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Since the initial discovery of ribozymes in the early 1980s, catalytic nucleic acids have been used in

different areas. Compared with protein enzymes, catalytic nucleic acids are programmable in struc-

ture, easy to modify, and more stable especially for DNA. We take a historic view to summarize a

few main interdisciplinary areas of research on nucleic acid enzymes that may have broader impacts.

Early efforts on ribozymes in the 1980s have broken the notion that all enzymes are proteins, supply-

ing new evidence for the RNA world hypothesis. In 1994, the first catalytic DNA (DNAzyme) was

reported. Since 2000, the biosensor applications of DNAzymes have emerged and DNAzymes are

particularly useful for detecting metal ions, a challenging task for enzymes and antibodies. Combined

with nanotechnology, DNAzymes are key building elements for switches allowing dynamic control of

materials assembly. The search for new DNAzymes and ribozymes is facilitated by developments in

DNA sequencing and computational algorithms, further broadening our fundamental understanding

of their biochemistry.

INTRODUCTION

The notion that all enzymes are proteins was changed with the discovery of ribozymes in the early 1980s

(Guerrier-Takada et al., 1983; Kruger et al., 1982). Since then, researchers have been motivated to search

for new ribozymes in nature, in test tubes, and in silico. Although not yet found in nature, the first

DNAzyme (also called deoxyribozyme or catalytic DNA) was isolated using in vitro selection in 1994

(Breaker and Joyce, 1994). For applications outside cells, DNA is more attractive than RNA for stability

and cost considerations. A search in the ISI Web of Knowledge database revealed interesting trends (Fig-

ure 1). Publications on ribozymes peaked in the early 2000s, when the DNAzyme field just started to take off.

Recently, the papers and citations on DNAzymes have outnumbered that on ribozymes, which was mainly

driven by research on biosensors, intracellular RNA cleavage, and bionanotechnology.

With nearly four decades of development, nucleic acid enzymes have impacted many fields from

biosensing and anti-virus to materials science. Many reviews on ribozymes and DNAzymes have been

published (Hwang et al., 2016; Liu et al., 2009, 2017b; Silverman, 2016; Sun et al., 2000; Weinberg et al.,

2019; Zhou et al., 2017b), focusing these aspects. Herein, we wish to have a broad scope summary of

some key areas of the field. This may set a basis for further development and attracting attention of re-

searchers from other fields to use these interesting molecules. Limited by space, we cannot be comprehen-

sive and only representative examples will be discussed to make the content broadly interesting and

inspiring.

Ribozymes in the Early Days

RNA for a long time was only known for mediating the production of proteins. In the early 1980s, the

initial discovery of ribozymes was related to the RNA cleavage and self-splicing reactions, leading to the

award of the Nobel Prize to Cech and Altman (Guerrier-Takada et al., 1983; Kruger et al., 1982). Since

then, ribozymes for many important biological reactions were discovered in nature, such as the ribosomal

RNA catalyzing the formation of peptide bonds (Doudna and Cech, 2002; Müller et al., 2016). The ribosome

in cells is composed of both protein and RNA, whereas the peptidyl transferase activity was performed

by the RNA component (Figure 2A). Given that RNA possesses both genotype and enzymatic functions,

the RNA world hypothesis was proposed, insisting that RNA dominated the early life before proteins

(Gesteland et al., 1999; Joyce, 2002). In addition, many coenzymes or cofactors in protein enzymes, such

as coenzyme A (CoA) and nicotinamide adenine dinucleotide (NAD), contain the basic structure of ribonu-

cleotides, also supporting this hypothesis.
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Figure 1. Publication and Citation Trends

Comparisons of the number of publications (A) and citations (B) on ‘‘ribozyme’’ and ‘‘DNAzyme’’ or ‘‘deoxyribozyme’’ as

keywords from 1995 to 2019.
Over the past 30 years, self-cleaving ribozymes catalyzing the cleavage of phosphodiester bonds have

been continuously discovered. The hammerhead ribozyme (Figure 2B) was found in the tobacco ringspot

virus satellite RNA. Other ribozymes, including the hairpin, hepatitis delta virus (HDV), varakud satellite,

and twister ribozymes (Roth et al., 2013), were identified in various organisms. These enzymes catalyze

the site-specific cleavage of 30, 50-phosphodiester bonds with up to 106-fold rate enhancement. Many struc-

tural and biochemical studies were performed to provide mechanistic understanding of ribozyme catalysis

(Jimenez et al., 2015; Ren et al., 2017). Generally, the RNA cleavage reaction can be accelerated through

four pathways (Figure 2C): arranging the in-line alignment between the 20-O nucleophile, scissile phos-

phorus, and 50-leaving oxygen (a factor); facilitating the deprotonation of 20-OH in the nucleophilic attack

(b factor); neutralizing the negative charge on the non-bridging phosphoryl oxygens in the transition state

(g factor); and stabilizing the negative charge on the 50-leaving oxygen (d factor) (Cochrane and Strobel,

2008). For a given ribozyme, critical nucleobases and metal ions in the catalytic core can be determined

once the crystal structure becomes available. In the active site of the hammerhead ribozyme, a conserved

guanine, G-12, acts as a general base by hydrogen bonding with the 20-O nucleophile, whereas the 20-OH

of the other guanine G-8 stabilizes the leaving oxygen as a general acid (Figure 2B) (Martick and Scott,

2006). The HDV ribozyme utilizes aMg2+-bound water molecule as a general base and a conserved cytosine

(C75) as a general acid (Ferré-D’Amaré et al., 1998). In the case of the glms ribozyme, a small molecule,

glucosamine-6-phosphate (GlcN6P), is required as a cofactor for its catalysis instead of divalent metal

ions (Winkler et al., 2004).

Apart from these naturally occurring ribozymes, more were discovered in the laboratory through in vitro

selection (Wilson and Szostak, 1999). In vitro selection resembles the process of natural evolution, in which

a large RNA library is subject to a selection pressure and those sequences with a particular activity can sur-

vive and get amplified. Benefited from this accelerated process, ribozymes catalyzing a great variety of

chemical reactions, such as RNA ligation, phosphorylation, self-alkylation, and Diels-Alder reaction, have

been obtained over the past decades (Wilson and Szostak, 1999). Recently, interesting efforts were

made for producing polymerizing ribozymes and self-replicating systems (Lincoln and Joyce, 2009; Robert-

son and Joyce, 2014). A self-replicating ribozyme represents an RNA ligase catalyzing the amplification of

itself with an exponential growth. For instance, an optimized ribozyme from in vitro selection showed an

exponential growth rate of 0.14 min�1, which is close to the limiting rate of product release. Continuous

efforts will be made to broaden the scope of ribozyme catalysis. Meanwhile, with the development of

sequencing technology and computational searching algorithm, more natural ribozymes might be discov-

ered in the future (Hammann and Westhof, 2007; Perreault et al., 2011).

Ribozymes for Therapeutic and Chemical Biology Applications

After the discovery of self-cleaving ribozymes, their therapeutic potential in inhibiting gene expression

was tested (Sullenger and Gilboa, 2002). For this purpose, several self-cleaving ribozymes (i.e., the

hammerhead and hairpin ribozymes) were engineered to catalyze RNA cleavage in the trans-cleaving

manner (Figure 3A). By altering the binding sequence to be complementary to target mRNA, trans-cleaving

ribozymes can selectively cleave essentially any mRNA target, such as HIV (Rossi, 2000) and cancer-related

genes (Pavco et al., 2000). However, many challenges remain in applying ribozymes in vivo, such as the short
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Figure 2. Reactions and Mechanisms of Representative Ribozymes

(A) The peptidyl transferase activity of the ribosomal RNA during peptide bond formation.

(B) The minimal secondary structure of the hammerhead ribozyme containing 13 conserved nucleotides (top). The active site in the transition state where G-

12 functions as a general base and G-8 as a general acid (bottom). Redrawn from Martick and Scott (2006).

(C) The cleavage of a 30, 50-phosphodiester bond catalyzed by self-cleaving ribozymes. The nucleophilic attack of the 20-OH to the nearest phosphate causes

the leaving of the 50-O and produces a 20, 30-cyclic phosphate and a 50-OH. The a, b, g, and d represent four catalytic mechanisms for the reaction.
lifetime of ribozymes in vivo, ineffective delivery of ribozymes to target cells, and poor enzymatic activity.

To improve the intracellular activity of the hammerhead ribozyme, in vivo selection of trans-cleaving

hammerhead mutants was recently performed in E. coli cells (Huang et al., 2019). The selected variants

showed an enhanced ability for intracellular gene silencing toward various RNA targets. For example, intra-

cellularly expressed ribozymes were designed to cleave a reporter gene, spinach, and the mutant sup-

pressed fluorescence by disrupting the binding of the DFHBI dye twice more than the original ribozyme

(Figure 3B).

Apart from RNA cleavage, another major direction is to develop ribozymes for chemical biology applica-

tions such as biomolecular synthesis and modification (Balke et al., 2014; Baskerville and Bartel, 2002). In

a recent example, self-alkylating ribozymes were selected to achieve covalent labeling of a fluorophore

on RNA (Figure 3C) (Sharma et al., 2014). Another branch of application is to combine aptamers and

ribozymes to achieve ligand-responsive gene regulation. In nature, riboswitches are natural RNA aptamers

that can regulate gene expression upon binding with small molecules. The glms ribozyme was identified in

Gram-positive bacteria to cleave certain messenger RNA using GlcN6P as a cofactor (Winkler et al., 2004).

Inspired by these, aptazymes or allosteric ribozymes have been rationally designed using existing aptamers

and ribozymes, or selected from in vitro evolution (Famulok et al., 2007). A rationally designed aptazyme

is composed of an aptamer domain (e.g., for ATP, theophylline [Wieland and Hartig, 2008]) and a ribozyme

domain (e.g., hammerhead, hairpin) (Penchovsky and Breaker, 2005). Ligand binding induces conforma-

tional changes that subsequently influence the ribozyme activity and turns off (Figure 3D) or on the gene

expression. Recently, hammerhead-based aptazymes have been embedded in the guide RNAs of the

CRISPR-Cas9 system to perform ligand-responsive genome editing (Tang et al., 2017).

DNAzymes for Intracellular RNA Cleavage

Given the chemical similarity between DNA and RNA, a natural question is whether DNA can also perform

catalysis. Since most DNA molecules in nature are double stranded, they are unlikely to be catalytically

active. Single-stranded DNA, on the other hand, can form tertiary structures, allowing molecular recogni-

tion and catalysis. In the early 1990s, single-stranded DNAs with specific binding activity (aptamers) have

been obtained through in vitro selection. Similar methods can also be used for the selection of DNAzymes,

and the first DNAzyme was reported by Breaker and Joyce in 1994. This DNAzyme, named GR5 (Figure 5A),
iScience 23, 100815, January 24, 2020 3



Figure 3. Chemical Biology Applications of Ribozymes

(A) Trans-cleaving ribozymes for gene silencing.

(B) Intracellularly selected hammerhead ribozymes with enhanced cleavage activity in living cells. Spinach is a report RNA

that binds with a small molecule, DFHBI, and emits fluorescence. Reprinted with permission from Huang et al. (2019).

Copyright ª 2019 Oxford University Press.

(C) Covalent labeling of a fluorophore on RNA by a self-alkylating ribozyme. Redrawn from Sharma et al. (2014).

(D) Rational design of an aptazyme for ligand-responsive gene expression.
was selected for RNA cleavage in the presence of Pb2+ (Breaker and Joyce, 1994). GR5 is short with only 15

nucleotides in the catalytic loop, and its substrate contains a single RNA linkage serving as the cleavage

site. In the original paper, the catalytic activity reached a turnover rate of 1 min�1 in the presence of

1 mM Pb2+. Later, after optimization, the activity easily reached >10 min�1 with 10 mM Pb2+ (Saran and

Liu, 2016a). The initial choice of Pb2+ for the selection was probably motived by Pb2+-catalyzed RNA cleav-

age as observed in the leadzyme (Pan and Uhlenbeck, 1992).

A general procedure of in vitro selection for RNA-cleaving DNAzymes is illustrated in Figure 4. For a typical

selection experiment, a single-stranded DNA library with a random region is synthesized. The library is

often designed to fold into a secondary structure to position the cleavage site close to the randomized

region (the N50 region). A selection pressure is applied to the DNA library aiming for specific catalytic

activity such as RNA cleavage. Sequences with catalytic activities are separated taking advantage that

the reaction can decrease (e.g., cleavage reaction) the length of the library. After PCR amplification, the

library is enriched with active sequences and can be used for the next round of selection. This method

of test tube evolution is powerful and can be employed under both physiological and non-physiological

conditions. In vitro selection of DNAzyme is easier than selection of ribozymes since no transcription/

reverse transcription steps are needed.

One of the first motivations to develop RNA-cleaving DNAzymes was to cleave viral RNA. GR5 is apparently

not appropriate for this purpose since it cannot cleave all-RNA substrates (it only cleaves the substrate with

a single RNA linkage), and it requires toxic Pb2+ (no activity in the presence of Mg2+ alone). Subsequently,

Santoro and Joyce reported two DNAzymes named 8-17 and 10-23 (Figures 5B and 5C), both of which can

cleave full-RNA substrates with Mg2+ alone (Santoro and Joyce, 1997). The catalytic rate reached

�0.1 min�1 with 2 mM Mg2+, and the catalytic efficiency (kcat/Km) reached �109 M�1$min�1 for the 10-23

DNAzyme, which is comparable with the most efficient protein enzyme. The requirement of substrate

sequence is very simple. Further studies revealed that all the 16 junctions can be cleaved at different

efficiencies (Schlosser et al., 2008). The specificity of cleavage is defined by the two substrate binding

arms. With each arm containing eight or more base pairs, these two DNAzymes can in principle target

any specific RNA sequence in cells.
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Figure 4. A Scheme Showing the Key Steps of In Vitro Selection for RNA-Cleaving DNAzymes Starting from a

Random DNA Library

The boxed region shows the secondary structure of a typical random library with a single RNA linkage embedded (in red).

After step 4, the PCR step, the resulting duplex product needs to be separated and only one of the strands is useful.
This discovery has excited the field for pursuing anti-viral and later anti-cancer applications (Huanhuan

et al., 2017; Zhou et al., 2017c). However, to achieve a high cleavage activity, the required Mg2+ concentra-

tion is quite high and intracellular free Mg2+ can hardly meet the requirement. It has been argued that the

observed intracellular inhibition of gene expression using DNAzymes could simply be due to the anti-sense

effect (Young et al., 2010). To solve this problem, using modified nucleotides to mimic the chemical func-

tionalities of RNase A has been attempted and metal-free cleavage was achieved in some cases. An

example is the DNAzyme 7-38-32 (Figure 5D), which cleaves an RNA substrate with a catalytic rate of

1.06 min�1 in the presence of only 0.5 mM Mg2+ (Wang et al., 2018). Other efforts such as the selection

of divalent metal-free DNAzymes have also beenmade, some of which required only Na+ for activity (Geyer

and Sen, 1997; Ma and Liu, 2019; Torabi et al., 2015; Zhou et al., 2017a).
RNA-Cleaving DNAzymes as Biosensors

Sensing Metal Ions

Compared with biomedical applications, the work on using DNAzymes as biosensors has advanced

more (Gong et al., 2015; Zhang et al., 2011; Zhou et al., 2017b). Lu and coworkers selected the 17E

DNAzyme in the presence of Zn2+ (Li et al., 2000), and it is very similar to the 8-17. Both DNAzymes are

much more active with Pb2+. Li and Lu first demonstrated using the 17E DNAzyme for Pb2+ detection

(Li and Lu, 2000). Since then, the 17E has been used as a model system to develop different signaling

mechanisms from fluorescence, color, electrochemistry to Raman spectroscopy (Liu et al., 2009), although

later GR5 was found to have much better specificity for Pb2+ (Lan et al., 2010).

Many subsequent selections have been intentionally carried out in the presence of target metal ions to

achieve specificity. The 39E DNAzyme was isolated in the presence of UO2
2+ and it has over 1-million-

fold higher selectivity for UO2
2+ over other metal ions (Figure 6A) (Liu et al., 2007). The EtNa DNAzyme

is highly specific for Ca2+ in water (Zhou et al., 2017a) but selective for Na+ in ethanol (Zhou et al.,

2016b). EtNa requires a cooperative action of two Ca2+ ions, which may explain its excellent specificity

(Figure 6D). For the Ce13d DNAzyme, all trivalent lanthanide ions exhibit similar activity by neutralizing

the negative charge on the scissile phosphate (Figure 6G) (Huang et al., 2014). Two more lanthanide-

dependent DNAzymes were found to require multiple lanthanides (Figures 6E and 6F) (Huang et al.,

2015, 2016). By introducing a phosphorothioate modification at the cleavage site, Cd2+ (Figure 6B) (Huang

and Liu, 2015), and Cu2+ (Figure 6C) specific DNAzymes were selected (Huang and Liu, 2016). The sulfur

modification is critical for recognition of these softer metal ions, which in turn indicated that the binding

of the scissile phosphate group is their main catalytic role.

Normally, a well-defined metal binding pocket (e.g., an aptamer motif) cannot be identified in such

metal-specific DNAzymes. The metal ions perform their catalytic function by transiently associating with

the scissile phosphate. Interestingly, a few new DNAzymes were reported to contain aptamer motifs.

The NaA43 DNAzyme (Figure 6H) was selected in the presence of Na+, and it can reach a rate of

0.1 min�1 with 400 mM Na+ alone (Torabi et al., 2015). It shares sequence similarity with the Ce13d

DNAzyme, and the common loop is the main part of a Na+ aptamer (Zhou et al., 2016c). This aptamer

can also bind K+, but this binding leads to misfolding and loss of catalytic activity (He et al., 2018). This
iScience 23, 100815, January 24, 2020 5



Figure 5. DNAzymes and Modified DNAzymes for RNA Cleavage

(A–C) The secondary structures of the (A) GR5, (B) 8-17, and (C) 10-23 DNAzymes.

(D) The 7-38-32 DNAzyme containing three modified nucleotides: 8-histaminyl-deoxyadenosine (dAimTP), 5-

guanidinoallyl-deoxyuridine (dUgaTP), and 5-aminoallyl-deoxycytidine (dCaaTP).
is an interesting example in which catalysis affords better selectivity than simple binding exemplified on the

same molecule. The Ag10c DNAzyme is another example (Saran and Liu, 2016b), and its aptamer loop

binds two Ag+ ions (Figure 6I). The catalytic role of interacting with the scissile phosphate is fulfilled by

the salt in buffer (e.g., Na+, Li+, K+, Mg2+) (Saran et al., 2017).

Since all these DNAzymes share a similar secondary structure, the same signaling strategies can in general

be applied to all of them (Zhou et al., 2017b). For example, a fluorophore/quencher pair can be labeled on

the two ends of the DNAzymes (Figure 7A), leading to an initially quenched state. After cleavage, the

cleaved fragment bearing the fluorophore is released resulting in enhanced fluorescence. This fluores-

cence beacon design is commonly used for proof-of-concept sensing applications. An additional quencher

can be attached to the other end of the substrate to further suppress the background signal (Torabi et al.,

2015). Apart from fluorescence, cleavage-induced colorimetric signal can be achieved when utilizing

DNA-functionalized gold nanoparticles (AuNPs). As illustrated in Figure 7B, a DNAzyme was used to

assemble the AuNPs forming blue aggregates. Upon cleavage, the AuNPs were disassembled giving a

blue-to-red color change (Liu and Lu, 2005). DNAzyme-based sensing can also be performed through elec-

trochemical signals. For example, the methylene blue-labeled enzyme (8-17) can more efficiently transfer

electrons to electrode surface after the Pb2+-induced cleavage (Xiao et al., 2007) (Figure 7C). Only a few

representative examples are reviewed here, and more designs can be found in other reviews (Gong

et al., 2015; Liu et al., 2009).

Sensing of Non-metal Targets

Aside from metal ions, RNA-cleaving DNAzymes have also been selected for other targets. An early

example is the L-histidine DNAzyme selected by the Breaker group (Figure 8A) (Roth and Breaker,

1998). This sequence exhibits a stereospecific binding to histidine and relies on the general base catalyst

of the imidazole group in the amino acid. Li and coworkers developed a new selection strategy by modi-

fying a fluorophore and a quencher next to the cleavage site (Figure 8B) (Mei et al., 2003). An impressive

aspect of it is to recognize a large number of bacterial and cancer cells. In these selections, the targets

were the crude extracellular mixture, although the exact target molecule has yet to be identified in most

cases. In one case, the RFD-CD1 shows very high specificity for a pathogenic strain of Clostridium difficile,

and the target was identified to be a unique transcription factor (Figure 8C) (Shen et al., 2016). The fluoro-

phore/quencher not only provides signal, but also likely directly participates in the molecular recognition/

catalysis since the activity is often lost after removing them. Using the same method, Gu et al. recently

selected an unmodified DNAzyme against an aquatic bacterium, Vibrio anguillarum (Figure 8D), and the

target is also likely to be a protein (Gu et al., 2019). Most of these DNAzymes still require metal ions for

catalysis, but they also need another molecule at the same time.
6 iScience 23, 100815, January 24, 2020



Figure 6. Metal-Dependent RNA-Cleaving DNAzymes

The secondary structures and metal binding sites of the (A) 39E, (B) Cd16, (C) PSCu10, (D) EtNa, (E) Dy10a, (F) Tm7, (G)

Ce13d, (H) NaA43, and (I) Ag10c DNAzymes and their corresponding target meta ions. Some DNAzymes require multiple

metal ions.
G-Quadruplex Containing DNAzymes

In 1996, Li and Sen reported another DNAzyme-catalyzed reaction called porphyrin metalation (Figure 9A)

(Li and Sen, 1996). This reaction was also popular for developing catalytic antibodies and rich knowledge

in terms of transition state analogs has been accumulated (Cochran and Schultz, 1990). In the same year,

a ribozyme for the same reaction was reported by the Schultz group (Conn et al., 1996). The selected

DNAzyme named PS5.ST1 has a G-quadruplex (G4) structure, yet it still showed low-micromolar binding

affinity toward the anionic porphyrin mesoporphyrin IX (MPIX). This DNAzyme catalyzes the insertion of

Cu2+ into MPIX with a catalytic efficiency of 79 min�1 M�1,�1400-fold higher than the uncatalyzed reaction.

Moreover, this G4 DNAzyme was found to exhibit peroxidase-mimicking activity upon binding to hemin

(iron (III)-protoporphyrin IX, Figure 9B), and it can replace horseradish peroxidase (HRP) in many

bioanalytical assays (Travascio et al., 1998). For example, the DNAzyme PS2.M-hemin complex can oxidize

ABTS in the presence of H2O2 and produce colored ABTS$+ with �250-fold rate enhancement (Figure 9C).

In fact, most G-rich sequences can fold into various G4 structures (e.g., parallel, antiparallel, or mixed),

presenting different binding affinities to hemin and peroxidase-mimicking activities. The DNAzymes

have good stability and can be conveniently linked to other DNA structures, gaining extensive bioanalytical

applications. However, the catalytic activity of the DNAzymes is still relatively low compared with HRP. A

recent effort was made to improve the catalytic rate of G4 DNAzyme by adding an adjacent 30-adenine,
which serves as a general acid-base catalyst to better mimic HRP (Xu et al., 2016).

The G4/hemin systems have been widely used for signal amplification (Kosman and Juskowiak, 2011).

An example is to use rolling circle amplification (RCA) to generate multiple G4 sequences upon binding

to a target DNA, allowing the detection of as low as picomolar DNA. The peroxidase-mimicking activity
iScience 23, 100815, January 24, 2020 7



Figure 7. Three Representative Signaling Strategies for RNA-cleaving DNAzymes

(A) Cleavage-induced fluorescent signal enhancement in a fluorescence beacon.

(B) The disassembly of AuNPs after the cleavage reaction.

(C) The conformational change of the 8-17 DNAzyme upon cleavage generates electrochemical signals for Pb2+ sensing.
of G4 DNAzymes has also been applied to kill bacterial cells (Xing et al., 2018) and degrade organic pol-

lutants (Kurapati and Bianco, 2018).

Recently, efforts have been made to select non-G4metalation DNAzymes (Yang et al., 2019), and the effect

of metal ions has been examined in more detail. A recent effort obtained a DNA aptamer with a high

binding affinity toward MPIX but without a predictable G4 structure. The metalation rate of MPIX with

Cu2+ enhanced by �3-fold in the presence of the aptamer. A guanine-rich sequence called T30695

(Figure 9A) was found to significantly accelerate the insertion of Cu2+ and Zn2+ into the MPIX in the pres-

ence of Pb2+ (Peng et al., 2019). With only 0.6 mM Pb2+, the rate constant improved by �4.3-fold.
New DNAzymes for New Reactions

Extensive efforts have also been made in searching for DNA sequences for catalyzing other reactions,

and only a few representative examples are listed here. An early example is the oxidative DNA cleavage

reaction by a DNAzyme with a triplex structures, requiring both Cu2+ and ascorbate (Figure 9D) (Carmi

et al., 1998). Later, a Zn2+-dependent DNAzyme was selected, which catalyzes the DNA cleavage through

hydrolysis with a rate constant of �1 min�1 (Figure 9E) (Gu et al., 2013).

A suite of RNA-ligating DNAzymes was reported by the Silverman group, achieving 30-50, 20-50, and
lariat RNA products. When a 20, 30-cyclic phosphate and a 50-hydroxyl group were used, the non-native

20-50 linkage was often favored in the DNA-catalyzed ligation (Flynn-Charlebois et al., 2003). In a selection

using 20, 30-diol and 50-triphosphate, the 9DB1 DNAzyme was obtained to produce the native 30-50 linkage
with a kobs of �0.04 min�1 (Figure 9F) (Purtha et al., 2005). The high yield and sequence generality make it

promising for practical applications. The crystal structure of the 9DB1 DNAzyme in the post-catalytic

state was later solved by revealing a pseudoknot structure (Ponce-Salvatierra et al., 2016). A recent

simulation effort further predicted the binding of two Mg2+ ions at the active site, which is commonly

observed in proteins and ribozymes catalyzing this reaction. In another example, an internal 20-hydroxyl
group was ligated to a 50-triphosphate by the 7S11 DNAzyme (Coppins and Silverman, 2004), leading to

a 20, 50-branched RNA (Figure 9G). This DNA-catalyzed RNA ligation resembles the first step of RNA

splicing in cells.

In biology, phosphorylation and dephosphorylation play important roles in many cellular processes, and

they are mainly catalyzed by protein-based enzymes. The phosphatase activity was also explored in cata-

lytic DNA. The 14WM9 DNAzyme catalyzes the Zn2+-dependent dephosphorylation of an internal phos-

photyrosine (Figure 9H) with a single-turnover kobs of up to �0.65 min�1 (Chandrasekar and Silverman,

2013). Its phosphatase activity was demonstrated to be retained in the presence of human cell lysate

and BSA. On the other hand, a self-phosphorylating DNAzyme was reported by Li and coworkers (Wang

et al., 2002), requiring ATP/GTP as a phosphoryl donor and divalent metal ions (e.g., Cu2+, Mn2+) as

cofactors.

Apart from all-nucleic-acid substrates, DNAzymes with activity toward peptide-containing substrates

have been discovered (Silverman, 2015). For example, the Tyr1 DNAzyme (Figure 9I) catalyzes the forma-

tion of a nucleopeptide bond between a tyrosine (Tyr) side chain and a 50-triphosphorylated RNA substrate
8 iScience 23, 100815, January 24, 2020



Figure 8. Representative RNA-Cleaving DNAzymes Selected with Non-metal Targets

(A) The L-histidine DNAzyme.

(B) An in vitro selection strategy to identify DNAzymes using the crude extracellular mixture from cells. The two nucleotides near the cleavage site are labeled

with a fluorophore and a quencher, respectively.

(C) The sequence of the RFD-CD1 DNAzyme and its cleavage activity with respect to various species of bacteria (top) and various strains of C. difficile

(bottom). Reprinted with permission from Shen et al. (2016). Copyright ª 2015 Wiley-VCH.

(D) The VAE-2 DNAzyme responsive to the crude extracellular mixture of Vibrio anguillarum.
with a kobs of 0.06 min�1 in 20 mM Mn2+ (Pradeepkumar et al., 2008). Covalent modifications on the side

chain of amino acids can also be achieved by catalytic DNA. For instance, a sequence named 15MZ36

catalyzes the Tyr modification of a free tripeptide substrate with a kobs of 0.50 h�1 (Wong et al., 2011).

Furthermore, the catalysis was extended to the cleavage of peptide bonds. Several DNAzymes were

demonstrated to cleave the aromatic amide bond through hydrolysis (Brandsen et al., 2013).
Applications in Signal Amplification, Smart Materials Assembly, and Chemical Biology

DNA is a highly programmable molecule, and many very sophisticated nanoscale structures have been

designed using DNA. Compared with protein and RNA, DNA has advantages such as high stability,

cost-effectiveness, and ease of modification. DNAzymes can be coupled with DNA amplification tech-

niques for boosting sensitivity. Some common methods include protein enzyme-assisted (e.g., RCA and

exonuclease III-based amplification) and enzyme-free mechanisms (e.g., hybridization chain reaction and

catalytic hairpin assembly [CHA]) (Peng et al., 2018). For example, Li and coworkers coupled an E. coli-spe-

cific DNAzyme with RCA to achieve E. coli detection (Figure 10A) (Liu et al., 2016). The design of two inter-

locked single-stranded DNA rings prevents the template strand (in gray) from being used for RCA. The

binding of the target cleaves the substrate, which then serves as a primer to initiate the RCA reaction.

The RCA product was detected by a duplex-binding dye (i.e., 3, 30-diethylthiadicarbocyanine), exhibiting
a detection limit as low as 10 cells/mL. In another example, Wu et al. utilized the CHA reaction to enhance

the sensitivity of the Na+-dependent DNAzyme (NaA43) (Wu et al., 2017). In the presence of Na+, the

cleavage substrate fragment (red) initiates the CHA reaction by opening the hairpin DNA, H1 (Figure 10B).

The opened H1 was designed to further unlock H2 and recover the fluorescence. Since the duplex formed

between H1 and H2 is stronger, the cleavage substrate fragment is displaced and released. As a result,

multiple CHA reactions can be induced with each cleavage product, resulting in an increased signal at

low Na+ concentrations. With an excellent detection limit of 14 mM Na+, the CHA-amplified sensor was

applied to image the endogenous Na+ in living cells.
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Figure 9. DNAzymes Catalyzing Other Reactions

(A) The two DNAzymes can accelerate the porphyrin metalation reaction (T30695 requires Pb2+).

(B) The structure of iron (III)-protoporphyrin IX (hemin).

(C) A G4 DNAzyme/hemin complex catalyzing the oxidation of ABTS in the presence of H2O2 into ABTS$+.

(D) Oxidative DNA cleavage catalyzed by DNA with the potential cleavage sites marked by dashed lines.

(E–G) (E) Hydrolytic DNA cleavage catalyzed by the I-R3 DNAzyme. RNA ligation reaction catalyzed by DNAzymes resulting in either (F) a linear 30-50 linkage
or (G) a 20 ,50-branched linkage.

(H) Phosphatase activity of the 14WM9 DNAzyme.

(I) DNA-catalyzed nucleopeptide bond formation between a Tyr side chain and a 50-triphosphorylated RNA.
Nanoparticles have been functionalized with DNAzymes since they can quench fluorescence, absorb/con-

jugate DNA, and induce various signals (e.g., colorimetric, magnetic, surface-enhanced Raman scattering).

The example in Figure 10C assembled the 8-17 DNAzyme and carboxyl-groupmodifiedmagnetic beads to

construct a magnetic resonance imaging (MRI) biosensor for Pb2+ (Xu et al., 2013). In the presence of Pb2+,

the cleavage of the substrate increases the distance between the magnetic nanoparticles and decreases

the relaxation time. Immobilization of DNAzymes in hydrogels is an interesting idea for improving metal

sensing. For example, Huang et al. combined DNAzyme-assisted hydrogels and AuNPs for colorimetric

detection of lanthanide ions (Figure 10D) (Huang et al., 2017). The polyacrylamide chains were grafted

with short DNA strands that are complementary to two ends of the substrate strand. The addition of

Ln3+ cleaves the substrate and breaks the hydrogel cross-links, releasing the AuNPs to the supernatant.

Intracellular sensing is an attractive application for functional nucleic acids (Hwang et al., 2019). However,

like other nucleic acids, DNAzymes suffer from poor cellular uptake. To address this issue, nanomaterials

(e.g., ZnO nanoparticles, AuNPs) were employed as transfection agents for DNAzyme-based intracellular

biosensing (Wu et al., 2013). An interesting example is a DNAzyme motor constructed on AuNPs for

microRNA detection (Figure 10E) (Peng et al., 2017). The AuNP was densely conjugated with

FAM-labeled substrates along with a few DNAzyme strands that were silenced by the locking strands.

The AuNP conjugate can be easily internalized by cells. In the presence of the target microRNA, the
10 iScience 23, 100815, January 24, 2020



DNAzyme was activated and it can cleave multiple substrates on the AuNPs step by step allowing signal

amplification. In addition, various strategies have been developed to avoid cleavage before the sensors

entering cells such as caging DNAzymes (Hwang et al., 2014; Lin et al., 2019).
Biochemical Aspect to Understand the Reaction Mechanism

Biochemical insights into the function of catalytic nucleic acids is crucial for expanding our view of their

mechanism. In this regard, the best studied examples are for RNA cleavage owing to their small size,

high catalytic efficiency, and large quantity. The general mechanism of RNA cleavage is described in Fig-

ure 2C, and various factors can contribute to catalysis. The most direct insights are often from structural

biology data such as NMR and X-ray crystallography. Many RNA-cleavage ribozymes have crystal struc-

tures, which contributed significantly to their fundamental understanding (Ward et al., 2014). In most cases,

a guanine acts as a general base to help deprotonate the 20-OH nucleophile. So far, only two DNAzymes

have crystal structures (Liu et al., 2017a; Ponce-Salvatierra et al., 2016): one for RNA cleavage and the

other for RNA ligation. These structures were obtained after more than 20 years of the report of the first

DNAzyme. The challenges of crystallization suggest floppy and dynamic behavior of DNAzymes and

coexistence of multiple structures, which also posed challenges for NMR. NMR has an additional barrier

of isotope labeling for solving DNAzyme structures.

There was an interesting story in the structural study of the hammerhead ribozyme. The initial crystal

structure was solved in 1994 on the minimal hammerhead ribozyme with only 13 nucleotides in the catalytic

loop. However, this minimal structure failed to explain critical roles of invariant nucleotides (such as G-5,

G-8, and G-12), since they appear far away from the active site (Figure 2B, top). In 2006, Martick et al. ob-

tained crystal structures of a full-length hammerhead ribozyme composed of 63 nucleotides, revealing

specific interactions between invariant nucleotides and the cleavage site. For example, the N1 position

of G-12 is within hydrogen binding distance of the 20-OH, serving as a general base during the catalysis

(Figure 2B, bottom). Therefore, it is important to measure these enzymes as close to the native conditions

as possible to get a more precise picture. Another aspect is the diluted in vitro assay conditions in contrast

to the crowded intracellular environment. By adding crowding polymers, such as polyethylene glycol,

the folding and activity of some ribozymes was promoted (Nakano and Sugimoto, 2017; Paudel et al.,

2018). It was also reported that diphosphate can boost the activity of Mg2+ for both ribozymes and

DNAzymes (Yamagami et al., 2019).

The only crystal structure of an RNA-cleaving DNAzyme (the 8-17) revealed a V-shaped folding. Upon bind-

ing to Pb2+, it contains two helical substrate-binding arms and a 15-nt pseudoknot catalytic core (Fig-

ure 11A) (Liu et al., 2017a). The 8-17 DNAzyme catalyzes the RNA cleavage via the general acid-base

mechanism. At the active site, a Pb2+ ion activates a water molecule and stabilizes the 50-leaving oxygen

(general acid), whereas a conserved guanine serves as a general base to facilitate the deprotonation of

20-OH group (Figure 11B). A recent dynamical simulation further revealed the supporting role of Na+ during

the catalysis (Ekesan and York, 2019). Interestingly, the mechanism of 8-17 is similar to some RNA-cleaving

ribozymes, especially the hammerhead ribozyme. Indeed, since RNA and DNA are chemically close, the

abundant structural and biochemical observations of self-cleaving ribozymes help us to understand

DNAzymes when a crystal structure is not available.

Owing to limited high-resolution structural information, so far, mechanistic studies of DNAzymes were

achieved mainly by biochemical assays. Since metal binding is often important for DNAzyme catalysis,

extensive efforts have been made in identifying metal-binding site in RNA-cleaving DNAzymes (Hwang

et al., 2016; Ward et al., 2014; Zhou and Liu, 2018). Phosphorothioate modification on the cleavage site

is a useful way to probe metal binding on the scissile phosphate (Figure 11C). In a typical case, a non-

thiophilic metal ion such asMg2+ directly interacts with one of the non-bridging oxygens. A PSmodification

significantly inhibits (often >100-fold) the cleavage activity compared with the original PO-substrate. The

activity loss can normally be rescued by the addition of more thiophilic metal ions (e.g., Mn2+ or Cd2+).

A PS modification makes the phosphorus a chiral center. Most metal ions bind to the pro-Rp oxygen in

ribozymes and DNAzymes. This observation, however, has exceptions. For example, in the Dy10a

DNAzyme (Figure 6E), a significant inhibition (�1000-fold) was observed for both the Rp and Sp isomers,

indicating that both the non-bridging oxygens are interacting with metal ions. This DNAzyme turned out

to require two cooperative metals (Vazin et al., 2015).
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Figure 10. Biosensors Based on DNAzymes

(A) Coupling DNAzymes with RCA for sensitive detection of E. coli. Redrawn from Liu et al. (2016).

(B) A CHA-amplified DNAzyme sensor for imaging endogenous Na+. Redrawn from Wu et al. (2017).

(C) DNAzyme-conjugated magnetic nanoparticles for Pb2+ detection based on MRI signal. Redrawn from Xu et al. (2013).

(D) The target-responsive DNAzyme hydrogel for colorimetric detection of Ln3+. Redrawn from Huang et al. (2017).

(E) A microRNA-initiated DNAzyme motor constructed on AuNPs for intracellular imaging. Redrawn from Peng et al. (2017).
When nucleobases are involved in metal binding, DNA footprinting can provide valuable information. For

example, dimethyl sulfate (DMS) footprinting was used to probe guanines and showed the presence of a

Na+ aptamer in the Ce13d DNAzyme (Zhou et al., 2016c) and an Ag+ aptamer in the Ag10c DNAzyme

(Saran et al., 2017). Nevertheless, it needs to be noted that most DNAzymes and ribozymes do not have

such well-defined metal-binding aptamers. Metals only need to transiently bind to the enzymes to exert

their catalytic functions. Actually, for the above-mentioned Na+ and Ag+, they do not directly participate

in catalysis. For Ce13d, a lanthanide is responsible for catalysis, whereas for Ag10c, a metal in buffer

such as Na+ or Mg2+ is used. Biochemical insights can also be obtained frommutations including replacing

a certain nucleotide with others or deletion. For example, in the NaA43 DNAzyme, mutating one to two

nucleobases near the cleavage site resulted in a shifted pH-rate profile implying the general acid-base

mechanism (Ma et al., 2019). Synthetic nucleobase analogs can be used to fine probe the interactions.

Reselection can also be performed by partially randomizing enzymes to find out conserved and mutable

regions. Such information is complementary to structural biology data and can often offer interesting

insights too.

Spectroscopy is another type of characterization method. UV-vis, NMR (not for solving structures), EPR, and

even XAFS are just a few examples to obtain metal binding information. The most popular method is

fluorescence spectroscopy owing to its high sensitivity, rich molecular information, and simplicity in instru-

mentation. For example, the global or local folding of many RNA-cleaving DNAzymes have been explored

by fluorescence techniques such as 2-aminopurine (2AP) modification (Zhou et al., 2016a), fluorescence

resonance energy transfer (FRET) (Kim et al., 2007), and sensitized Tb3+ luminescence (Kim et al., 2008).
12 iScience 23, 100815, January 24, 2020



Figure 11. Biochemical Characterization of DNAzymes and Ribozymes

(A) The secondary (left) and crystal structure (right) of the RNA-cleaving DNAzyme, 8-17, revealing a V-shaped overall folding (PDB: 5XM8).

(B) A proposed mechanism of 8-17 catalysis including a Pb2+-bound water molecule as a general acid and a conserved guanine (G13) as a general base.

Reprinted with permission from Liu et al. (2017a). Copyright ª 2017 Springer Nature.

(C) Phosphorothioate modification on the scissile phosphate.

(D) Na+-induced folding enhances the fluorescence of a 2AP-modification at the cleavage site of the Ce13d DNAzyme.
An interesting example is the Na+-binding loop seen in the NaA43 and Ce13d DNAzymes. By introducing a

2AP-modification to the cleavage site, the Na+-induced folding enhances the fluorescence indicating a

relaxed stacking environment near the 2AP base (Figure 11D) (Zhou et al., 2016a). This method also

indicates that K+ can misfold and inactivate the DNAzyme, thus explaining the very high selectivity for

Na+ (He et al., 2018).
CONCLUSIONS AND FUTURE PERSPECTIVES

In this review, we described catalytic nucleic acids from classic examples to recent developments. Nucleic

acid catalysts have now been used in so many areas of research from inside cells to between nanomaterials,

from bioanalytical chemistry to environmental monitoring. At the same time, fundamental studies have also

provided better understanding of catalytic mechanism and structure. There are still many questions to be

addressed, providing future research opportunities in this field.

In vitro selection is a main source of novel catalytic nucleic acids. New selection methods could bring in

new properties, such as the use of circular DNA libraries for selecting DNA-cleaving DNAzymes (Gu

et al., 2013). Recently, such library was also used for aptamer selection (Liu et al., 2019). The use of modified

nucleotides has been tested since over 20 years ago. Although many interesting DNAzymes have been

obtained, the modified dNTP complicates PCR. In addition, the selected enzymes often contain multiple

such modifications, and such enzymes are usually not commercially available. We proposed to introduce

a single modification at a critical site (Huang and Liu, 2015). For the RNA cleavage reaction, the scissile

phosphate site can be modified for this purpose, whereas the rest of the nucleotides are natural. This

has been successful for fluorophore- and quencher-based ligands as well (Shen et al., 2016). Modified nu-

cleotides can also harness new functions such as sensitivity to external stimuli (Hwang et al., 2014; Xiao
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et al., 2019). For ribozymes, efforts will continue on the searching for more natural ribozymes. At the same

time, bioinformatics has been widely applied yielding new ribozymes (e.g., the twister ribozyme) in recent

years (Weinberg et al., 2015, 2019).

On the application side, going from proof-of-concept experiments to impactful real-world examples is

needed for the field. Ribozymes will be developed for intracellular applications and to explore the limit

of RNA catalysis. Compared with DNAzymes, the biggest advantage of ribozymes is that they do not

need to be delivered but can be transcribed in cells via a plasmid. Some early ideas of using nucleic

acid enzymes for inhibition of mRNA have not been proven to be clinically useful. With the development

of siRNA, and some recent approval of anti-sense oligonucleotides for inhibition of gene expression,

the use of ribozymes and DNAzymes for this purpose seems to be lagging. Intracellular RNA cleavage

would require some highly efficient DNAzymes that can work inside cells. Some recent developments

were seen to combine DNAzymes with nanotechnology, where a nanomaterial, such as MnO2 (Fan et al.,

2015) and ZnO (Wang et al., 2019), is used to deliver DNAzymes and at the same time they can provide

a source of metal ions for catalysis. More rigorous tests on these DNAzymes, especially under in vivo

conditions, would be needed to fully validate this approach. Some RNA-cleaving ribozymes are often

used by virus for processing viral RNA. Therefore, using ribozymes as a chemical biology tool for

probing biological systems might be more productive. For DNAzymes, we expect to see more examples

of application in metal detection, catalyzing new chemical and biochemical transformations, and

controlling nanoscale devices.

On the fundamental biochemical aspect, since metal ions are indispensable for the catalysis of nucleic

acids, more structural biology data are needed to capture the role of metal ions in catalysis. Techniques

such as NMR and X-ray crystallography can provide valuable information in this aspect. Finally, the interest

on the origin of life will continue to be an important part of the field.
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