA enzymes. For example, the 8–17 RNAcleaving DNAzyme[3–5] is more than 100 times more selective
for Pb2 + than for any other metal ion. In addition, a number of
DNAzymes with high selectivities for Co2 + ,[6, 7] Cu2 + ,[8] Hg2 + ,[9, 10]
Mg2 + ,[4] Mn2 + ,[7] Pb2 + ,[1] Zn2 + ,[5, 11] and porphyrins[12] have been
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reported. Finally, a recently selected DNAzyme has selectivity
for UO22 + that is a million-fold higher than for other metal
ions.[13, 14] These high metal ion selectivities have established
DNAzymes as a new class of efficient metal ion sensors,[9, 13, 15]
with detection limits as low as 45 pm or 11 ppt.[13]
In contrast to metalloprotein enzymes, and to a certain
degree even ribozymes,[16] relatively little is known about the
factors that determine DNAzymes’ metal-ion selectivities. This
is because no three-dimensional structure of a DNAzyme in an
active conformation has yet been reported. To address this
issue, studies on the interactions between DNA and inorganic
metal complexes,[17] and between nucleotides and metal
ions[18] have provided insights into ligand preferences and
ligand geometries in larger nucleic acid strands. Metal ions are
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essential for the folding and optimal activity of almost all reand Pb2 + . Several of the sequences obtained in these selecported DNAzymes, and divalent metal ions have been implicattions are shown in Figure 1 A. The clone 11 DNAzyme, isolated
ed as direct participants in catalysis. Metal ions have also been
during selection 2, was the most selective for Co2 + (Co:Zn 1.6,
reported to affect the tertiary structures and mechanisms of
Co:Pb 4.5) and had the highest activity (kobs 0.18 min1) of all
[19–21]
DNAzymes and ribozymes.
of the DNAzymes isolated by either selection method.
An improved understanding of
Clone 11’s sequence was similar to that of clone 18, a DNAthe process by which metalloenzymes selectively bind metal
zyme isolated by Selection 1. By using mfold to predict the
ions will be invaluable to engineer DNAzymes with high activity and selectivity for use as biosensors.
A primary example of the
challenge in understanding
metal ion selectivity is finding
metalloenzymes that can differentiate Co2 + from Zn2 + . Not
only do these metal ions have
identical charges, they also
have nearly identical ionic radii
and ligand donor set preferences.[22] Therefore, designing a
molecule with high selectivity
for Co2 + over Zn2 + is very difficult. In fact, although metalloproteins are known to bind
metal ions with high selectivity,
most Zn2 + -binding proteins can
bind Co2 + with almost 100 %
activity. The problem of selectivity is further compounded for
RNA-cleaving DNAzymes because of the background hydrolytic activity of Zn2 + and Co2 +
.[23] To find molecules that differentiate between these two
metal ions, we previously performed in vitro selection centered on phosphodiester cleavage. We used a negative-selection approach to obtain DNAzymes more selective for Co2 +
over Zn2 + and Pb2 + .[6] Two alternative selection methods
were carried out to isolate Co2 +
-selective sequences. Selection 1
resulted in a DNAzyme population that was active in the presence of Co2 + , but was also
active in the presence of Zn2 +
and Pb2 + . To address this limitation, selection 2 incorporated
Figure 1. The artificial phylogenetic analysis and secondary structures of the clone 11 and clone 18 DNAzymes.
several rounds of negative seA) The aligned sequences from selections 1 and 2 that were used for artificial phylogenetic analysis. Sequences
2+
lection to increase the Co seare arranged according to similarity. Shading indicates the degree of nucleotide conservation: positions that were
lectivity by removing DNAhighly (> 90 %) conserved are shown in black, positions that were moderately (50–90 %) conserved are shown in
zymes active in the presence of
grey, and nonconserved (< 50 %) positions are outlined. Positions 71–83 were highly variable. Nucleotide positions
are based on the full-length clone 11 sequence. B) The sequence variability of each sequence overlaid with their
Zn2 + and Pb2 + . This negative
mfold-predicted secondary structures. Cleavage sites are indicated by arrows. Two secondary structures were preselection approach produced a
dicted for clone 11: the 11A-type and the 11B-type secondary structure. Clone 18 differs from clone 11 by only
population with increased selecfour nucleotides (72, 77, 78 and 80), and the single secondary structure predicted for clone 18 is identical to that
tivity for Co2 + over both Zn2 +
of the 11A-type secondary structure.
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secondary structures,[24] clone 11 was found to have two putative secondary structures: 11A and 11B (Figure 1 B). While the
secondary structures of 11A and clone 18 were identical,
clone 18 had poor Co2 + selectivity and only moderate activity
(kobs 0.044 min1). Interestingly, a comparison of clones 11 and
18 showed that only four different nucleotides, C72, T77, T78
and T80 (Figure 1 B), decreased the Co2 + selectivity nearly
eightfold (Table 1). It was hypothesized, then, that clone 11’s
enhanced selectivity and activity resulted from the 11B secondary structure.

Table 1. The kinetic data and Co2 + selectivity of clones 11 and 18 and
the 11B trans-cleaving DNAzymes. Kinetic data was obtained at pH 7.0
with metal ions (500 mm) and NaCl (500 mm).

Co2 +

kobs [min1]
Zn2 +

Pb2 +

0.18
0.044
0.088

0.11
0.096
0.15

0.040
0.078
0.079

Construct
Clone 11
Clone 18
11B

Co:Zn

Co:Pb

1.6
0.46
0.59

4.5
0.56
1.1

To elucidate the relationship between Co2 + selectivity and
DNAzyme sequence and structure in these systems, phylogenetic comparison, mutational analysis and stepwise truncation
were performed. We found that peripheral sequences elements
enhanced the activity and Co2 + selectivity of clone 11, and
that metastable structures might also play a role.

Results
Artificial phylogenetic analysis
To trace selectivity differences between clone 11 and clone 18
DNAzymes, artificial phylogenetic analysis was performed for
the sequences obtained from selections 1 and 2.[6] We sought
to test the premise that sequences showing similar metal selectivities would also show similar structural characteristics. A
similar approach had been used in the early RNA secondarystructure predictions (phylogenetic analysis and the hypothesis
that RNAs with similar functions but different species of origin
have similar structures).[25]
The artificial phylogenetic analysis used six sequences from
selection 1 and 15 sequences from selection 2 (Figure 1 A).
These sequences were chosen based on the similarities between clone 11 and clone 18. Within the region randomized
for selection, a highly conserved region from positions 53 to
70 was apparent, while nucleotides 71–86 showed considerable variability. By superimposing the sequence alignment in
Figure 1 A onto the active secondary structure of the Co2 + -selective Clone 11 DNAzyme, we showed that the highly conserved region between 53 to 70 helps form the 5’ substrate
binding arm, stem loop I, and the 3’ substrate-binding arm
(Figure 1 B). The more variable region (positions 71–86) coincides with the corresponding terminal 3’ substrate-binding
arm that contains loop IV and the adjacent 3’-single-stranded
region. Surprisingly, the four positions that distinguish clone 11
ChemBioChem 2012, 13, 381 – 391

from 18 (positions 72, 77, 78, and 80) show the highest variability. The variability at these positions was unexpected, because sequence or structural motifs that increase selectivity
were expected to be highly conserved. The sequence variability at positions 72 and 73 suggests that loop IV helps increase
Co2 + selectivity. The short helical region distal to loop IV contains T77, which may also play a role in Co2 + selectivity. While
T78 and T80 are part of a region predicted to be unstructured,
they may participate in tertiary interactions affecting Co2 + selectivity.
Stepwise truncation of peripheral sequence elements
Next, the effect of peripheral sequences on Co2 + selectivity
was investigated by truncating the clone 11 DNAzyme. After in
vitro selection, constructs have been routinely truncated to
contain only mfold-predicted secondary structures of interest.
The cis-cleaving clone 11 DNAzyme was truncated to the 11B
trans-cleaving construct (11B-trans) based on the 11B-type
active secondary structure (Figure 2 A). Interestingly, truncation
of the 5’ and 3’ peripheral sequences resulted in another predicted secondary structure (11B’, Figure 2 A) that resembled
neither that of clone 11 nor that of clone 18. 11B’ retained the
base pairing within both substrate binding arms but had disruptions at stem loop I and at the base pairs at the cleavage
site. Co:Pb selectivity of the truncated 11B trans construct was
four times less than that of clone 11 (Table 1), and its Co:Zn selectivity was three times lower (Table 1). The distal 5’ and 3’ sequence elements (nucleotides 1–15 and 78–107) that are adjacent to the 3’ substrate binding arm can be thought of as “peripheral”, but might also be integral to selectivity: the decrease
in Co2 + selectivity might have been due to the deletion of portions of these regions.
As the large-scale truncation described above decreased the
Co2 + selectivity, a systematic truncation approach was adopted
to find which regions were responsible for the decreased selectivity. Short peripheral sequence elements were systematically
deleted from the enzyme and substrate strands of clone 11
(Figure 2 B). This produced a series of trans-cleaving enzyme
and substrate strands of various lengths, and every possible
combination of enzyme and substrate strand was constructed
and assayed for Co2 + selectivity. All truncated constructs were
most active in the presence of Zn2 + and were less selective for
Co2 + than clone 11 (Table 2). Of the Co2 + , Zn2 + , and Pb2 + selectivities, the Co2 + -dependent activity typically showed the
greatest decrease: Co:Zn selectivities decreased as much as
32-fold and Co:Pb selectivities decreased nearly 40-fold. These
changes in Co2 + selectivity were surprising for the sequences
that retained C72, T77, T78, and T80 (the four nucleotides that
distinguish clone 11 and clone 18). Deleting only Loop II from
clone 11 produced a full-length, trans-cleaving clone 11 variant
that also had reduced Co2 + selectivity. There are several possible explanations for this. First, the mfold-predicted structures
could be incorrect. However, the introduction of point mutations (data not shown) and the activity of the trans-cleaving
constructs designed by mfold support the mfold-derived
clone 11 structures. Another possibility is that interstrand sec-
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Figure 2. Truncation of the clone 11 cis-cleaving DNAzyme. The portions of clone 11 that were removed are shown in grey and the ribonucleotide is shown as
a black oval. A) The clone 11 cis-cleaving DNAzyme was initially truncated to the 11B-trans cleaving DNAzyme (11B-trans) by deleting loop II and all peripheral
sequences. Mfold predicted three different secondary structures for 11B-trans: 11A-type, 11B-type, and 11B’ (shown here with corresponding DG values). The
11B and 11B’ structures differ only at positions 51–67, and 11B’ has a single-stranded region immediately following the cleavage site. Only 5–6 base pairs
differ between 11B and 11B’. B) The clone 11 cis-cleaving DNAzyme was then modified by deleting loop II and systematically truncating peripheral sequences
by small increments. This produced three substrate variants (Sub3, Sub2 and Sub) and five DNAzyme variants (11B5, 11B4, 11B3, 11B2 and 11B). These sequences were paired in every possible permutation and their metal-dependent activities were measured. Co:Zn and Co:Pb selectivity indices for each permutation
are reported for the results using Co2 + , Zn2 + , and Pb2 + (500 mm). The full results are listed in Table 2.

ondary structure forms between the enzyme and substrates of
the Loop II deletion constructs. Alternatively, the trans-cleaving
configuration might inhibit formation of a selective Co2 + binding pocket, as clone 11 was selected as a cis-cleaving DNAzyme. The results of the stepwise truncation prompted alternative truncation strategies, to investigate the role that loop II
and other peripheral sequences play in determining the Co2 +
selectivity of clone 11.
Alternative truncation strategies
Investigating the influence of peripheral sequences on Co2 +
selectivity required sequences with loop II intact; therefore, alternatives to conventional DNAzyme truncation strategies[4, 5, 26]
were developed. Cis-cleaving constructs with peripheral sequence truncations had poor Co2 + selectivities and were difficult to synthesize because of their length (> 100 nucleotides)
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and embedded ribonucleotide. Instead, novel trans-cleaving
constructs (Figure 3 A) were designed to provide a platform
preserving loop II while testing the peripheral sequence elements’ contributions to Co2 + selectivity. This platform placed a
nick in the 5’-substrate binding arm and incorporated loop II
as a terminal stem loop on either the enzyme or substrate
strand. As shown in Figure 3 A, “nicked” constructs were designed on the basis of mfold analysis, to choose sequences
that 1) preserved the 11B-type secondary structure of clone 11,
2) retained the primary sequence of the conserved loop 1
region (nucleotides 51–66), and 3) retained substrate binding
arm base-pairing. Criterion 2 was based on the results of the
artificial phylogenetic analysis. In addition, preliminary mutational analysis showed that helical regions of the substrate
binding arms were mutation tolerant and that loops I and III
were mutation intolerant (data not shown). Mutations in the
substrate binding arms preserved substrate recognition in the

 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2012, 13, 381 – 391

Peripheral Sequences Determine DNAzyme Metal-Ion Selectivity

Table 2. The Co2 + selectivity over Zn2 + and Pb2 + is shown for each stepwise truncation of clone 11. Pseudo-first-order rate constants for substrate
cleavage by truncated Clone 11 constructs were determined. The enzyme
strand is denoted by “11B” followed by the substrate strand. All permutations of enzyme and substrate strands were assayed. Note that 11B/Sub
is the 11B-trans construct. All data were obtained from assays with Co2 + ,
Zn2 + or Pb2 + (500 mm).

Co2 +

kobs [min1]
Zn2 +

Pb2 +

0.045
0.057
0.025
0.043
0.048
0.075
0.015
0.014
0.070
0.018
0.094
0.12
0.008
0.069
0.088

0.11
0.11
0.53
0.10
0.14
0.12
0.099
0.24
0.14
0.045
0.18
0.20
0.014
0.16
0.15

0.065
0.066
0.022
0.062
0.087
0.11
0.039
0.12
0.084
0.030
0.13
0.11
0.010
0.099
0.079

Construct
11B5/Sub3
11B5/Sub2
11B5/Sub
11B4/Sub3
11B4/Sub2
11B4/Sub
11B3/Sub3
11B3/Sub2
11B3/Sub
11B2/Sub3
11B2/Sub2
11B2/Sub
11B/Sub3
11B/Sub2
11B/Sub

Co:Zn

Co:Pb

0.41
0.52
0.05
0.40
0.34
0.63
0.15
0.06
0.50
0.40
0.52
0.60
0.57
0.43
0.59

0.69
0.86
1.1
0.69
0.55
0.68
0.38
0.12
0.83
0.60
0.72
1.1
0.80
0.70
1.1

11BNick1 (Co:Zn 0.56  0.15, Co:Pb 0.55  0.16), 11BNick5
(Co:Zn 0.67  0.11, Co:Pb 1.1  0.3), and 11BNick6 (Co:Zn
0.64  0.03, Co:Pb 1.1  0.3) showed no improvement in Co2 +
selectivity. Constructs 11BNick3 and 11BNick4 showed an increased preference for Co2 + over Pb2 + (Co:Pb 11BNick3 1.7fold, 11BNick4 1.5-fold). In contrast, 11BNick2 showed an increased Co2 + selectivity over Zn2 + (Co:Zn 1.4  0.3) and Pb2 +
(Co:Pb 2.4  0.5). 11BNicks2’s selectivity for Co2 + over Zn2 + and
Pb2 + was found to increase further as the metal-ion concentration was decreased to 50 mm (Co:Zn 1.6  0.2, Co:Pb 3.2  0.7,
Table 4).
Although the near threefold increase in 11BNick2’s Co:Zn
and Co:Pb selectivity is modest, the reproducible effect supports a role for loop II in Co2 + selectivity. The conversion of
loop II to a tetraloop and the absence of additional peripheral
sequence elements in these constructs may have limited the
magnitude of the increased Co2 + selectivity. The increased selectivity of these constructs, however, demonstrated the utility
of this alternative truncation platform in investigating the Co2 +
selectivity of the clone 11 system. Also, because most DNAzyme configurations incorporate a small catalytic core flanked
by substrate binding arms, further refinement of the alternative truncation platform may lead to a general method for retaining the selectivity and activity of RNA-cleaving DNAzymes.

5’-substrate binding arm and reduced the self-complementarity of the enzyme and substrate strands. During the design process, the 5’-substrate binding
arm was also lengthened by one
base pair, converting the sixTable 3. The Co2 + selectivity over Zn2 + or Pb2 + for constructs 11BNick1–6. The effect of the alternative truncabase loop II into a tetraloop. The
tion platform involving a nick in the 5’-substrate binding arm is examined. Metal ion selectivities and pseudoadditional base pair and tetrafirst-order rate constants for each construct are shown.
loop allowed the helical region
Co:Zn
Co:Pb
Construct
kobs [min1]
of the terminal stem loop to
Zn2 +
Pb2 +
Co2 +
participate in substrate recogni11B
0.088  0.006
0.15  0.01
0.079  0.016
0.59  0.06
1.1  0.2
tion in the 5’-substrate binding
11BNick1
0.042  0.004
0.075  0.019
0.076  0.021
0.56  0.15
0.55  0.16
arm. The sequences of con11BNick2
0.010  0.002
0.0073  0.0008
0.0041  0.0004
1.4  0.3
2.4  0.5
11BNick3
0.027  0.004
0.038  0.010
0.016  0.002
0.71  0.22
1.7  0.3
structs designed for the trunca11BNick4
0.015  0.002
0.019  0.003
0.010  0.002
0.79  0.14
1.5  0.3
tion study are shown in Fig11BNick5
0.18  0.01
0.27  0.04
0.16  0.04
0.67  0.11
1.1  0.3
ure 3 A.
11BNick6
0.18  0.01
0.28  0.01
0.16  0.05
0.64  0.03
1.1  0.3
Constructs 11BNick1–4, which
were generated by this method,
differ only in their substrate
binding arms; they contain no
Table 4. The Co2 + selectivity of nicked constructs containing peripheral sequence elements. The increase in
peripheral sequences and are
Co2 + selectivity attributable to the presence of loop II and peripheral sequence elements is examined. Pseudopredicted to form the 11B-type
first-order rate constants and metal selectivities are shown for the given metal ion concentration.
secondary structure. In addition,
Co:Zn
Co:Pb
Construct
kobs [min1]
11BNick1,
11BNick2,
and
2+
Zn2 +
Pb2 +
Co
11BNick 4 were predicted to
11B
500
0.088  0.006
0.15  0.01
0.079  0.016
0.59  0.06
1.1  0.2
form the 11B’-type structure.
50
0.022  0.002
0.025  0.002
0.021  0.001
0.88  0.09
1.1  0.1
Two
additional
constructs,
11BNick2
500
0.010  0.002
0.0073  0.0008
0.0041  0.0004
1.4  0.3
2.4  0.5
50
0.0016  0.0001
0.0010  0.0001
0.0005  0.0001
1.6  0.2
3.2  0.7
11BNick5 and 11BNick6, were
11BNick7
500
0.13  0.01
0.17  0.04
0.086  0.022
0.76  0.20
1.5  0.4
designed to incorporate base
50
0.034  0.001
0.037  0.003
0.012  0.003
0.92  0.09
2.8  0.7
pairs in place of loop IV.
11BNick8
500
0.094  0.008
0.14  0.01
0.065  0.008
0.67  0.08
1.4  0.2
11BNick6 also has peripheral se50
0.022  0.001
0.029  0.002
0.010  0.004
0.76  0.07
2.2  0.8
11B14
500
0.077  0.001
0.14  0.02
0.11  0.03
0.55  0.06
0.70  0.18
quences (nucleotides 77–81) ap0.026  0.003
0.012  0.001
0.85  0.15
1.8  0.3
50
0.022  0.003
pended. Each nicked construct
11B15
500
0.056  0.007
0.10  0.01
0.074  0.014
0.56  0.10
0.76  0.17
containing loop II was tested for
50
0.013

0.002
0.015

0.001
0.0071

0.0004
0.87

0.15
1.8  0.4
Co2 +
selectivity
(Table 3).
ChemBioChem 2012, 13, 381 – 391
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was selected for further study
because of its improved Co2 +
selectivity over both Zn2 + and
Pb2 + , as shown above. Constructs based on 11BNick2 contained both loop II and peripheral sequences elements such
as T78 and T80 (Figure 3 A). A
unique secondary structure element, not predicted in the full
length clone 11 cis- or trans-sequences or sequence variants,
was predicted for construct
11BNick7 in peripheral sequence
regions (nucleotides 4-15, 7888; Figure 3 A).
These peripheral sequence elements’ contributions to Co2 +
selectivity was investigated in
the 11BNick7 construct (Table 4).
11BNick7 and 11BNick8 showed
reproducible but insignificant
improvements in Co2 + selectivity (Co:Pb 1.3–1.4-fold) over the
11B construct. No improvement
was observed in the Co:Zn selectivity. At lower concentrations of metal ions, however,
the Co:Pb selectivity was improved for 11BNick7 (Co:Pb
1.5  0.4) and 11BNick8 (Co:Pb
2.2  0.8), with levels similar to
those observed in the 11BNick2
construct. This level corresponds to an increase in Co2 +
selectivity of up to 2.9-fold over
Pb2 + , compared with the 11Btrans system. No increase in
Co2 + selectivity was observed
Figure 3. Truncation of the clone 11 cis-cleaving DNAzyme by conventional and alternative truncation approaches.
for 11B-trans at the same conThe portions of clone 11 that were changed during truncation are shown in grey. The ribonucleotide is shown as
centration of metal ions, suga black oval. A) An alternative truncation approach to the conventional method (shown in Figure 2 B) preserved
the secondary structure of 11B, retained many conserved nucleotides from clone 11, and preserved the substrategesting that the effect is specifbinding arm base pairs. The nucleotides within clone 11’s binding arms were modified, but its base pairing interic to the constructs using the
actions were preserved. Then the 5’ substrate-binding arm was nicked at one of two positions. Thus the two re11BNick2 construct from the alsulting truncated constructs retained loop II. In order to preserve the base pairing in the 5’-substrate binding arm,
ternative truncation platform.
two nucleotides in loop II were base-paired, converting loop II to a tetraloop. The peripheral sequences were then
systematically truncated. In 11BNick5 and 11BNick6, two additional point mutations were introduced in loop IV to
To investigate whether the
increase the substrate binding arm complementarity. The mfold-predicted secondary structures of each of the
peripheral sequences forming
constructs obtained by the alternative approach (11BNick1–8) are shown. 11BNick1–4 have secondary structures
loop II were alone sufficient to
that differ only in the substrate binding arm sequences, as shown. Their Co:Zn and Co:Pb selectivity indices are
increase Co2 + selectivity, two
shown in parentheses. B) The truncation of clone 11 by the conventional approach described in Figure 2 B produced two additional constructs: 11B14 and 11B15. Modifications included 1) deleting loop II and 2) systematically
additional constructs, 11B14
truncating the peripheral sequences.
and 11B15, were designed using
the conventional truncation apLoop II is sufficient to increase Co2 + selectivity
proach (Figure 3 B). Aside from the absence of loop II, construct
11B14 is identical to 11BNick7, and 11B15 is identical to
11BNick8. The Co:Zn selectivity for both 11B14 (Co:Zn 0.55 
To further investigate the role of peripheral sequence elements
0.06) and 11B15 (Co:Zn 0.56  0.10) showed no increase over
in Co2 + selectivity, additional constructs were designed based
the 11B-trans construct (Table 4). Both constructs mirrored the
on the alternative truncation platform. The 11BNick2 construct
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improvement in the Co:Pb selectivity seen with 11BNick7 and
11BNick8 at metal ion concentrations of 50 mm. The 11BNick 7
(Co:Pb 2.8  0.7) construct, however, showed a more significant
increase over 11B14 (Co:Pb 1.8  0.3) or 11B15 (Co:Pb 1.8 
0.4). While constructs containing the 3’ and 5’ peripheral sequences showed increases in Co:Pb selectivity, the 11BNick2
construct utilizing the alternative truncation platform and
loop II showed over a threefold increase in Co:Pb selectivity
exceeding gains in all other constructs.

Exploring possible metastable structures
The investigation described above was based primarily on the
most stable secondary structure predicted by mfold, and truncation was based on the 11B secondary structure. However,
systematic truncation to preserve the most stable secondary
structure mostly resulted in a loss of metal ion selectivity. We
concluded that some metastable structures predicted by mfold
might play a role. Three distinct secondary structures—11A,
11B and 11B’—were predicted for DNAzyme constructs based
on clone 11 (Figure 2 A). The third structure, 11B’, was identified during the design of constructs for the truncation study.
11B and 11B’ differ by the secondary structure adopted within
the highly conserved region (nucleotides 51–67). Since this
region is highly conserved, adopts two different secondary
structures, and interfaces with the cleavage site, the structure
within this region could be functionally important.
To investigate the effects of these metastable structures in
the clone 11 system, correlations between Co2 + selectivity and
predicted secondary structure were examined (Table 5). A cursory look at the predicted secondary structures of the constructs used in this study revealed three different scenarios.
Predicted secondary structures for clone 11-related sequences
fell into several categories: 11A only, 11B along with 11A or
11B’, or 11B only. Clone 18 is an example of the first scenario,
forming only the 11A-type structures and showing poor Co2 +
selectivity (Co:Zn 0.46, Co:Pb 0.56). Constructs truncated based
on the 11A-type structure were inactive. Considering the
second situation, sequences forming the 11B- and 11B’-type
structures also had decreased Co:Zn selectivity (0.06–0.79) relative to Clone 11. In addition, 11B2/Sub2 forms the 11A and 11B
structures and shows low Co2 + selectivity (Co:Zn 0.41, Co:Pb
0.69). No increase in Co:Zn selectivity was observed for the
11BNick1, 11BNick3, and 11BNick4 constructs (Co:Zn 0.56–0.77),
which form the 11B- and 11B’-type structures. These three sequences were predicted to form the 11B and 11B’ structures.
While 11BNick3 did show a mild improvement in Co:Pb selectivity, the Co:Zn selectivity was still limited. The 11B14 and
11B15 constructs were of particular interest because each contained additional peripheral sequence elements and were predicted to form all three secondary structures. Improvements in
the Co:Pb selectivity among 11BNick7, 11BNick8, 11B14, and
11B15 (1.6–2.5-fold) did not appear to correlate with their predicted secondary structures. 11BNick2 was predicted to form
only the 11B-type structure. It also contained loop II and utilized the alternative truncation platform. This construct
ChemBioChem 2012, 13, 381 – 391

Table 5. Effect of metastable structures on selectivity. The predicted
metastable structures for selected constructs are compared with the observed metal selectivity. Constructs predicted to form only the 11B structure show higher Co2 + selectivity. All metal selectivity values were determined at 50 mm metal concentration unless otherwise stated.
Construct

Predicted structure

Clone 11
Clone 18
11B/Sub

11A/11B
11A
11B/11B’

11B5/Sub3
11B5/Sub
11B3/Sub2
11BNick1
11BNick2

11A/11B
11B/11B’
11B/11B’
11B/11B’
11B

11BNick3
11BNick4
11BNick5
11BNick6
11BNick7

11B/11B’
11B/11B’
11B
11B
11B

11BNick8

11B

11B14

11A/11B/11B’

11B15

11A/11B/11B’

Co:Zn
[a]

1.6
0.46[a]
0.59  0.06[a]
0.88  0.091
0.41[a]
0.05[a]
0.06[a]
0.56  0.15
1.4  0.3[a]
1.6  0.2
0.71  0.22
0.79  0.14
0.67  0.11
0.64  0.03
0.76  0.20[a]
0.92  0.09
0.67  0.08[a]
0.76  0.07
0.55  0.06[a]
0.85  0.15
0.56  0.10[a]
0.87  0.15

Co:Pb
4.5[a]
0.56[a]
1.1  0.2[a]
1.1  0.1
0.69[a]
1.1[a]
0.12[a]
0.55  0.16
2.4  0.5[a]
3.2  0.7
1.7  0.3
1.5  0.3
1.1  0.3
1.1  0.3
1.5  0.4[a]
2.8  0.7
1.4  0.2[a]
2.2  0.8
0.70  0.18[a]
1.8  0.27
0.76  0.17[a]
1.8  0.4

[a] Values obtained at 500 mm.

showed the largest improvement in Co:Pb selectivity (2.9-fold),
restoring the Co:Pb selectivity to near clone 11 levels.

Discussion
Role of peripheral sequence elements in determining metalion selectivity
In this study, we carried out biochemical assays of a previously
selected Co2 + -selective DNAzyme[6] to identify sequence elements responsible for its subtle Co2 + selectivity. This selectivity
is characterized by the selectivity index, the ratio of a DNAzyme’s phosphodiester transfer activity in the presence of Co2 +
to its activity in the presence of the next-most competing ions,
Zn2 + or Pb2 + . Even though the changes in the selectivity indices were relatively small, the differences in the rates of the
reactions in the presence of different metal ions exceeded the
error measurements. Such a small metal selectivity index reflects the fact that Co2 + and Zn2 + are highly similar metal ions
with the same ionic radii and similar preferences in ligand
donor sets. Even metalloproteins that are known to have
extremely high selectivity for other metal ions display a much
smaller selectivity index between Co2 + and Zn2 + , as Co2 + in
almost all zinc proteins can be substituted for Zn2 + and retain
~ 100 % activity.
The most important finding from this study is that truncating peripheral sequences in clone 11 tended to reduce Co2 +
selectivity, even though the phosphodiester transfer activity remained. Truncating peripheral sequences is common practice
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in DNAzyme research. It often results in a smaller DNAzyme
with similar activity to the originally selection product. We
show here that when subtle differences in the metal-ion selectivity of highly similar metal ions such as Co2 + and Zn2 + are
concerned, the role played by peripheral sequences cannot be
ignored. In the clone 11 system, loop II partially restored the
Co2 + selectivity over Pb2 + to levels observed in the cis-cleaving
clone 11 DNAzyme.
Peripheral sequence elements have been found to modulate
function of other DNAzymes and ribozymes. For example, the
P5abc peripheral element facilitates the proper folding of the
P4–P6 domain in the Tetrahymena thermophila group I
intron.[27] A construct of the Schistosoma mansoni hammerhead
ribozyme incorporating peripheral sequences showed an increase in activity.[28, 29] Folding studies have shown that other
ribozymes also utilize peripheral sequences for proper folding
and catalytic activity. In the case of DNAzyme systems, the activity of the X-motif DNAzyme relies on peripheral sequence elements for activity.[30] A group of recently isolated, transitionmetal-dependent DNAzymes also utilizes peripheral sequences
to modulate catalytic activity[31, 32] and to stabilize the 8–17
motif within a larger DNAzyme structure.[32]
Sequence elements important for enhanced Co2 + selectivity
We found that the peripheral sequence forming loop II in the
alternative truncation platform is important for increased Co2 +
selectivity. Restoring the Co2 + selectivity of 11BNick2 to levels
similar to those observed in clone 11 also led to insights into
the structure-function relationships in clone 11. First, the similarities between the ionic radii and coordination geometry of
Co2 + and Zn2 + make the twofold increase in the Co:Zn selectivity of 11BNick2 particularly significant. The peripheral sequence element loop II may assist in forming tertiary structural
features that facilitate the three-dimensional arrangement of
ligand donor elements contributing to clone 11’s Co:Zn selectivity. Second, the restoration of the Co2 + selectivity over Pb2 +
remains equally significant because of the high background
rate of Pb2 + -mediated phosphodiester hydrolysis. Additional
peripheral sequences beyond loop II may be required to produce a structure that further increases the selectivity over Zn2 +
and Pb2 + to levels observed in clone 11. The tertiary structure
formed may involve loop II along with the conserved region
(positions 51–70) or the 3’ substrate binding arm to provide a
three-dimensional arrangement of functional groups leading
to the preferential binding of Co2 + .
In the clone 11 DNAzyme system, the results from “nicked”
constructs lend credence to the idea that peripheral sequences
increase Co2 + selectivity. For example, converting loop II to a
tetraloop or introducing mutations into the substrate-binding
arms may have contributed to differential Co2 + selectivity.
These possibilities, however, are unlikely to be the sole reasons
for the increased Co:Zn selectivity. Loop II alone was sufficient
to produce modest but reproducible increases in selectivity
over those observed in clone 11. It is also important to note
that increased Co2 + selectivity over both Zn2 + and Pb2 + was
observed in a construct that contains only two of the four
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nucleotides that distinguish clone 11 from clone 18. This raises
the possibility that nucleotides 72 and 77 contribute to a
three-dimensional structure that preferentially binds Co2 +
either through direct Co2 + binding or through a tertiary fold
that uses these nucleotides to form a Co2 + -selective metalbinding pocket. The modest increase in Co2 + selectivity over
Zn2 + also suggests that secondary or tertiary elements present
in the full-length clone 11 DNAzyme are only approximated in
the truncated “nicked” platform. These results support the possibility that peripheral sequence elements contribute to a tertiary structure with sufficient complexity to arrange DNAzyme
ligand donor groups in a Co2 + -selective metal-binding pocket.
Role of secondary structure in metal selectivity
Comparing structural features present in clone 11 with those
of other DNAzyme/ribozyme systems provided further insights.
The poor conservation of an element essential for selectivity in
clone 11 is mirrored in the Sc.ai5g group II self-splicing intron,
which shows poor conservation of the sequence required for
substrate recognition.[33] A Mg2 + -dependent secondary structure rearrangement at this substrate recognition site in the
group II intron is proposed to facilitate substrate binding.[34] In
other ribozyme systems, secondary structural motifs contribute
to metal binding and tertiary structure formation. Loop–loop
interactions mediate tertiary contacts necessary for the optimal
activity of many ribozymes as well as the ribosome.[20, 28, 35, 36] A
single-stranded loop in the hammerhead ribozyme stabilizes
the tertiary fold and facilitates catalytic core formation.[37] Loop
regions have also been implicated in G-quartet formation and
stability,[38] as observed in a recently isolated kinase DNAzyme
that uses the loop region of a G-quartet to form a distal tertiary contact required for activity and G-quartet formation.[39]
Helical junctions, also present in clone 11, facilitate the assembly of the tertiary structure in many large and small ribozymes,[36, 40, 41] the RNA component of telomerase, and most notably in the recently isolated nuclease[4, 5, 42] and ligase[43] DNAzymes. The triple-helix junction in the 8–17 system comprises
the catalytic core and serves as a hinge point for tertiary folding.[44] Crystal structures of the ribosome[20] and the L1 ligase ribozyme[45] both demonstrate the formation of tertiary contacts
and the organization of divalent metal ion binding pockets
mediated by helical junctions. Further studies on the clone 11
system are likely to confirm that secondary structure motifs
perform similar functions: forming a tertiary structure that contributes to the DNAzyme’s ability to bind Co2 + with high selectivity.
Role of metastable structures in determining metal
selectivity
Our results also suggest that metastable structures predicted
by mfold may affect metal selectivity. Metastable structures are
involved in the folding and function of many other DNA and
RNA systems. Differential folding and metal ion-dependent secondary and tertiary structure rearrangements in many ribozymes are likely to proceed through metastable struc-
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tures.[23, 46–48] For example, metastable structures contribute to
the folding of the hepatitis delta virus[48] and the P4–P6
domain of the group I intron,[47] as well as mediating splicing
activity of the thymidylate synthase group I intron.[47] The
group II intron has also demonstrated differential folds based
on the identity of the metal-ion cofactor.[49] Riboswitches have
also been shown to undergo metal-ion-dependent structural
transitions that affect cofactor binding and activation.[50] In the
case of DNAzymes, in vitro selected transition-metal-ion-dependent systems show multiple structures for similar sequences.[31] In addition, allosteric DNAzymes undergo analyte-dependent structural changes.[51] Other effects of metastable
structures are seen in the transcription and activity of viral and
mRNA sequences.[40, 47, 52] Finally, a number of conditions, including monovalent[53] and divalent metal ion concentration,[21, 54] temperature,[51] pH,[53] and peripheral sequence elements[27, 55] affect the folding behavior and prevalence of metastable structures.
The influence of metastable structures on the metal selectivity of clone 11 is supported by its Co2 + selectivity and multiple
predicted secondary structures, as well as the precedent of
metastable structures observed in other DNA/RNA systems. Results from truncation studies show that the largest decreases
in Co:Zn and Co:Pb selectivity (Table 5) correlate with constructs showing multiple predicted secondary structures. Interestingly, two of these predicted secondary structures, 11B and
11B’, lie within a sequence region that is highly conserved and
intolerant to point mutations. The correlation of Co2 + selectivity with multiple predicted secondary structures suggests the
possibility of interconversion between the 11B and 11B’ structures. A structural rearrangement may have the functional role
of repositioning the single riboadenosine, which is predicted
to be base-paired in the 11B-type structure, to allow for the incoming nucleophile’s in-line attack on the scissile phosphate.
Competing metastable structures may also help explain the
persistence of Pb2 + - and Zn2 + -dependent activity after multiple rounds of negative selection, as observed with the persistence of inactive sequences following negative selection.[56]
Finally, peripheral sequences and Co2 + metal ions may help
stabilize the 11B-type structure, an effect mediated by both
peripheral sequences and metals in other DNAzymes/ribozymes[27, 32, 55] and only approximated in truncated constructs in
the clone 11 system. A complex but synergistic relationship
may exist between metal-ion cofactors and peripheral sequence elements that contribute to Co2 + selectivity in clone
11.

Conclusions
Clone 11 requires both its primary sequence and the peripheral
sequence element loop II to be selective for Co2 + over Zn2 +
and Pb2 + . Loop II’s structural features and nucleotides 72 and
77 likely contribute tertiary contacts that either stabilize or
form a Co2 + selective binding pocket. This study provides a
foundation to further investigate the relationship between
DNAzyme structure and analyte selectivity. The success of the
“nicked” strategy in reintroducing peripheral sequence eleChemBioChem 2012, 13, 381 – 391

ments and in restoring Co2 + selectivity suggests the potential
of this approach as a general method for truncating and studying DNAzymes/ribozymes when the traditional truncation
method fails to work. As the effects of peripheral sequences
and secondary structure on cofactor selectivity are better
understood, increasing or altering cofactor selectivity may be
possible through rational design and in vitro selection based
on established motifs. With its increased selectivity at low
metal-ion concentrations, clone 11 is a good candidate for the
analyte-responsive element of a biosensor. Finally, insights
about the potential contributions of secondary structures to a
DNAzyme’s overall function may be important in future DNAzyme/ribozyme-based biotechnology applications that require
high activity and high analyte selectivity.

Experimental Section
Materials: NaCl, CoCl2, ZnCl2 and Pb(CH3COO)2 were purchased
from Alfa Aesar at puratronic grade (99.998 % or greater purity,
metals basis). HPLC-purified DNA oligonucleotides were purchased
from Integrated DNA Technologies. Additional DNA-RNA chimeric
oligomers were purchased from TriLink Biotechnologies and were
purified by the company unless otherwise indicated. HEPES was
purchased from Sigma–Aldrich. All buffers were treated with
Chelex 100 (Sigma–Aldrich) to remove divalent metal ions. The
radiolabeling of DNA-chimeric substrates was carried out using
redivue [g-32P]ATP (Amersham Biosciences) and T4 polynucleotide
kinase (Invitrogen).
Artificial phylogenetic analysis and design of clone 11 constructs: The sequences used in the alignment, including clone 11
and 18, were derived from previously described in vitro selection
experiments.[6] Sequence alignments of sequences from selections 1 and 2 were constructed using the MultAlin folding program.[57] Highly conserved sequences have greater than 90 % consensus, moderately conserved sequences have between 50 % and
90 % consensus, and nonconserved sequences have less than 50 %
consensus.
The design of constructs for the Co2 + selectivity studies was based
on the sequence and structure of clone 11, clone 18 or the 11B
trans-cleaving construct (11B-trans), as predicted by the mfold DNA
folding algorithm.[24] Oligonucleotides were purchased from Integrated DNA Technologies. Mutations were introduced at key locations as determined by factors such as the alignment of selection 1
and 2 sequences, previously tested truncations, attempts to minimize self-complementarity among enzyme and substrate strands,
or attempts to stabilize or destabilize secondary structures predicted for trans-cleaving clone 11 constructs. The 11B-trans construct
was designed by truncating nucleotides 1–15, 38–43, and 78–107.
Alternative truncation strategies were developed to investigate the
Co2 + selectivity. Truncated constructs were designed that retained
nucleotides 38–43 while truncating positions 1–15 and 78–107 to
various degrees. An additional strategy was developed that placed
a single nick at one of two locations within the 5’-substrate binding arm of clone 11. Mutations were made that retained the predicted secondary structure and activity of clone 11 and stabilized
the formation of the nicked helix. Additional truncated “nicked”
constructs were designed that contained nucleotides 1–15 and 78–
107 to various degrees (clone 11 numbering). The sequences of all
constructs tested are shown in Figure 3 A.
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Kinetic assays: The kinetics of the cleavage of cis- and trans-constructs at a single riboadenosine was monitored by a radioactive
assay. Preparation of 32P-radiolabeled DNA substrates for assays
was carried out as follows: the DNA substrate or cis-cleaving construct (20 pmol), [g-32P]ATP (Amersham, 0.3 mm), and T4 polynucleotide kinase (1.25 U mL1) were heated at 37 8C for 45 min. in a reaction mixture that contained Tris·HCl (70 mm, pH 7.6), KCl (0.1 m),
MgCl2 (10 mm), and 2-mercaptoethanol (1 mm). The labeled product was then desalted using a Sep-Pak Plus C-18 cartridge, flash
frozen, and lyophilized. DNA samples were prepared at twice the
final concentration in HEPES buffer (50 mm, pH 7.0) with NaCl
(500 mm). The NaCl concentration was chosen because the Co2 +
-dependent activity begins to plateau at 300 mm NaCl (Bruesehoff
and Lu, unpublished data). Reactions were performed under single
turnover conditions using a DNAzyme (1 mm) and its 32P-radiolabeled substrate (30 nm), where the concentrations listed are the
final concentrations. Samples were annealed by heating to 95 8C
for 3 min., then cooling to ambient temperature over 15 min. Each
reaction was initiated by adding an equal volume of CoCl2, ZnCl2,
or Pb(CH3COO)2 to the DNAzyme solution. Aliquots (5 mL) were removed periodically and transferred to stop buffer (10 mL) containing urea (8 m) and EDTA (50 mm). Samples were then separated on
a 20 % polyacrylamide gel and exposed to a storage phosphor
screen (Molecular Dynamics). Gels were analyzed by scanning the
storage phosphor screen on a Storm 840 phosphorimager (Molecular Dynamics). The cleavage efficiency was calculated at time t
using the following equation: y = 100*[Ic/(Iu+Ic)], where y is the percent cleaved product, Ic is the intensity of the cleaved substrate
and Iu is the intensity of the uncleaved substrate. Pseudo-firstorder rate constants were determined by fitting an equation of the
form y = yo + a (1ekt) to the data using SigmaPlot 8.0, where y is
the percent cleaved product as a function of time t, yo is the background product at time t = 0, a is the fraction of the pool cleaved
at time t = 1, and k is the observed rate constant.
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