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1. Introduction

DNAzymes, also known as deoxyribozymes, are oligomers of DNA whose sequence
provides them with catalytic functionality. They are analogous to ribozymes, which are RNA
molecules with enzymatic functions naturally found in all forms of life. In contrast,
DNAzymes are not known to be naturally occurring; they were first identified in 1994
through /n vitro selection from a large pool of random DNA sequences (Figure 1).1

The specific type of catalytic functionality available to DNAzymes depends on the sequence
of the DNA, and in many cases also on the presence of additional cofactors. The most
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common class of cofactors for DNAzyme catalysis is metal ions.3~7 A number of
DNAzymes that utilize metal ions to carry out catalysis are shown in Table 1. The sequences
and proposed secondary structures of some DNAzymes are shown in Figure 2.

Hence, DNAzymes are an emerging class of metalloenzymes in biology that perform many
different reactions with rates that can sometimes compete with other known types of
enzymes — for instance, the 10-23 DNAyzme catalyzes RNA cleavage with a catalytic
efficiency (kca'kpm = 10° M~ min~1) rivaling protein ribonucleases.? In contrast to the rich
knowledge on interaction of metals with proteins and RNA, DNA-metal interactions are far
less well understood. Thus, studying DNA-metal interactions is an important step in
improving our understanding of this class of metalloenzymes.

While it may not be a surprise that DNAzymes can bind metal ions due to their highly
negatively charged phosphodiester backbone, many studies in the past 15 years have shown
that DNAzymes can be identified that bind a metal ion sefectively 141858 As a result, these
DNAzymes have been converted into sensors that are able to report on the presence of the
necessary metal ion cofactor in environmental samples, as well as within cells.18:59.60 |n this
approach, the catalytic activity of the DNAzyme is directly read out by coupling the
catalyzed reaction (e.g. RNA cleavage via transesterification) to a reporting modality. In its
simplest form this readout signal can be something as direct as fluorescence increase;
however, many additional strategies have been reported, including
fluorescence,14.17-19,21,24,2558-61 |yminescence,62-65 electrochemical signal,86-69 MRI
relaxivity,’%"1 and methods utilizing conjugated protein enzymes to produce metabolites
such as glucose.”273 A number of these strategies have been discussed in more depth in
recent reviews and will not be covered in detail in this review.34.74.75

In this review we focus on characterization methods that have been utilized or which show
promise for investigating details of metal-DNA interactions, including metal specificity of
DNAzymes, metal-dependent DNA folding, and structural features of DNA-metal
interactions. We have separated these techniques into three broad categories: a) biochemical
assays to obtain information about sequence features that are responsible for catalysis and
metal selectivity, b) structural characterization to obtain information about 3D structure of
DNAzymes, and c) spectroscopic studies of the metal-binding sites. At each section, we
discuss the results of recent studies using these methods. Finally, we conclude with a
perspective on the future directions of the DNAzyme field.

2. Biochemical approaches towards understanding metal ion selectivity

Biochemical approaches are the most ubiquitous methods for studying DNAzymes, as they
typically apply directly to DNA and are thus closest to the strategies employed during
DNAzyme selection.”® As with the biochemical study of protein enzymes, many mutagenic
approaches can be utilized to better understand critical regions or bases in a DNAzyme
sequence. The impact of alterations to a DNAzyme sequence is most often assessed by
direct measurement of the catalytic activity, i.e., the catalytic rate of a DNAzyme in the
presence of a particular metal ion. Comparing the catalytic activity of a particular DNAzyme
in the presence of different metal ions allows the determination of the selectivity of that
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DNAzyme for a particular metal ion, which is critical for sensing applications.2 By
introducing deletions, mutations, or modified nucleotides, one can directly probe the
locations, bases, and individual functional groups, respectively, that are critical for metal-
dependent DNAzyme catalysis.

2.1 Biochemical studies of divalent metal ion-dependent DNAzymes

The first DNAzyme isolated by /n vitro selection was a Pb2*-dependent DNAzyme, reported
by Breaker and Joyce,! later named the GRS DNAzyme (Figure 2).58 Soon after this work,
Santoro and Joyce carried out /n vitro selection of DNAzymes capable of cleaving all-RNA
substrates in the presence of Mg2*. This selection resulted in two structurally distinct
scaffolds, termed the 8-17 and 10-23 DNAzymes (Figure 2).° Both DNAzymes have
relatively short sequences within their predicted catalytic core regions — 13 and 15
nucleotides, respectively. In order to better define the sequence requirements, a reselection
protocol was carried out in which the originally identified catalytic core was partially
randomized and /n vitro selection was repeated on this pool. Initial analysis of the sequence
diversity from this process indicated a predicted stem-loop secondary structure for 8-17 with
a highly invariant AGC loop, and a 4-5 nt unpaired region with slight variability. In contrast,
the 10-23 DNAzyme was found to have nearly no tolerated sequence variations.®

Subsequently, two other independent /n vitro selections by the Faulhammer and Lu groups
resulted in the identification of new DNAzymes sharing the same motif as the 8-17
DNAzyme.811 These DNAzymes were investigated by Peracchi group, who identified that
the catalytic activity of both DNAzymes as well as the original 8-17 DNAzyme was faster
with Ca2* than with Mg2*-77 Mutations of a specific ACGA turn motif appeared to reduce
the selectivity for Ca2* over Mg2+77

Although the 8-17 DNAzyme was obtained through /n vitro selection in the presence of
different metal ions such as Mg2* and Zn?*, it was later shown to display much higher
activity with Pb2* than with other metal ions.”® This high activity with lead was utilized to
create the first DNAzyme-based catalytic beacon sensor for lead ions.’® Later studies
identified that the selectivity of GR5 for PbZ* over other metal ions is considerably greater
than that of the 8-17 DNAzyme.>8 A comparative analysis of the GR5 and 8-17 DNAzymes
has led to a proposal that the 8-17 DNAzyme is a particular variant of GR5 DNAzyme with
additional peripheral motifs that allows other metals to also support catalytic activity.”® A
major barrier towards practical applications of these DNAzymes for detection of metal ions
is that the hybridization and dehybridization of the DNA binding arms are highly dependent
on temperature. To overcome this limitation, mutagenesis has been made to make the 8-17
DNAzyme more resistant to temperature variations.8°

To broaden the scope of metal ion cofactors used by DNAzymes to transition metal ions, Lu
and coworkers selected DNAzymes for Co2* using a protocol designed to select DNAzymes
responsive to Co2* but not Zn2*-13 In this protocol, the random pool of DNA sequences was
subject to selection towards the target ion, Co?*, but sequences that were also active with
Zn2* were removed. This process, named negative selection or counter selection resulted in
sequences with more activity for Co?* over Zn?* or Pb%* improving the metal ion selectivity
of the resulting DNAzyme.15 Later, in a more detailed truncation study of this sequence, Lu
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and coworkers found that the Loop Il stem-loop structure in the periphery of the DNAzyme
sequence was a major factor in relative activity of the DNAzyme towards Co?* instead of
Zn2* or Pb2*. Due to the distance between cleavage site and peripheral domains, this result
indicates the importance of a very significant level of structural complexity in determining
metal ion selectivity.81

The 39E DNAzyme was identified in a selection attempt to obtain DNAzymes active
towards the uranyl ion (UO,2%).1482 UO,2* is the most stable chemical form of uranium in
water, and is of great interest for environmental monitoring and remediation applications.14
The 39E DNAzyme shows excellent (> 108-fold) selectivity for uranyl over other metal ions;
this DNAzyme was converted into a catalytic beacon sensor whose detection limit for uranyl
(45 pM) exceeded the limit of detection that can be achieved by inductively-coupled plasma
mass spectrometry (ICP-MS).14 Analysis and mutation of the 39E sequence by Lu and
coworkers yielded an optimized form, which consists of a bulged stem-loop structured.82
Interestingly, a G-A wobble pair adjacent to the cleavage site was found to be important for
DNAzyme activity, which could indicate the formation of a uranyl-specific binding site at
this noncanonical base pair.82

2.2 Biochemical studies of trivalent and monovalent metal ion-dependent DNAzymes

A great deal of recent study has investigated DNAzymes that are active in the presence of
targets beyond divalent metal ions. Silverman and coworker selected DNA-hydrolyzing
sequences in the presence of both ZnZ* and a trivalent lanthanide ion, such as Ce3*, Eu3*, or
Yb3*. They identified several sequences that required both metal ions for activity.
Interestingly, two of the identified sequences were found to be active even in the absence of
Zn2* and had significant selectivity for Yb3* over the other lanthanides.32 Liu and
coworkers selected a number of RNA-cleaving DNAzyme sequences responding to trivalent
lanthanide ions. One such sequence, termed the Ce13 DNAzyme (Figure 2), was found to
have very broad substrate scope, showing high activity with any of the trivalent lanthanide
ions, as well as with Y3+19 Further /n vitro selections identified other sequences with
different patterns of lanthanide reactivity?%-21: a ratiometric approach combining multiple
sequences with different response patterns to distinguish between light and heavy lanthanide
ions has been demonstrated.2!

Another class of targets that has recently undergone investigation is monovalent metal ions.
Lu and coworkers identified a DNAzyme, called the A43 DNAzyme that catalyzed RNA
cleavage specifically in the presence of Na* (Figure 2). The A43 DNAzyme was found to
have over 10000-fold selectivity for Na* over even other monovalent metal ions, and even
higher selectivity over divalent and trivalent metal ions. This DNAzyme was truncated and
converted into a catalytic beacon sensor to measure intracellular sodium in HeLa cells.18

A comparison of the sequences of the A43 and Cel3 DNAzymes revealed significant
similarity and further analysis by both Lu and Liu groups uncovered a simultaneous
requirement for Na* as well as lanthanide ions for the activity of Ce13 DNAzyme.83:84
Interestingly, this Na*-dependent activity is distinct from other reported lanthanide-
responsive DNAzymes, which show no change in activity even in the absence of Na*-84 At
the same time, although the A43 DNAzyme does not function without Na*,18:83 its activity
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was shown to be accelerated in the presence of high concentrations of Ce3*-84 An analysis of
the kinetics of Ce13 DNAzyme showed that it is first-order with respect to both Na* and
Ce3*, suggesting the presence of independent binding sites for the two metal ions.83:84
Systematic screening of mutants partway between the sequences of Ce13 and A43
DNAzymes identified a single nucleotide in the A43 DNAzyme sequence, Gz, which is
absolutely critical for the Ce3*-independent activity of the A43 DNAzyme, as well as a Na*-
binding loop containing 8 conserved guanines.8*

2.3 Biochemical studies using modified nucleotides

Modified or unnatural bases provide the researchers with an opportunity to tune individual
functional groups of nucleotides with exceptional precision. Therefore, they can be used to
elucidate the role of specific functional groups in enabling catalytic activity and in
interacting with metal ion cofactors. Several modified bases have been used to study
DNAzymes (see Figure 3).

Kurreck and coworker replaced bases in different regions of the 10-23 DNAzyme by
hypoxanthine and 2-aminopurine and determined that the 2-amino and 6-oxo groups of G14
and the exocyclic group of As are essential for the activity.85 Clerici and coworkers carried
out substitutions at the Ag, G7, C13, and Gq4 positions in the 8-17 DNAzyme with a variety
of unnatural nucleobases including hypoxanthine and 2-aminopurine (Figure 4).86 The study
suggested a crucial role for the N7 site of Ag, Og site of G, and the N2 site of Gq4. Xi and
coworkers used abasic nucleotides or C3 spacers in different positions in the 10-23 and 8-17
DNAzymes and showed that, in addition to the known essential nucleotides, other positions
within the DNAzyme can be of importance.87 Liu and coworkers replaced G,3 in NaA43
DNAzyme to hypoxanthine and demonstrated the importance of the NI position in Go3 in the
activity.84 They also showed that by incorporating a modified phosphorothioate in their
DNA pool, they could enhance the affinity for Cd2* a thiophilic target, resulting in a Cd2*-
dependent DNAzyme with over 100,000-fold selectivity for Cd2* over Zn2*. Obtaining such
selectivity for Cd%* has been shown to be difficult without the use of this modified ligand.2°
Interestingly, Perrin and coworkers obtained a divalent metal-independent DNAzyme by
incorporating a cationic amine, an imidazole and a guanidine functional group to their DNA
pool.88

2.4 Insight from kinetic analysis into metal specificity

In addition to providing invaluable information about rates of reaction, activity assays can be
used to investigate the substrate scope of a given DNAzyme and the specificity of the
DNAzyme towards a particular metal cofactor, with possible hints about the mode of action.
For example, if a DNAzyme is functional with both Cu?*, a redox active metal ion, and
Zn2*, a redox inactive metal ion, with similar rates, it can be deduced that the role of the
metal ion may not rely on metal redox-activity. Concentration-dependent curves of the rate
can be used to find out the number of metal ions required for activity. It has been shown that
in systems requiring more than one metal ion, the rate equation can be used as a guide to
deduce the relationship between the different metal ions. Liu and coworkers showed that
Cel13 DNAzyme has a linear rate dependence to both Ce3* and Na* (k = [Na*][Ce3*]),
which suggests that the two metal binding sites are independent of each other.83.84
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Much information can be deduced from analyzing the observed trends in the activity of a
DNAzyme in the presence of different metal ions and its binding affinity to those metals. For
example, preference for transition metal ions over alkaline earth metal ions can reveal
information about the ligands to the metal ion. Alkaline earth metal ions are known to have
lower affinities to nucleic acid ligands, as they tend to retain their hydration shell and bind
via outer-sphere coordination.89:90 Transition metal ions in contrast can bind to O or N
groups of bases through both outer- and inner-sphere interactions in addition to the non-
bridging phosphate oxygen group.9%-92 Comparing the trends of the binding affinity and
activity of the DNAzymes in the presence of different metal ions can provide information
about the metal-DNA interaction. Similarity between these two trends is an indication of
binding being a rate-limiting step. Liu and coworkers showed that, in the lanthanide-
responsive Ce13 DNAzyme, these two trends are not consistent and hence binding is not the
rate-limiting step in RNA cleavage.®3 Similarly, Lu and coworkers compared the result of
binding affinity and activity of several metal ions to the 8-17 DNAzyme and identified a
relationship between increased charge density and higher affinity, suggesting a role for
electrostatic interactions in metal binding. Pb2* was observed to be an exception to the
observed trend, suggesting a possible alternative mechanism for Pb2*-dependent activity.94

2.5 Biochemical studies of hemin-dependent peroxidase DNAzymes

Activity assays can inform on DNA-metal interactions in the specific case of peroxidase-
mimicking DNAzymes. In these DNAzymes, a hemin cofactor is coordinated to a G-
quadruplex motif present in the DNAzymes (see Figure 5a—c). These DNAzymes can
perform peroxidation (one-electron oxidation) and peroxygenation (two-electron oxidation)
in an efficient manner, with activity comparable to natural peroxidases and P450
monooxygenases.?>:% This robust activity can be used to assess the effect of mutagenesis or
changes in the enzyme structure and hence DNAzyme-hemin interaction in a fast and
reliable manner. Sen and coworkers used isoguanine (iG) multi-stranded DNA and RNA to
find out how the hemin is activated by the G-quadruplex. They found out that iG pentaplexes
show peroxidase activity but that iG-quadruplexes do not. Based on a combination of
computational and experimental evidence, they conclude that the planarity of the binding
motif (G-quadruplex or iG-pentaplex) is an important factor in activating the hemin
cofactor.9 In a detailed study, Shangguan and coworkers compared the kinetics of G-
quadruplex hemin DNAzymes with horseradish peroxidase (HRP). They found out that the
DNAzyme has a broader substrate specificity than HRP and a higher inactivation rate as
well, mostly due to hemin degradation. They suggest that this higher degradation rate is
because the hemin is more exposed in DNAzymes. They also proposed a possible catalytic
mechanism and inactivation pathway for G-quadruplex/hemin-dependent DNAzymes
(shown in Figure 5d).%8

2.6 Reaction product analysis

Mass spectroscopy can identify the reaction products of a DNAzyme and provide insight
into how the metal ion affects or controls DNAzyme catalysis. Such information can be
helpful in identifying different interaction modes between a DNAzyme and its metal
cofactor. Lu and coworkers performed MALDI-TOF mass spectroscopy on the cleaved RNA
products of the 8-17 DNAzyme with different added metal ions. In the presence of Zn%* or

Inorganica Chim Acta. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hwang et al. Page 7

Mg?2*, the reaction goes through a 2”,3"-cyclic phosphate at the end of the 5"-product.8
However, this moiety is changed to a 3" (or 2”) monophosphate in the case of Ph?* (Figure
6).99

3. Structural characterization of DNAzymes

3.1 Structural characterization using NMR

Biochemical study of protein and ribozyme catalysis has been greatly enhanced by the
ability to obtain high-resolution three-dimensional structures from methods including X-ray
crystallography and nuclear magnetic resonance (NMR). In contrast, structural
determination of DNAzymes is comparatively underexplored. Such paucity in structural
information on DNAzymes is proposed to be due to the flexibility of the enzyme strand and
the conformational changes that are associated with its activity.1%° Reports on NMR
structures of DNAzymes are rare. In fact, to our knowledge only a single structural
assignment of a DNAzyme via NMR has been reported.191 Choi and coworkers

performed 1H NMR on an RNA-cleaving DNAzyme with an uncleavable substrate under
typical reaction conditions containing the Mg2* cofactor. The authors were able to assign all
the imino protons and then using sequential assignment assigned protons from the bases of
one binding arm, but the catalytic core could not be assigned in this way.101

3.2 Structural characterization using X-ray crystallography

In 1999, Joyce and coworkers reported an X-ray crystal structure of the 10-23 DNAzyme at
3.0 A resolution (Figure 7). This crystal revealed an interesting nucleic acid fold in which
the helices formed two four-helix junctions stabilized by extensive base-stacking interactions
and possibly by metal ions. However, this structure was shown to not be the active form of
the DNAzyme, and therefore structural insight into the mechanism of action or the role of
metal ions in the 10-23 DNAzyme was ultimately limited.102

In 2016, Hobartner, Pena and coworkers reported the first crystal structure of an active RNA-
ligating DNAzyme at 2.8 A resolution (Figure 8).193 This study enabled them to propose, for
the first time, a molecular mechanism of action for a DNAzyme. The work suggested that
the lack of the 2" hydroxyl group in DNAzymes, which is the most common reactive group
in ribozymes, is compensated for the more flexible backbone of DNA, made possible by the
lack of the same hydroxyl group.103

Although no electron density was observed that would clearly correspond to the metal ion
cofactor in the active site, a number of interesting features suggest roles of particular
functional groups in metal binding. The backbone phosphate group of nucleotide A3 was
found to be located 3.1 A from the ligation junction. They further investigated this
nucleotide by installing phosphorothioate modifications at the backbone site. For both
cofactor metal ions (Mg?* and Mn2*), a major loss of activity was observed with only the Sp
phosphorothioate diastereomer, but no loss of activity was observed with the Rp
diastereomer. While no restoration of activity (thio effect) could be demonstrated with the
more thiophilic Cd2* ion,103 the observed lack of thio effect does not conclusively rule out
metal coordination to the non-bridging pro-Sp phosphate oxygen.194 Further work will be
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required to address the specific role of metal ions in this and other DNAzymes, including
obtaining more crystal structures of DNAzymes with metal-binding sites in the active sites.

3.3 Structural characterization using photocrosslinking and photocleavage

At the same time as the ongoing efforts to obtain crystal or NMR structures of DNAzymes
in their active form, several studies used contact crosslinking experiments to obtain
information of the global fold of DNAzymes, the required features for DNA-metal
interaction and subsequent activity. In this method, the contact points between the substrate
strand and the enzyme strand, and the enzymes strands with itself, are mapped. Changes in
the folding result in changes of contact points. These studies, while not as direct as a crystal
or NMR structure, shed light on several structural aspects of metal-mediated DNA activity.
Liu and Sen used contact photo-crosslinking to study the 8-17 DNAzyme. They used a 32P-
labeled enzyme strand and then mapped the formation of radioactive products after photo-
crosslinking by irradiation at 365 nm.105:106 |n one study, different nucleotides in the 8-17
DNAzyme were replaced with different thio- or halogen-substituted base analogues in the
presence of Mg2*. The use of these modified bases allowed photochemical production of
contact crosslinks. By analysis of the resulting crosslinking patterns, this technique was used
to produce a model of the folded 8-17 DNAzyme (Figure 9a). In this model, the scissile base
in substrate is sandwiched between the wobble thymine in the DNAzyme and the two loops
around it.105 In order to separate the interactions between the enzyme and substrate strand
and those within the enzyme strand, they also repeated the experiment with a labeled
substrate strand and unlabeled enzyme strand. Interestingly they showed that no global
folding of the DNAzyme is required for its lead-dependent cleavage activity.1% In another
study, Sekhon and Sen showed that replacement of the scissile phosphodiester with
phosphorothioate adds chirality and can thus provide insight into the arrangement of
nucleobases in the active site of the DNAzyme.197 Using this method they provided
evidence for the importance of the presence and position of the unpaired Cq3 base in the
enzyme strand. They also demonstrated that the C3 base played a critical role in the
DNAzyme’s activity, and may be involved in acid-base catalysis.107

In a related study, Lu and coworkers investigated the active site of the 39E and 8-17
DNAzymes using uranyl as a photochemical probe (Figure 9b).108 By irradiation of uranyl
at 300-420 nm, nearby single-stranded DNA can be nicked; separation by PAGE then allows
sites of cleavage to be readily visualized. Taking advantage of the specific binding of uranyl
to the 39E DNAzyme, the metal-binding domains could be visualized by the pattern of
cleavage. The observed corresponding patterns differed for the 8-17 DNAzyme, which lacks
a specific binding site for UO,2*. The locations of photocleavage correlated with regions
known to be critical for activity, and deletions of these regions altered the pattern of
photocleavage and reduced the uranyl binding affinity, demonstrating the importance of
those loop regions for uranyl binding.108

4. Spectroscopic characterization of metal-binding site in DNAzymes

In addition to the biochemical and structural characterization approaches described
previously, many spectroscopic techniques have begun to be employed to characterize
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DNAzymes. These methods are largely metal ion-focused techniques adapted from
inorganic and bioinorganic chemistry that have been used previously in studies of inorganic
complexes, metalloproteins and metallo-ribozymes, and which can provide a wealth of
information on metal-binding sites in DNAzymes as well. It is important to note that some
of these techniques are applicable only to certain types of metal ions. For instance, electron
paramagnetic resonance (EPR) relies on the presence of unpaired electron spin, limiting its
application to DNAzymes that utilize paramagnetic metal ions.

4.1 X-ray absorption spectroscopy (XAS)

Extended X-ray absorption fine structure (EXAFS) is an extensively used method to study
metal binding centers in proteins, RNA, and DNA EXAFS is dependent on the ejection of a
core electron upon X-ray irradiation in a metal ion and the scattered patterns of interaction
of this photoelectron with the nearby electrons in non-excited atoms.19% EXAFS provides
information about the geometry of the metal-binding sites, such as the type and distance of
the ligands, the number of metal ions in the site, and some possible second shell interactions.
Moreover, since the atoms of different elements have different energies, each will absorb
photons with different energies, and thus EXAFS is element-specific. X-ray absorption near-
edge spectroscopy (XANES) can provide additional information about the oxidation state of
the metal ion.109

EXAFS has been used to study DNA-metal interactions. Shafer and coworkers have used
EXAFS to study the interaction of Pb2* with the thrombin aptamer.110 They demonstrated
that the PbZ* ion is coordinated to the O6 position of 6 guanines within the G-quadruplex
core of the aptamer, in good agreement with crystallography data.11% Although this study
was performed on an aptamer and not a DNAzyme, it aptly demonstrates the power of
EXAFS in studying DNA-metal interactions. Furthermore, as described previously (Figure
5), the G-quadruplex motif is known to be present in the metal-dependent peroxidase-
mimicking DNAzymes, 11 and thus similar approaches can be used to study the DNA-metal
interactions of those DNAzymes. Lu and coworkers have used EXAFS to study the
interaction of DNA with mercury in a 10-bp double stranded DNA as a model of a catalytic
mercury-dependent DNAzyme (Figure 10).112 This 10-bp DNA shared the same mercury-
binding site to the larger catalytic DNA.113 Their results showed one tight binding affinity
site for mercury, consistent with the observed one to one binding of the mercury ion to the
DNAzyme 112113

4.2 Fluorescent resonance energy transfer (FRET)

Fluorescent resonance energy transfer spectroscopy (FRET) has also been used to study
DNA-metal interactions. Taking advantage of the ease of modification of DNA bases, one
can label any two different sites in DNA with FRET pairs and monitor the FRET signal upon
metal addition or reaction. Careful placement of the FRET pairs can provide significant
insight about the interplay between the metal ion and enzymatic reactivity.114 Lu and
coworkers used a trifluorophore-labeled 8-17 DNAzyme to monitor the conformational
changes in the DNAzyme upon ZnZ* addition.15 This technique demonstrated that the
folding of DNAzyme to its active form is a two-step process, each linked to association of
one zinc ion (Figure 11).115 Later, single-molecule FRET (smFRET) was used to study the
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metal-dependent folding of the 8-17 DNAzyme, by immobilization of the enzyme strand to a
surface. Surprisingly, it was observed that Pb%*-dependent cleavage of the substrate doesn’t
result in the same global folding observed with Zn2*-dependent folding, indicating that
DNAzymes may be able to carry out lock-and-key target recognition for metal ions, in
addition to the more common induced fit mechanism.116

4.3 Circular dichroism (CD)

Another commonly used technique for obtaining structural information about DNA-metal
interactions in DNAzymes is circular dichroism (CD). CD is a differential spectroscopy
technique, which shows the difference between left- and right-handed circularly polarized
light.117 Any chiral molecule will have a non-zero CD spectrum. Biological samples,
including DNA, have many chiral centers and hence have robust CD spectra. CD is very
sensitive to secondary structures of macromolecules and therefore can be used to monitor
transitions in secondary structure during DNA-metal interactions.117 Lu and coworkers
showed the formation of Z-DNA in the 8-17 DNAzyme in the presence of monovalent metal
ions, and several divalent metal ions (Figure 12).94 Such structural changes were not
observed in controls with no enzyme or strand or an inactive form of the DNAzyme with a
single mutation. Taira and coworkers used CD to associate structural element formation with
activity and they showed that in metal-dependent DNAzymes, higher activity corresponds
well with increased occurrence of B-helix structure, as monitored by CD.118 Cieslak et a/.
used a combination of CD, FRET and fluorescence anisotropy to study the folding of the
10-23 DNAzyme in the presence of Mg2*-11% When the binding arms are correctly designed,
the 10-23 DNAzyme is known to inhibit expression of protein transcripts both /n vitroand in
vivo, but the initial /n vitro kinetic measurements were performed under Mg2*
concentrations much higher than physiological conditions.119 In this paper, the author
showed that the formation of the active DNAzyme happens in multiple stages and in a
Mg?*-dependent manner. They also demonstrated that under intracellular conditions, the
DNAzyme is in a partially folded state that cannot effectively bind the RNA substrate well,
and thus the observed activity /n7 vitro might result simply from an antisense effect rather
than by catalysis.119

4.4 Sensitized luminescence

Analysis of the sensitized luminescence emission of lanthanides has been used to study
nucleic acid-metal interactions in both ribozymes and DNAzymes. These studies have been
possible due to the ability of Th3* to bind at many metal binding sites. Upon binding, the
sensitized luminescence at 290 nm increases due to energy transfer from DNA/RNA.120.121
Thus Tb3* luminescence is highly sensitive to binding and provides a tool to study the metal
binding site in DNAzymes. Lu and coworkers showed that the luminescence of Th3* is
enhanced only in the active 8-17 DNAzyme and showed that it binds to an unpaired region
in the DNAzyme (Figure 13).121 Lifetime luminescence measurements in water and D,O
showed that the Th3* ion is coordinated to about 6 water molecules and 2-3 ligands from
DNA. Competition between divalent metal ions and Th3* suggested that Pb2* might bind to
a different site compared to other metal ions such as Zn2*-121 Lju and coworkers showed that
guanines in the loop of the sodium-dependent A43 DNAzyme are critical for binding to
Na.84 Liu and coworkers also used the same strategy to investigate the affinity of the
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lanthanide-dependent Ce13 DNAzyme for different lanthanides. They showed that the
binding affinities are symmetric across the series with Nd3* and Ho3* having the highest
affinity. Since the activity of the DNAzyme with different lanthanides was not consistent
with the observed binding trend, the authors suggested that metal binding is not the rate
limiting step of the reaction.%3

5. Concluding remarks

In this review we have described the commonly used methods for characterization of metal
ion-DNAzyme interactions and how such methods have been applied towards better
understanding this fascinating type of metalloenzymes. The increasing use of DNAzymes as
metal ion sensors both for environmental samples and more recently for cellular detection
has in part led to increased interest in the properties underlying their function and selectivity.

Achieving a better understanding of the main contributors to metal ion selectivity in
DNAzymes not only opens new avenues in bioinorganic chemistry, but also may allow the
design and improvement of metal ion sensors based on these molecules. As shown in the
previous sections, a number of novel characterization techniques have already been applied
towards understanding this selectivity, and future work will likely build upon the established
suite of techniques already in widespread use in studying metalloproteins.

In order to realize the full potential of metallo-DNAzymes, we believe the field will vastly
benefit from focus on the following future directions.

1. Comparative analysis of DNAzvmes with similar metal ion specificity. As
shown early in the history of DNAzymes, selections for disparate targets
can sometimes serendipitously identify sequences that are also active for
unintended targets. The clearest example of such event is the independent
selection of the 8-17 DNAzyme motif by multiple research groups under
different /n vitro selection conditions.8:%1177 |n the process, researchers
identified a number of functionally similar but non-identical sequences,
whose comparison enabled the identification of features critical for
observed differences in metal ion selectivity.””:"® More recent work has
been carried out to investigate the comparative selectivity of multiple Na*-
responsive DNAzymes, which could in turn report on structural features
critical for selective monovalent metal ion binding by DNA.83.84
Employment of next-generation sequencing technology may make it
possible to track large-scale changes in the pool of sequences during the /in
vitro selection process. This method would allow observation of the gain
or loss of particular domains as a property of selection stringency or
selection round, and could provide a wealth of information for such
comparative analysis.

2. Incorporation of modified nucleotides to study structural features
responsible for metal selectivity and activity on the level of individual
functional groups. Madified nucleotides have been incorporated into
DNAzymes for a number of applications, e.g. as high-affinity metal-
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binding ligands during selection,122 or for improved stability for cellular
sensing applications.5® The ease of synthesis of DNAzymes as well as the
straightforward design of modified nucleotides allows a great deal of fine-
tuning of the chemical properties beyond what is achievable with the four
basic nucleotides, on the scale of individual functional groups. An
excellent example is from the recent use of specific diastereomer
phosphorothioates to investigate the three-dimensional structure of
DNAzymes and improve catalytic activity.25103 Especially when
combined with higher-resolution structural information, these studies can
greatly elucidate the nature of the binding pockets used by DNAzymes to
selectively bind metal ions.

In vitro selection and study of DNAzvmes that are active in the presence
of spectroscopically rich paramagnetic metal ions. Most of the DNAzymes
that have been selected so far bind metal ions that often do not display rich
spectroscopic features, such as alkali and alkaline earth metal ions. As a
result, there has been an overall lack of spectroscopic investigation of
metal-binding sites in DNAzymes. Obtaining new DNAzymes that can
specifically bind spectroscopically rich paramagnetic metal ions such as
iron, manganese and nickel will not only expand the scope of DNAzyme
reactivity, but will also allow the use of the full range of spectroscopic
techniques used with metalloproteins and ribozymes, such as electron
paramagnetic resonance (EPR).123.124

In conclusion, much progress has been made in understanding the interactions of metal ions
with DNAzymes. With the employment of better /n vitro selection methods using modified
nucleotides and more advanced biochemical, structural and spectroscopic techniques, we
will gain much deeper understanding of metal-binding sites in DNAzymes. This
understanding will pave the way for wider applications of this burgeoning family of
metalloenzymes as a powerful new class of sensors for both environmental and cellular

metal detection.
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Highlights

. Reviews metal-dependent DNAzymes and identification of features
underlying metal ion specificity

. Biochemical analysis has identified conserved sequences and
secondary structure necessary for metal ion discrimination

. Many methods for structural characterization have been investigated

. Spectroscopic studies allow probing of the metal binding sites in
DNAzymes and catalytic mechanisms, including “lock-and-key” mode
of catalysis
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In vitro Selection

Amplification Target

Amplification/
Mutation

Repeat Rounds . .

Figure 1.
A representative scheme for /n vitro selection of metal ion-dependent DNAzymes. A

combinatorially large pool of random nucleotide sequences (center) with defined primer-
binding regions is put through successive rounds of selection (activity towards the target
metal ion of interest), amplification (using polymerase chain reaction, PCR), and mutation
(using mutagenic PCR). Figure adapted with permission from ref 2
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Figure 2.

Selected metal ion-dependent DNAzymes, showing predicted secondary structure. Enzyme
strands are highlighted in green, substrate strands in black (DNA) and red (RNA). R =
purine (A, G), Y = pyrimidine (C, T). Dashes indicate Watson-Crick base pairs, dots indicate
wobble pair interactions.
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Selected structures of modified bases used in the study of DNAzymes.
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Figure 4.
A scheme of conserved sequences of the 8-17 DNAzyme revealed by mutational analysis.

Mutations of the bases shown in black to any other natural base resulted in >100-fold
decrease in activity. Removal of the functional groups highlighted in gray circles caused
>100-fold decrease in activity. Residues shown in gray are those whose replacement by
modified bases caused >10-fold decrease in activity. Residues shown in white were more
tolerant to mutagenesis. Figure adapted with permission from ref 86,
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Figure 5.
(a) Schematic of a G-quadruplex, with a monovalent cation M* (e.g., Na* or K*) in the

center; (b, ¢) A docked structural model of hemin cofactor stacked on top of a G-quadruplex
(Bcl-2 DNA oligomer). Adapted with permission from ref %: (d) A proposed mechanism of
reaction and inactivation of G-quadruplex/hemin DNAzyme. Figure adapted with permission
from ref 98,
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Proposed mechanism of substrate cleavage by the 17E DNAzyme and the calculated mass of
substrate and products. Figure adapted with permission from ref 9.
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(b)

Figure 7.
(a) Crystal structure of inactive 10-23 DNAzyme and (b) detailed view showing the

extensive base-stacking network in the junction. (PDB ID: 1BR3) DNAzyme is shown in
cyan and substrate RNA strand is shown in green.
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Figure 8.
The crystal structure of 9DB1 DNAzyme color-coded based on the helices in the structure.

(PDB ID: 5CKK] An example of multiple stacking and hydrogen bonding interaction in the
DNAzyme is shown on the right.
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Figure 9.

Photocleavage and photocrosslinking analysis of DNAzyme structures, (a) Predicted
secondary structure and model of three-dimensional structure of 8-17 DNAyzme produced
by photocrosslinking analysis. The enzyme strand is shown in green and the substrate strand
is shown in pink. Yellow and white circles indicate specific nucleotides. (b) Summary of the
results of uranyl photocleavage studies of 39E DNAzyme. Bar heights are proportional to
relative distance from uranyl. Colors show intensity of photocleavage: red (high), green
(intermediate), and blue (low). Figure (a) is adapted with permission from ref 195, and figure
(b) is adapted with permission from ref 108,
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Radial distance (A)

(a) Secondary structure of inactive and Hg(ll)-binding activated DNAzymes. The Hg(ll)
binding to the T-T repeats in the stem activate the DNAzyme., (b). (¢c) Model of thymidine
paired with Hg(ll) ion used to fit the experimentally obtained EXAFS curve (d) and its
Fourier transforms (e). Figures a and b are adapted with permission from ref 112 and (c-e)

are obtained with permission from ref 113,
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Figure 11.
(a) The 8-17 DNAzyme with uncleavable substrate strand (17DDS) and the terminal FRET

pair modifications and their structures. (b) An example of spectral fitting with
trifluorophore-modified DNAzyme. (c) Proposed two-step mechanism of DNAzyme folding
in the presence of Zn?* ions. Figures are adapted with permission from ref 115,

Inorganica Chim Acta. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hwang et al. Page 31

30 i o
b L oam
a 2r7em  —Bform 20 ——025M
_ —2Zform ——05M
o ——20M
\/ / v
104
~294 nm
~255nm 201
T T 301 30
220 260 300 340 .
240 280 320 240 280 320
] - 0 ] - 0 ] [p—"
30 d Rb 30 e Cs 4 304 f NH, :
_
o
)
-]
£
£
[a]
o -
-30- 30 -30-
240 280 320 240 280 320 240 280 320
30 2 —0 30 2 ——O0uM 304 . 20
g Mo ot mm h 0T oM i LU Y
204 ——0.5mM 20 ——50 uM 204 ——0.5uM
——2.0mM ——90 uM —1pM
104 ——50mM 104 —— 140 M 104 ——6uM
A ——10.0mM & - 240uM 0 N 30uM |
> \“ E—TTINY]
104 104 104 —— 380 uM
-20 -20- 20
-30 -304 -30
240 280 320 240 280 320 240 280 320

Wavelength (nm)

Figure 12.
(a) Representative CD spectra of B- and Z-form of DNA. (b—i) CD spectral changes of 8-17

DNAzyme upon titration with several monovalent and divalent metal ions reveal structural
alterations upon metal-binding. Figure adapted with permission from ref 94
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(a) Structure of active 8-17 DNAzyme. (b) 17E-DDS, the inactive form of 8-17 DNAzyme
in which the substrate is not cleavable. (c) Increase in Th3* sensitized absorption upon
binding of Th3* to DNAzyme. Figures are adapted with permission from ref 121,
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Table 1

Examples of different reactions catalyzed by DNAzymes in the presence of different metal ions

Reaction type Metal cofactor Refs
RNA cleavage Pb%*, Mg?*, Zn?*, Ca?*, Mn?*, Ni?*, Mg?*, UO?*, Co?*, Na", trivalent lanthanides ~ 18-24
RNA phosphorothioate cleavage  Cd2* 25
DNA cleavage (oxidative) Cu?* 26-28
DNA cleavage (hydrolytic) Zn?*, Mn2*, Ce3*/Eud*/Yh3* 29-32
Phosphoramidate bond cleavage ~ Mg?* 33
DNA ligation Cu?*, Zn2?*, Mn2* 34,35
RNA ligation (2'-5") Mgz2* 36
RNA ligation (3'-5") Zn?*, Mg?* 37,38
RNA ligation (branch formation) ~ Mn2*, Mg?* 39-42
RNA ligation (lariat formation) Mn2* 39
Nucleopeptide linkage formation ~ Mn2*, Mg?* 43-45
DNA phosphorylation Mn2*, Cu?* 4
DNA capping Mg?*, Cu?* 47,48
DNA depurination Ca?* 49
Diels-Alder reaction Ca?* 50
Porphyrin metallation Cu?*, Zn2* 51,52
Amide hydrolysis ZnZ*, Mn?*, or Mg?* 53
Peptide phosphatase activity Zn2* 54
Tyrosine kinase activity Zn%*, Mn?*, Mg?* 55,56
Friedel-Crafts reaction 57

Cu?t
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