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DNAzymes are in vitro selected DNA oligonucleotides with
catalytic activities. RNA cleavage is one of the most extensively
studied DNAzyme reactions. To expand the chemical function-
ality of DNA, various chemical modifications have been made
during and after selection. In this review, we summarize
examples of RNA-cleaving DNAzymes and focus on those
modifications introduced during in vitro selection. By incorpo-
rating various modified nucleotides via polymerase chain
reaction (PCR) or primer extension, a few DNAzymes were
obtained that can be specifically activated by metal ions such
as Zn2+ and Hg2+. In addition, some modifications were
introduced to mimic RNase A that can cleave RNA substrates in
the absence of divalent metal ions. In addition, single

modifications at the fixed regions of DNA libraries, especially at
the cleavage junctions, have been tested, and examples of
DNAzymes with phosphorothioate and histidine-glycine modi-
fied tertiary amine were successfully obtained specific for Cu2+,
Cd2+, Zn2+, and Ni2+. Labeling fluorophore/quencher pair right
next to the cleavage junction was also used to obtain signaling
DNAzymes for detecting various metal ions and cells. Further-
more, we reviewed work on the cleavage of 2’-5’ linked RNA
and L-RNA substrates. Finally, applications of these modified
DNAzymes as biosensors, RNases, and biochemical probes are
briefly described with a few future research opportunities
outlined at the end.

1. Introduction

With the discovery of ribozymes in the early 1980s, the search
for catalytic DNA or DNAzymes started about a decade later.
The first DNAzyme was reported in 1994 with RNA-cleavage
activity.[1] To date, a diverse range of DNAzymes have been
isolated to catalyze various chemical and biological trans-
formations from DNA/RNA cleavage, ligation and phosphoryla-
tion to porphyrin metalation and peroxidation.[2–9] Since most
natural DNA molecules are double-stranded, no catalytic
activities are expected from them, and DNAzymes have so far
only been isolated from in vitro selections.

With only four types of DNA bases, the chemical function-
ality of DNA is limited. Therefore, using modified DNA for
producing better DNAzymes is a logical idea. In fact, RNA
molecules possess over 50 modifications, mostly in tRNA.[10]

Since DNA oligonucleotides can be chemically synthesized, the
number of possible modifications is unlimited. For example,
aside from the purpose of enhancing molecular recognition,
synthetic modifications can also offer other functions such as
fluorescence signaling that do not exist in natural RNA.[11]

In this review, we summarize the work on chemically
modified DNAzymes. We only cover modifications made during
in vitro selections instead of post-selection modifications (e.g.
caged DNAzymes,[12,13] fluorophore labeling,[14] base
modifications,[15,16] and other modifications[17–23]). Modifications
made during in vitro selection are often critical for DNAzyme
function, and they cannot be replaced by non-modified
nucleotides. We focus on RNA-cleaving DNAzymes since they
are rich in number and are most widely used for applications
from biosensing[24–29] to intracellular cleavage of RNA.[30–33] This
article is organized by first introducing RNA-cleaving DNAzymes
in general, followed by DNAzymes containing modified nucleo-

tides introduced during PCR or primer extension, and then
modifications made in the fixed regions of selection libraries.

2. In Vitro Selection of Non-Modified
RNA-Cleaving DNAzymes

With over 20 years of development, selection of RNA-cleaving
DNAzymes is now a mature process. For applications outside
cells, the DNA library is typically designed to contain a single
RNA linkage serving as the cleavage site, and the stability of
RNA is about one-million-fold less compared to DNA.[34] Fig-
ure 1A shows a library sequence used in our lab, where the 50-
nucleotide (nt) random region is positioned close to the ribo-
adenine (rA) cleavage site and flanked by two putative base-
paired regions. In general, a metal ion is needed to assist the
RNA cleavage reaction.[26,35–39] The general RNA-cleavage mech-
anism is initiated by the 2’-OH group nucleophilic attacking the
phosphorus center resulting in a penta-coordinated transition
state.[36] Metal ions are needed to neutralize the negative
charges accumulated in this transition state.[40,41] Sometimes a
metal bound water can act as a general acid to donate a proton
to the leaving oxygen as indicated in the crystal structure of a
Pb2+ bound 8–17 DNAzyme.[35]

In a typical selection experiment, the library is exposed to a
metal ion to achieve cleavage (Figure 1B). The cleaved
sequences are fragmented into two strands with different
lengths and they are separated by denaturing polyacrylamide
gel electrophoresis (dPAGE). The fragment containing the
random region is extracted, and two PCR steps are performed
to amplify them. In PCR1, a full-length library is regenerated,
which is used as the template for PCR2. In PCR2, two modified
primers are used. One contains a carboxyfluorescein (FAM) label
and the ribo-adenine (rA) base, and the other has an internal
polymer spacer that can terminate the PCR. The resulting
uneven amplicons are then separated by dPAGE to purify the
positive strand containing the rA and FAM for the next round of
selection.

Sometimes, counter selections are introduced to obtain
DNAzymes with higher selectivity. For counter selections, the
active sequences generated in the presence of competing
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molecules are discarded and the remaining uncleaved DNA
strands are extracted, which are then subject to a further
positive selection in the presence of target molecules. Using
this method, many DNAzymes have been successfully isolated,
and a few metal-specific DNAzymes are shown in Figures 1C-
1G.

3. Modifications in the Random Regions of
Selection Libraries.

3.1. Modified Bases for Improving Metal Binding

For selecting modified DNAzymes, the first ideas were to use
modified bases. For example, to enhance Zn2+ binding, Joyce

and coworkers[42] incorporated C5-imidazole deoxyuridine (Fig-
ure 2A) into the library by template-directed extension. The
imidazole moiety is found in histidine and has good metal
binding ability. To construct the library (Figure 2B), a sequence
containing a 5’ biotin, and a 12-nt RNA region corresponding to
the start codon region of several HIV-1 RNAs (in red) flanked by
two DNA regions was hybridized with a DNA containing an N50

random region. After template-directed extension with the
imidazole-functionalized dUTP analogue in place of dTTP, the
resulting products were attached to a streptavidin column and
the non-biotinylated strands were washed away. At this point,
Zn2+ was added and the cleaved fragments were collected and
amplified via PCR. After 16 rounds of selection, a DNAzyme with
three catalytically essential imidazole residues was obtained
(Figure 2C). This DNAzyme can cleave almost any RNA contain-
ing an AUG sequence. Under a simulated physiological buffer
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Figure 1. (A) The secondary structure of a library and primer sequences for in vitro selection of RNA-cleaving DNAzymes. (B) The steps in a typical selection
process. The secondary structures of a few RNA-cleaving DNAzymes: (C) 8–17, (D) GR5, (E) 39E, (F) Ce13d, and (G) Ag10c.
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condition (10 μM Zn2+, 1 mM Mg2+, 150 mM NaCl, pH 7.5), the
DNAzyme achieved a catalytic efficiency of ~108 M� 1min� 1 at
37 °C.

It is quite difficult to obtain Hg2+-specific DNAzymes,[43]

likely due to its weak interaction with the scissile phosphate.
Using a high Hg2+ concentration to increase its binding would
result in denaturation of DNA. The Perrin group selected a
DNAzyme in the presence of Hg2+ using a dAimeTP and dUaaTP
modified library (see Figure 3A), and a highly Hg2+-specific
DNAzyme named 10–13 was obtained.[44] The DNAzyme con-
tains two domains (Figure 3F). The small stem is populated with
amino/imidazole modifications, while the bigger stem-loop is
rich in guanosine and cytosine. The activity required both
modified bases. With 5 μM Hg2+, the self-cleaving rate peaked
at kobs ~0.037 min

� 1 in the selection buffer (200 mM NaCl, 5 mM

MgCl2, and 25 mM cacodylate, pH 7.5). This DNAzyme showed
no significant cleavage with other metal ions.

3.2. DNAzymes Independent of Divalent Metal Ions

Williams and coworkers employed the same library design as
shown in Figure 2B but introduced an additional 7-amino-
propynyl modified 7-deaza-dATP (Figure 2A). They conducted
the selection in the absence of divalent metal ions (0.2 M NaCl,
10 mM EDTA, 50 mM Tris-HCl, pH 7.5 at 37 °C).[45] After 13
rounds of selection, a DNAzyme was identified to specifically
cleave the two r(UA) linkages (Figure 2D). The site preference is
likely due to decreased base stacking and/or altered hydrogen
bonding around the scissile linkages.[46,47] Although the DNA-

Figure 2. (A) Structures of the C5-imidazole modified dUTP and 3-(aminopropynyl)-7-deaza modified dATP. (B) The in vitro selection process of a Zn2+-
dependent RNA-cleaving DNAzyme containing the modified base in place of T. The secondary structure of (C) Zn2+-dependent 16.2.11 DNAzyme, and (D) the
2–32 DNAzyme that cleaves two r(UA) junctions.

Figure 3. (A) Structures of five modified dNTP. The secondary structures of modified RNA-cleaving DNAzymes: (B) cis-cleaving 925-11 and trans-cleaving 925-
11 t, (C) cis-cleaving 9–86, and (D) cis-cleaving 10–66. The secondary structure of (E) Dz7-38-32 t DNAzyme. This modified DNAzyme is capable of cleaving r
(GU) junction in all RNA substrates. (F) The Hg2+-dependent cis-cleaving 10–13 DNAzyme.
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zyme required both types of modified bases to achieve optimal
cleavage, the sequences without modification still displayed
some activity (7%). In fact, incorporating imidazolyl-modified
dU alone had better cleavage (30%) than only using the amino-
modified dA (10%). Under optimized conditions, the DNAzyme
can cleave both sites with a similar rate (0.06 min� 1 versus
0.07 min� 1).[45]

RNase A is a cationic (pI=9.3) protein containing 124 amino
acids,[48] and it specific cleaves phosphodiester linkages in the
3’-direction from cytidine or uridine. The mechanism starts with
an initial transesterification to form the 2’,3’-cyclic phosphate
intermediate followed by a hydrolytic cleavage to yield
corresponding 3’-nucleoside phosphate. The His12, His119, and
Lys41 located at the positively charged active site are critical for
catalysis. The imidazole on His12 acts as a general base to
deprotonate 2’-OH group in the RNA substrate to facilitate the
internal nucleophilic attack on the phosphorus atom. At the
same time, the imidazole on His119 acts as a general acid to
protonate the 5’ oxygen leaving group. Meanwhile, the cationic
amine on Lys41 provides electrostatic stabilization to neutralize
the excess negative charge accumulated in the transition
state.[49] With this mechanism, RNase A achieves metal-inde-
pendent catalysis.

The Perrin group reasoned that introducing the functional
groups in RNase A may obtain metal-independent DNAzymes,
which may overcome the problem of low free intracellular Mg2+

concentration. Two modified nucleotide triphosphates (dAimeTP
and dUaaTP in Figure 3A) were first used to obtain a DNAzyme
in a buffer without divalent metal ions (200 mM NaCl, 1 mM
EDTA, 50 mM sodium cacodylate, pH 7.4) at 24 °C.[50] They
followed the approach described in Figure 2B except the
Sequenase Version 2.0 DNA Polymerase was used to accom-
modate the two modified bases during the library construction.
Although the resulting DNAzyme 925-11 (Figure 3B) only
displayed up to 100-fold enhancement of catalytic activity over
the unmodified DNAzyme (kcat 0.0015 min

� 1), both the cationic
amines and imidazoles were necessary and acted in harmony to
cleave the RNA. Later, the group truncated it into a trans-
cleaving DNAzyme named 925-11 t with 31 bases to achieve
multiple turnovers. 925-11 t only showed a kcat of ~0.04 min

� 1

and a catalytic efficiency 5.3×105 M� 1min� 1.[51] Its 18-nt catalytic
domain contained 4 imidazole and 6 allylamino modified
nucleotides. The bell-shape pH-rate profile with two pKa values
(7.6 and 8.4) was consistent with the general acid/base catalysis
by a pair of imidazole side chains. The imidazole on dA23
functioned as a general base to deprotonate 2’-OH, and the
cationic amine in dU21 played a similar role to Lsy41 in RNase
A.[49]

To enhance the catalytic activity, the Perrin group included
a third modified base (dUga, Figure 3A). Since introducing dAime

destabilized DNA duplex, while dUga and dCaa increased duplex
stability,[52] by incorporating imidazole, guanidine, and amine
groups (Figure 3A), overall more stable DNA structures were
allowed. The gain-of-function may offset the loss in sequence
diversity due to dAime being unable to be incorporated more
than three in a row.[53] The selection resulted in the 9–86
DNAzyme (Figure 3C) showing a rate constant of 0.13 min� 1 at

37 °C.[54] Subsequent characterizations also highlighted the
importance of these three modified bases. A critical guanidi-
nium cation was suggested to increase DNAzyme stability,
which was particularly important since no divalent metal ions
were involved.

By incorporating the same three modified bases in another
selection and applying a more stringent condition, a cis-
cleaving DNAzyme named 10–66 (Figure 3D) with a rate
constant of 0.63 min� 1 at 37 °C was identified.[55] Interestingly, it
still displayed a moderate rate of 0.1 min� 1 even in the low
millimolar monovalent metal ions (1 mM EDTA, 5 mM Na2HPO4,
pH 7.4). The trans-cleaving 10–66 t exhibited a catalytic effi-
ciency of 6×105 M� 1min� 1, comparable to some metal-depend-
ent DNAzymes.[55] The effect of the linker tethering the
imidazole was also tested by a new selection, although no
better DNAzymes were identified.[56]

While M2+-independent cleavage was demonstrated, these
DNAzymes cannot function with all-RNA substrates. The Perrin
group recently obtained the Dz7-38-32 t DNAzyme from a
library containing not only three modified bases (dAimeTP,
dUgaTP, and dCaaTP) but also a segment with 17 ribonucleotides
as the target substrate.[57] Dz7-38-32 t (Figure 3E) cleaved the
all-RNA substrate at the r(GU) junction with kcat 1.06 min

� 1 and a
catalytic efficiency of 7.7×105 M� 1min� 1 in physiological con-
dition (150 mM K+, 0.5 mM Mg2+, and 50 mM cacodylate,
pH 7.45) at 30 °C. In fact, this kcat value is 3–4 orders of
magnitude higher than 10–23 DNAzymes under the low Mg2+

condition. The DNAzyme tolerated most metals except for Pb2+

or Hg2+. Moreover, its bell-shape pH profile suggested two
functional groups with near neutral pKa’s acting as general base
and acid respectively for catalysis resembling the RNase A
mechanism.

3.3. Modifications for improving resistance to nuclease
degradation

In 2015, the Holliger group reported DNAzymes containing four
sugar-modified nucleotides (Figure 4A).[58] In each modification,
the canonical ribofuranose sugar of DNA and RNA was replaced
by either a five-or six-membered ring analogue (2’-fluoroarabi-
no nucleic acids, FANA; arabino nucleic acids, ANA; hexitol
nucleic acids, HNA; and cyclohexene nucleic acids, CeNA). The
intention was to produce catalytic XNAs (X for xenobiotic) that
could enhance nuclease resistance and enable chemical reac-
tions not accessible to its natural counterparts. In vitro selection
of XNAzymes was made possible thanks to the engineered
polymerases (Table 1).[59] Each XNA required a different DNA-

Table 1. Polymerases used for enzymatic XNA synthesis, and reverse
transcription.

XNA Synthesis (DNA!XNA) Reverse transcription (DNA!XNA)

FANA D4K RT-521L
ANA D4K RT-521L
HNA 6G12 I521L RT-521L
CeNA 6G12 RT-521L
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dependent XNA polymerase. Since direct amplification of XNA
was not yet possible, an XNA reverse transcription (RT) step was
needed to generate the complementary DNA for selected
sequences. The RT521 L was chosen because it also has RNA-
dependent DNA polymerase activity.

Four different RNA-cleaving XNAzymes were reported. For
the FANA incorporated selection, the FR17_6 FANAzyme (Fig-
ure 4B) exhibited a comparable rate (kobs 0.058 min� 1) to
analogous ribozymes and DNAzymes. For AR17_5 ANAzyme
(Figure 4C), its sequence shares 12 of the 14 core residues of
the 8–17 DNAzyme, although a direct conversion of the 8–17
sequence to ANA resulted in no activity. In addition, the AR17_
5 exhibited a significant slower rate (kobs 0.0012 min

� 1) in the
presence of 50 mM Mg2+ at pH 8.5. For the HR16_1 HNAzyme
(Figure 4D) and CeR16-3 CeNAzyme (Figure 4E), the catalytic
rates were even slower under the same condition.[58] In general,
these XNAzymes exhibited slower catalytic rates than most
known DNAzymes, and none of them functioned with the
Michaelis-Menten kinetics.

Later, Wang et al. isolated an efficient RNA-cleaving FANA-
zyme from an unbiased N25 library. Unlike the previous
examples, a naturally occurring DNA polymerase (Tgo DNA
polymerase) was used for constructing the FANA library and a
reverse transcriptase (Bst DNA polymerase, large fragment) was
used for copying the FANA templates back to DNA.[60] The most
active species, NGS12-7 (Figure 4F) cleaved the RNA substrate
at a specific GU junction with a kcat ~0.2 min

� 1 and KM ~600 nM
in the presence of 25 mM Mg2+ at pH 8.5. The values were
comparable to those for many ribozymes and DNAzymes. This
was the first example of an XNAzyme exhibiting the Michaelis-
Menten kinetic profile. The NGS12-7 also showed activity in the
presence of Ca2+ or Mn2+, although the rates were at least 3-
fold slower. In addition, the rate constant with the RNA/DNA
chimeric substrate was 7-fold faster than the all-RNA substrate,
suggesting that the helicity of a B-form FANA-DNA hybrid-
ization provided a more favorable geometry for in-line

nucleophilic attack of the nearby phosphodiester bond. In a
follow-up study, Wang et al. compared the NGS12-7 and 10–23
DNAzymes using a chimeric substrate. The steady-state kinetics
showed that NGS12-7 had better catalytic efficiency (kcat/KM
~1×106 M� 1min� 1) than 10–23 (kcat/KM ~3.5×105 M� 1min� 1) in
25 mM Mg2+ (200 mM NaCl, pH 8.5).[61] Moreover, NGS12-7 had
superior catalytic activity than known DNAzymes for cleaving
chimeric substrates under simulated physiological conditions
(150 mM NaCl, 1 mM MgCl2, pH 7.5).

3.4. Limitations of Using Modified Nucleotides

The above work using modified nucleotides, although quite
powerful, suffered from a few drawbacks. First, the amplification
step required more expensive engineered polymerases to
incorporate the modified nucleotides. In addition, low efficiency
and fidelity of those engineered polymerases were of
concern.[62] Thus, less stringent selection conditions sometimes
had to be used so that sufficient sequences were left for
amplification. In the case of HNA and CeNA, their higher duplex
stability also effected the efficiency of RT. While many base
modifications are tolerated by commercial DNA polymerases,
sugar modifications can be even more problematic and a trial-
and-error process is needed.[63,64] In some cases, PCR needs to
be replaced by primer extension reactions. Second, each of the
above DNAzymes contained multiple modified nucleotides
making the synthesis difficult. In addition, prediction of XNA
secondary structures requires additional software and expertise
not available to many researchers.[65] Finally, since most of the
modifications are not yet commercially available, none of the
DNAzymes were actually used by others beyond the labs of
creation.

One way to solve these problems is to place modifications
in the fixed region, while the random region is still made of the
normal nucleotides. Since the most influencing modifications

Figure 4. (A) Structures of four xenobiotic nucleic acids (XNAs). The chemical modifications are highlighted in color. The secondary structures of the RNA-
cleaving XNAzymes: (B) FR17_6, (C) AR17_5, (D) HR16_1, (E) CeR16-3, and (F) NGS12-7. The color of the enzyme strands corresponds to the XNAs incorporated
in the selections.
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should be near the cleavage junction for RNA-cleaving
DNAzymes, nearly all the literature examples with such fixed-
site modifications are on the two nucleotides forming the
cleavage junction. In the next section, we review this strategy.

4. Modifications introduced in the fixed region
of the selection libraries.

4.1. Phosphorothioate Modifications

Phosphorothioate (PS) modification is commonly used for
studying metal binding in ribozymes and DNAzymes.[66–68] One
of the non-bridging oxygen atoms in the cleavage junction is
replaced by sulfur (Figure 5A), and this modification can change
the metal binding preference from hard metals such as Mg2+ to
softer metals such as Mn2+ and Cd2+. We used this method and
found that the PS-modified Ce13d DNAzyme became active
with all the thiophilic metals including Hg2+, Cd2+, Pb2+ and
Cu2+,[69] whereas before the modification, the normal Ce13d
works mainly with trivalent lanthanide ions.[70]

This work led us to embed a PS modification at the scissile
phosphate in the library to perform new selections. Since the
PS was in the primer of PCR, the normal PCR protocol and
reagents were used. Using Cd2+ and Cu2+ as target metal ions,
we obtained the Cd16 (Figure 5C) and Cu10 (Figure 5D)
DNAzymes, respectively. Although both DNAzymes showed
simple secondary structures with very small catalytic loops, they
exhibited high activity. Before this work, no one successfully
used these two metals to obtain efficient RNA-cleaving

DNAzymes. Therefore, metal/phosphate binding is critical for
the reaction.

Incorporating a single PS generated a pair of diastereomers
(Figure 5B). In fact, the two DNAzymes had their Rp substrates
cleaved 100-fold and 37-fold faster than the Sp substrates,
respectively, suggesting highly specific metal binding instead of
simple electrostatic interactions. Furthermore, both DNAzymes
displayed remarkable selectivity for their target metal ions
(Figure 5E). Compared to base modification, the cost of PS DNA
synthesis is also low.

4.2. Modification of Other Metal Ligands

The scissile phosphate is critical for metal binding. With a
natural phosphate, many hard metal ions such as Mg2+, Ca2+,
Na+, and lanthanides can activate the DNAzymes. When a PS
modification is introduced, softer metals such as Cu2+ and Cd2+

can be used. However, many first-row transition metals are
borderline, and it has been hard to obtain selective DNAzymes
for them. In fact, most of them can activate the 8–17
DNAzyme,[73] and selections performed with these transitions
metals often resulted in or were expected to result in the 8–17
motif.[73–75] Based on our work, using the PS modification could
not result in new DNAzymes either (unpublished results).

We suspected that a nitrogen-based ligand might be useful
for binding the first-row transition metal ions. To solve this
problem, we collaborated with the Sleiman group and intro-
duced a nitrogen-rich histidine-glycine modified tertiary amine
ligand (Figure 6A). This ligand contained multiple metal binding
sites, and it is possible to form more complex metal binding
structures. We then used Zn2+ and Ni2+ as target metals for two

Figure 5. (A) Structure of the normal phosphodiester linkage (PO), and the PS modification. (B) The structures of the two PS diastereomers. The secondary
structures of the two PS-modified (denoted as an asterisk) RNA-cleaving DNAzymes: (C) Cd16, and (D) Cu10. (E) Cleavage percentage of the unseparated PS
substrate with the Cd16 and Cu10 DNAzymes in the presence of 10 μM various metals with the exception of 1 mM Mg2+, Ca2+, and Ba2+. The 15 min reactions
were run in 25 mM NaCl, 50 mM MES buffer (pH 6.0) at 25 °C. Figures were replotted with permission from ref. [71] (Copyright © 2016, American Chemical
Society) and ref. [72] (Copyright © 2015, Oxford University Press).
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separate selections. Using Zn2+, we obtained a series of
DNAzymes and they can bind one, two and three Zn2+ ions,
respectively (Figure 6B� D).[76] Using a concentration-rate double
log plot, the slope represented the number of Zn2+ ions
(Figure 6F). Interestingly, the more Zn2+ binding, the better
selectivity. The selectivity for Zn2+ over Co2+ for them reached
from around 20, 1000 to 5000-fold. The MGL� Zn03 DNAzyme
represents the most selective DNAzymes for Zn2+, with the Zn2+

activity even higher than Pb2+.
Similarly, a Ni2+-dependent DNAzyme was also obtained

using the same library. The truncated structure formed a simple
catalytic loop with 17 nucleotides rich in purine (Figure 6E).[77]

The enzyme was only active in the presence of Ni2+ or Co2+. It
is interesting to note that many other functional nucleic acids
can hardly distinguish Ni2+ or Co2+, such as the NiCo
riboswitch.[78]

4.3. Change of Cleavage Site Dinucleotide Junctions

For most selections of RNA-cleavage DNAzymes, a purine-
purine cleavage junction was used, such as rA� G. Strictly
speaking, the change of the cleavage junction is not a
modification, since all the nucleotides are still natural. We
briefly discuss them since such changes have a strong influence
on DNAzyme activity. The 10–23 DNAzyme can cleave any
purine-pyrimidine junctions. However, the activity of r(AC) and r
(GC) was greatly reduced.[30,79,80] For the 8–17 and 17E
DNAzymes, they can cleave any rNG junction (rN stands for all
four standard ribonucleotides).[30,73] If a DNAzyme can accept
more junctions, it is more versatile in cleaving RNA. Cruz et al.
conducted 16 parallel selections to cover all possible combina-
tions of dinucleotide junctions in a DNA/RNA chimeric
substrate.[74] Initially, five representative DNAzyme variants
together could cleave 14 out of the 16 dinucleotide junctions in
the presence of Mg2+ and Mn2+.[74] Upon a comprehensive
mutation study, the 8–17 motif can actually cleave all 16

combinations with at least 1000-fold over the background,
although cleaving pyrimidine-pyrimidine junctions remained
slow.[81]

To find an efficient DNAzyme that can cleave pyrimidine-
pyrimidine junctions, Schlosser et al. conducted four separate
selections (with rCC, rUC, rCT, and rUT junctions). Four best
DNAzymes showed cleavage rates range from 0.04 to
0.15 min� 1. These were 1–3 orders of magnitude faster than the
best DNAzymes reported previously,[82] although were still 10–
100 fold slower than the DNAzymes that cleave purine-purine
junctions.[74,81] A reselection was performed based on sequences
from the rCT pool,[74] and the obtained CT10-3.29 DNAzyme
with a more complex structure had a rate constant of 0.3–
1.4 min� 1.[83] Recently, Wang et al. reported a new small Mg2+

-dependent DNAzyme 10–12opt that favorably cleaved the r
(UN) junctions where N can be any ribonucleotides.[84] The 10–
12opt can only efficiently cleave all-RNA substrates.

The cleavage junction can also contain modified nucleo-
tides. For the Ce13d DNAzyme, we have replaced the rA by a 2-
aminopurine (a fluorescent adenine analog), which allowed
highly sensitive detection of Na+ ions.[14,85,86] Sometimes, other
types of modifications such as hypoxanthine were also tested
for probing specific groups.[87,88] However, direct selections
using them has yet to be demonstrated.

4.4. Fluorophore/Quencher Modifications

Aside from enhancing activity and affect metal binding,
modifications have also been made for signaling. Since many
DNAzymes showed excellent metal specificity, they have been
used for developing metal biosensors.[26] Typically, a fluoro-
phore and a quencher were respectively labeled on the ends of
the DNAzyme (Figure 7A), resulting in quenched fluorescence.
Cleavage of the substrate and release of the fluorophore
bearing fragment can produce a fluorescence signal.[24,89]

Although such post-modifications of the selected DNAzyme are

Figure 6. (A) The structure of the glycyl-histidine functionalized tertiary amine modification at the cleavage junction (named rAG). The secondary structures of
the selected DNAzymes hybridized with the modified substrate: (B) MGL� Zn03 binds with three Zn2+ ions, (C) MGL� Zn05 binds with two Zn2+ ions, (D)
MGL� Zn06 binds with one Zn2+ ion, and (E) MGL� Ni03 l can bind one Ni2+ or two Co2+ ions. (F) Double log plots of rate constant of each DNAzyme versus
[Zn2+]. The linear fitting showed a slope of 2.6, 1.9, and 1.0 for Zn03, Zn05, and Zn06, respectively. Figure was adapted with permission from ref. [76]
(Copyright © 2019, Wiley-VCH).
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common,[89,90] incomplete hybridization may increase the
background.[91] Although adding more quenchers can help, the
cost of the synthesis is also higher (Figure 7A).[90,92] In addition,
signal generation requires not only the cleavage reaction but
also the release of the cleavage product, which can also delay
signal generation.

To overcome these problems, the Li lab labeled a
fluorophore and a quencher right on either side of the cleavage
junction (Figure 7B). The short distance between the fluoro-
phore and quencher resulted in efficient fluorescence quench-
ing. It also minimized false positive signals because the
fluorescence was only generated when the RNA linkage was
cleaved (e.g. melting of the DNAzyme complex would not
produce a signal). In theory, the design could show ~70-fold
fluorescence enhancement upon cleavage.[9] This in vitro selec-
tion strategy is quite technically demanding and requires more
steps than typical selections (Figure 7C). Using this method, the
Li group isolated some interesting metal and pH-dependent
DNAzymes.[11,93] For example, the DET22-18 DNAzyme shown in
Figure 7D is the second fastest DNAzyme reported reaching a
kcat ~7 min

� 1 at 23 °C in 5 mM MgCl2 and 50 mM HEPES, pH 6.8
containing 10 mM CoCl2.

[9]

Using the same method coupled with hyper-mutagenic PCR
protocol, Li et al. obtained five DNAzymes with catalytic
activities covering a wide pH range (pH 3–8) via five parallel
selections. Although the selection buffer contained a mixture of
metal ions (Mn2+, Co2+, Cd2+, and Ni2+), each DNAzyme showed
different metal specificity dependent on the selection pH. The
fluorescence enhancement was ~3-fold better than the end-to-
end labeling. Chiuman and Li used Mg2+ as a cofactor to obtain
an RNA-cleaving DNAzyme named MgZ (Figure 7E).[94] This
DNAzyme with a three-way junction secondary structure
displayed a rate of 1 min� 1 and 26-fold fluorescence
enhancement upon cleavage.

The Li lab further isolated a series bacterial sensing
DNAzymes using this technology,[95] in particular, the use of
crude extracellular matrix (CEM) as the selection target. CEM is a
complex mixture and its composition differs in various bacterial
strains. Their RFD-EC1 DNAzyme was specific for an unidentified
protein (MW between 30k and 50k Da) in the CEM from
E.coli.[96,97] Importantly, it displayed no activity with the CEM of
other Gram-negative or Gram-positive bacteria.[96] Under opti-
mal conditions, RFD-EC1 can detect 103 cells.[98] This DNAzyme
was engineered into a simple and inexpensive litmus test,[99]

and printable paper-based sensors.[100] The same group reported
another RNA-cleaving DNAzyme, RFD-CD1, which only targeted
a particular strain of C. difficile, a gram-positive bacterium.[101]

RFD-CD1 was activated by a truncated version of a transcription
factor (TcdC) unique to the specific strain of C. difficle. Similar
methods were also used to obtain DNAzymes for H. pylori, a
pathogen linked to gastric carcinoma,[102] klebsiella
pneumoniae,[103] and breast cancer.[104]

4.5. Cleaving 2’-5’ Linked RNA

Although nucleic acids are predominately linked by 3’-5’
phosphodiester bonds, 2’-5’-linked RNA also exists in nature
and has been studied in biological, medicinal, and prebiotic
research (Figure 8A).[105–108] So far, the DNAzymes mentioned
above were selected to cleave 3’-5’ RNA linkage. The Silverman
group previously reported a RNA-ligating DNAzyme that
showed a low activity in cleaving 2’-5’ RNA (0.005 min� 1).[109,110]

To obtain efficient 2’-5’ RNA-cleaving DNAzymes, Ordoukha-
nian and Joyce introduced this linkage in the selection library
and obtained the 2’:15-2 DNAzyme (Figure 8B).[111] This enzyme
exhibited an optimal kcat of ~0.01 min

� 1 at 37 °C in 50 mM EPPS
buffer (pH 7.5) containing 150 mM NaCl and 25 mM Mg2+.

Figure 7. (A) DNAzyme-based fluorescence sensor designs with one or two quenchers. (B) The structure of a fluorescein-dT (green) and dabcyl-dT quencher
(grey) modified cleavage junction. (C) Illustration of the selection scheme, and each selection cycle consists of multiple steps including ligation, cleavage
reaction, PCR, dPAGE and phosphorylation. The secondary structures of trans-cleaving (D) DET22-18, and (E) MgZ DNAzymes.
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Although its catalytic efficiency of ~108 M� 1min� 1 was on par
with some of the reported 3’-5’ RNA-cleaving DNAzymes, the
catalytic rate was at least 10-fold slower than typical
DNAzymes.[111] Later, the Liu group selected the Ce5 DNAzyme
(Figure 8C) that cleaved the 2’-5’ using Ce3+ reaching a rate of
0.16 min� 1 (10 μM Ce3+ in 25 mM KCl and 50 mM MES, pH 6).[112]

This rate was similar to the Ce13d DNAzyme cleaving the 2’-5’
substrate under similar conditions.

4.6. Cleaving L-RNA

Another interesting modification is to generate enantiomers.
Natural nucleic acids contain D-ribose and D-deoxyribose. By
replacing them with the L-counterparts, the resulting nucleic
acids are referred to as L–DNA or L-RNA (Figure 9A). This
synthetic mirror image of natural biomolecules is resistant to
nuclease degradation. The mirror forms of catalytic nucleic acids
are called spiegelzymes (or L–DNAzyme). Retaining the catalytic
functionality was demonstrated in two speigelzymes. The 10–23
and GR5L-enzymes can cleave their corresponding L-substrates

in the presence of Mg2+ and Pb2+, respectively.[113,114] In fact, the
D-enzymes can only pair up and cleave the D-substrate, and
vice versa.

Although these spiegelzymes were directly engineered from
the previously selected DNAzymes, direction selections are also
possible. Back in 2002, the Joyce group first isolated an L-RNA
cleaving DNAzyme (L: 15–30). However, the reported catalytic
rate was only 0.001 min� 1.[111] Recently, Tram and colleagues
selected an L-RNA-cleaving DNAzyme named LRD-BT1 (Fig-
ure 9B). The L-modification was limited to the single moiety at
the cleavage junction to minimize the substrate binding
incompatibility between the L- and D- isomers. In the presence
of Mg2+ and Mn2+, LRD-BT1 achieved a kcat of 2.6 min

� 1 and a
KM of 280 nM, and the activity was specifically for the LrG
junction.[115] Structural analysis indicated the four nucleotides in
the loop of the hairpin formed a kissing loop with the four
nucleotides right next to the LrG cleavage site. As long as these
two segments were complementary to each other, the
sequences were changeable. The kissing loop might bring the
catalytically important nucleotides in the stem-loop region
closer to the cleavage site.

Figure 8. (A) Structures of 2’-5’ and 3’-5’ linked RNA. The secondary structures of (B) the 2’:15-2 DNAzyme cleaving the 2’-5’ rGT linkage in the presence of
Mg2+, and (C) the Ce5 DNAzyme cleaving the 2’-5’ rAG linkage in the presence of Ce3+.

Figure 9. (A) Illustration of natural occurring DNA (D-DNA) and its synthetic mirror image form (L–DNA). (B) The secondary structure of an L-RNA cleaving
DNAzyme named LRD-BT1. LrG denotes for L-riboguanosine.
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4.7. Cleaving the Amide Bond

Although the scope of this article is on RNA-cleaving DNA-
zymes, one particular DNAzyme for amide bond cleavage is
worth mentioning here, since it is difficult to be achieved by
canonical nucleic acids. The Silverman group reported several
aliphatic amide-hydrolyzing DNAzymes via a carefully designed
selection strategy.[116] For each selection, the thymine residues
in the N40 random region were replaced with one of the
modified bases containing a protein-like functional group, such
as primary amino, carboxyl, or primary hydroxyl (Figure 10A).
The designated cleavage site was modified with a simple
aliphatic amide bond anchored between two DNA pieces
(Figure 10B). To ensure that only amide cleavage products were
selected, a key step was to add an amino capture strand (blue)
and chemically ligate by the EDC chemistry (Figure 10B, Step 2).
Many different DNAzymes were obtained with kobs values
ranged from 0.1 to 0.4 h� 1.

5. Applications of Modified DNAzymes.

The applications of conventional DNAzymes are also available
to these modified DNAzymes, but the modifications also
enabled some unique applications. Here, a few representative
applications are briefly discussed.

5.1. Biosensors

Most of the modified DNAzymes were intended for sensing. We
show two examples here. One is for the detection of Cd2+ using
the Cd16 DNAzyme. The sensor design is shown in Figure 11A
with a fluorophore-labeled on one end of the substrate strand

and a quencher on the corresponding end of the enzyme.
Cleavage produced a fluorescence enhancement specifically
depended on Cd2+ concentration (Figure 11B), while other
metal ions showed no response (Figure 11C). The sensor
achieved a detection limit of 1.1 nM Cd2+ in buffer, and 1.6 nM
Cd2+ in spiked rice sample extracts.[72]

Another interesting example is the detection of CEM
produced by bacteria. The Li lab selected a series of signaling
DNAzymes. Since a fluorophore and a quencher were already
labelled right next to the cleavage site during the selection, the
resulting DNAzymes were directly used as sensors (Figure 11D).
The RFD-EC1 exhibited fluorescence enhancement with an
increasing concentration of the CEM produced by E. coli K12,[96]

a nonpathogenic strain as a model bacterium (Figure 11E).[98]

This real-time sensing method can detect down to 104 bacterial
cells. By culturing the cells for 8 h, a single colony forming unit
can be detected. No fluorescence signals were detected with
other Gram-negative bacterial pathogens, indicating high
specificity (Figure 11F).[96]

5.2. Intracellular RNA Cleavage

One of the early motivations of DNAzymes was for cleavage of
intracellular RNA. However, the activity of DNAzymes is low
inside cells due to low intracellular metal concentration (e.g.
free Mg2+ concentration below 2 mM). We reviewed above
Perrin’s work for mimicking RNase A to bypass the need for
metal ions.[50,57,117,118] In their latest development, the Dz7-38-2
exhibited a kcat of 0.27 min

� 1 and Km of 3.3 μM (kcat/KM ~10
5 M� 1

min� 1 ) under simulated physiological conditions (0.5 mM Mg2+,
150 mM KCl, pH 7.5) at 37 °C.[57] Compare to unmodified
DNAzymes (8–17 and 10–23), this kcat was 3–4 orders of

Figure 10. (A) Structures of dUAmTP, dUCOOHTP, and dUOHTP used in aliphatic amide bond cleaving DNAzyme selections. (B) Key steps of the in vitro selection,
where the DNA-catalyzed hydrolysis is followed by the capture of the revealed carboxylic acid using a 5’-amino oligonucleotide.
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magnitude higher. However, the efficacy of this DNAzyme has
yet to be demonstrated by intracellular work.

5.3. Reaction Probes

Many reactions can produce a mixture of 3’-5’ and 2’-5’ linked
RNA. Since they have the same mass, their identification has to
rely on biochemical methods. Typically, RNase T2 digestion,[119]

or alkaline hydrolysis was used to probe the existence of 2’-5’
RNA linkage.[109] The latter method is more accessible, but the
reaction rate is very slow, only ~0.043 h� 1 at 37 °C requiring a
few days of incubation.[120] On the other hand, the Ce5
DNAzyme exhibited a cleavage rate of 0.16 min� 1 at room
temperature.[112] Its 220-fold faster rate makes Ce5 useful for
probing the 2’-5’ RNA linkage.

When a PS-modified RNA is mixed with a strongly thiophilic
metal such as Tl3+, three products are generated: the cleavage
product, the desulfurized (3’-5’ linked) uncleaved product, and
the isomerized product (2’-5’ linked and also desulfurized)
uncleaved product (Figure 12A).[120] Under our reaction con-
dition, only a small fraction (~7%) was cleaved while reaming
93% substrate were desulfurized and isomerized (Fig-
ure 12B).[120] We collected the uncleaved products. Once hybri-
dized with the 17E DNAzyme, only the 3’-5’ linked substrate
was cleaved in the presence of 10 mM Mg2+. On the other
hand, only the 2’-5’ linkage was cleaved with the Ce5 DNAzyme
and 10 μM Ce3+.[112] Thus, this simple method allowed quick
identification of the reaction products.

Figure 11. (A) Schematic design of the fluorescent DNAzyme sensor for Cd2+ detection. The asterisk denotes for the PS modification. Fluorescence kinetics of
the Cd16 sensor containing a PS modification in the presence of (B) various Cd2+ concentrations and (C) 100 nM of various metals. The arrowhead indicated
the point of metal addition. Figures were adapted from ref. [72] (D) A fluorogenic DNAzyme sensor for CEM. Fluorescence kinetics of RFD-EC1 in the presence
of (E) CEM prepared from 102–107 E. coli cells, and (F) CEM from various Gram-negative and bacteria. Figures were adapted from ref. [98] and ref. [96]
(Copyright © 2011, Wiley-VCH).

Figure 12. (A) Structures of the three products from a PS-RNA substrate reacting with Hg2+ or Tl3+. (B) Experimental design of probing the cleavage,
desulfurization, and isomerization reaction products. The uncleaved substrate after Tl3+ treatment was isolated and reacted with the 17E or Ce5 DNAzyme for
quantification and characterization.
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6. Conclusions and Future Perspectives

In summary, we reviewed the in vitro selection of chemically
modified RNA-cleaving DNAzymes. Taking advantage of solid
phase DNA synthesis, PCR and primer extension reactions and
synthetic chemistry, versatile modifications have been incorpo-
rated in DNAzymes for various purposes from enhanced metal
binding, nuclease resistance to fluorescence signaling. Given
the power of organic synthesis, the potential of combining the
rational design of modified nucleic acids and in vitro selection
is enormous.

Given the progress, we believe a few future developments
can benefit this field. First, given the infinite possibilities of
synthetic chemistry, we expect more types of modifications to
be introduced for specific recognition of various targets. We
have seen examples in the isolation of metal-specific DNA-
zymes, and it would be interesting to expand to small molecule
recognition. Second, another type of modification is the 6-letter
alphabet DNA developed by Benner and coworkers. In addition
to the A, T, C, G, they have synthesized a few more Watson-
Crick type of base pairs by shuffling the position of the
hydrogen bond donors and acceptors. This can introduce new
chemical functionalities and this technology is quite powerful
for selecting better aptamers.[121,122] Its applications in DNA-
zymes has yet to be demonstrated. Third, to make the selected
DNAzymes more widely used, they need to be commercially
available. The PS modification is a cost-effective example, but
most other modifications are not. This gap needs to be filled in
order to see a broader impact of these DNAzymes. Finally, we
have focused on examples of RNA-cleaving DNAzymes, while
modifications on other types of DNAzymes are less explored,
especially modifications introduced during the selection.[2,123]

Given the diverse range of DNAzyme reactions, by rationally
design modification strategies to match the reactions, we may
also see improvements in other types of DNAzymes.

Acknowledgements

Funding for the work performed in the Liu lab was mainly from
the Natural Sciences and Engineering Research Council of Canada
(NSERC).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: aptamers · biosensors · DNAzymes ·
deoxyribozymes · SELEX

[1] R. R. Breaker, G. F. Joyce, Chem. Biol. 1994, 1, 223.
[2] S. K. Silverman, Trends Biochem. Sci. 2016, 41, 595.
[3] L. Ma, J. Liu, iScience 2020, 23, 100815.
[4] R. J. Lake, Z. L. Yang, J. L. Zhang, Y. Lu, Acc. Chem. Res. 2019, 52, 3275.
[5] D. Morrison, M. Rothenbroker, Y. F. Li, Small Methods 2018, 2, 1700319.
[6] G. F. Joyce, Annu. Rev. Biochem. 2004, 73, 791.

[7] M. Hollenstein, Molecules 2015, 20, 20777.
[8] Z. Shan, M. S. Lyu, D. Curry, D. Oakley, K. Oakes, X. Zhang, Chin. Chem.

Lett. 2019, 30, 1652.
[9] D. Peng, Y. Li, Z. Huang, R.-P. Liang, J.-D. Qiu, J. Liu, Anal. Chem. 2019,

91, 11403.
[10] M. Sprinzl, K. S. Vassilenko, Nucleic Acids Res. 2005, 33, D139.
[11] S. H. J. Mei, Z. Liu, J. D. Brennan, Y. Li, J. Am. Chem. Soc. 2003, 125, 412.
[12] K. Hwang, P. Wu, T. Kim, L. Lei, S. Tian, Y. Wang, Y. Lu, Angew. Chem.

Int. Ed. 2014, 53, 13798.
[13] X. Wang, M. Feng, L. Xiao, A. Tong, Y. Xiang, ACS Chem. Biol. 2016, 11,

444.
[14] W. Zhou, J. Ding, J. Liu, Nucleic Acids Res. 2016, 44, 10377.
[15] S. Du, Y. Li, Z. Chai, W. Shi, J. He, Bioorg. Chem. 2020, 94, 103401.
[16] Y. Liu, Z. Li, G. Liu, Q. Wang, W. Chen, D. Zhang, M. Cheng, Z. Zheng, K.

Liu, J. He, Chem. Commun. 2013, 49, 5037.
[17] S. Schubert, D. C. Gül, H. P. Grunert, H. Zeichhardt, V. A. Erdmann, J.

Kurreck, Nucleic Acids Res. 2003, 31, 5982.
[18] B. Nawrot, K. Widera, M. Wojcik, B. Rebowska, G. Nowak, W. J. Stec,

FEBS J. 2007, 274, 1062.
[19] L. Xiao, C. Gu, Y. Xiang, Angew. Chem. Int. Ed. 2019, 58, 14167.
[20] G. S. Sekhon, D. Sen, Biochemistry 2010, 49, 9072.
[21] Z. Zaborowska, S. Schubert, J. Kurreck, V. A. Erdmann, FEBS Lett. 2004,

579, 554.
[22] B. Wang, L. Cao, W. Chiuman, Y. Li, Z. Xi, Biochemistry 2010, 49, 7553.
[23] M. H. Räz, M. Hollenstein, Mol. BioSyst. 2015, 11, 1454.
[24] X.-B. Zhang, R.-M. Kong, Y. Lu, Annu. Rev. Anal. Chem. 2011, 4, 105.
[25] J. Liu, Z. Cao, Y. Lu, Chem. Rev. 2009, 109, 1948.
[26] W. Zhou, R. Saran, J. Liu, Chem. Rev. 2017, 117, 8272.
[27] I. Willner, B. Shlyahovsky, M. Zayats, B. Willner, Chem. Soc. Rev. 2008,

37, 1153.
[28] D. Morrison, M. Rothenbroker, Y. Li, Small Methods 2018, 2, 1700319.
[29] L. Gong, Z. Zhao, Y.-F. Lv, S.-Y. Huan, T. Fu, X.-B. Zhang, G.-L. Shen, R.-

Q. Yu, Chem. Commun. 2015, 51, 979.
[30] S. W. Santoro, G. F. Joyce, Proc. Natl. Acad. Sci. USA 1997, 94, 4262.
[31] H. Fan, X. Zhang, Y. Lu, SCIENCE CHINA Chemistry 2017, 60, 591.
[32] W. H. Zhou, J. S. Ding, J. W. Liu, Theranostics 2017, 7, 1010.
[33] H. Wang, Y. Chen, H. Wang, X. Liu, X. Zhou, F. Wang, Angew. Chem. Int.

Ed. 2019, 58, 7380.
[34] Y. Li, R. R. Breaker, J. Am. Chem. Soc. 1999, 121, 5364.
[35] H. H. Liu, X. Yu, Y. Q. Chen, J. Zhang, B. X. Wu, L. N. Zheng, P.

Haruehanroengra, R. Wang, S. H. Li, J. Z. Lin, J. X. Li, J. Sheng, Z. Huang,
J. B. Ma, J. H. Gan, Nat. Commun. 2017, 8, 2006.

[36] W. L. Ward, K. Plakos, V. J. DeRose, Chem. Rev. 2014, 114, 4318.
[37] R. K. O. Sigel, A. M. Pyle, Chem. Rev. 2007, 107, 97.
[38] K. Hwang, P. Hosseinzadeh, Y. Lu, Inorg. Chim. Acta 2016, 452, 12.
[39] W. Zhou, J. Liu, Metallomics 2018, 10, 30.
[40] Ş. Ekesan, D. M. York Nucleic Acids Res. 2019.
[41] M. Cepeda-Plaza, C. E. McGhee, Y. Lu, Biochemistry 2018, 57, 1517.
[42] S. W. Santoro, G. F. Joyce, K. Sakthivel, S. Gramatikova, C. F. Barbas III, J.

Am. Chem. Soc. 2000, 122, 2433.
[43] L. A. Cunningham, J. Li, Y. Lu, J. Am. Chem. Soc. 1998, 120, 4518.
[44] M. Hollenstein, C. Hipolito, C. Lam, D. Dietrich, D. M. Perrin, Angew.

Chem. Int. Ed. 2008, 47, 4346.
[45] A. V. Sidorov, J. A. Grasby, D. M. Williams, Nucleic Acids Res. 2004, 32,

1591.
[46] T. Gourlain, A. Sidorov, N. Mignet, S. J. Thorpe, S. E. Lee, J. A. Grasby,

D. M. Williams, Nucleic Acids Res. 2001, 29, 1898.
[47] S. E. Lee, A. Sidorov, T. Gourlain, N. Mignet, S. J. Thorpe, J. A. Brazier,

M. J. Dickman, D. P. Hornby, J. A. Grasby, D. M. Williams, Nucleic Acids
Res. 2001, 29, 1565.

[48] R. T. Raines, Chem. Rev. 1998, 98, 1045.
[49] J. M. Thomas, J. K. Yoon, D. M. Perrin, J. Am. Chem. Soc. 2009, 131,

5648.
[50] D. M. Perrin, T. Garestier, C. Helene, J. Am. Chem. Soc. 2001, 123, 1556.
[51] R. Ting, J. M. Thomas, L. Lermer, D. M. Perrin, Nucleic Acids Res. 2004,

32, 6660.
[52] Y. J. Wang, N. Ng, E. K. Liu, C. H. Lam, D. M. Perrin, Org. Biomol. Chem.

2017, 15, 610.
[53] C. Lam, C. Hipolito, D. M. Perrin, Eur. J. Org. Chem. 2008, 2008, 4915.
[54] M. Hollenstein, C. J. Hipolito, C. H. Lam, D. M. Perrin, Nucleic Acids Res.

2009, 37, 1638.
[55] M. Hollenstein, C. J. Hipolito, C. H. Lam, D. M. Perrin, ChemBioChem

2009, 10, 1988.
[56] C. J. Hipolito, M. Hollenstein, C. H. Lam, D. M. Perrin, Org. Biomol. Chem.

2011, 9, 2266.

ChemistryOpen
Reviews
doi.org/10.1002/open.202000134

1058ChemistryOpen 2020, 9, 1046–1059 www.chemistryopen.org © 2020 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Montag, 19.10.2020

2010 / 180421 [S. 1058/1059] 1

https://doi.org/10.1016/1074-5521(94)90014-0
https://doi.org/10.1016/j.tibs.2016.04.010
https://doi.org/10.1016/j.isci.2019.100815
https://doi.org/10.1021/acs.accounts.9b00419
https://doi.org/10.1002/smtd.201700319
https://doi.org/10.1146/annurev.biochem.73.011303.073717
https://doi.org/10.3390/molecules201119730
https://doi.org/10.1016/j.cclet.2019.05.037
https://doi.org/10.1016/j.cclet.2019.05.037
https://doi.org/10.1021/acs.analchem.9b02759
https://doi.org/10.1021/acs.analchem.9b02759
https://doi.org/10.1021/ja0281232
https://doi.org/10.1002/anie.201408333
https://doi.org/10.1002/anie.201408333
https://doi.org/10.1021/acschembio.5b00867
https://doi.org/10.1021/acschembio.5b00867
https://doi.org/10.1016/j.bioorg.2019.103401
https://doi.org/10.1039/c3cc42067a
https://doi.org/10.1093/nar/gkg791
https://doi.org/10.1111/j.1742-4658.2007.05655.x
https://doi.org/10.1002/anie.201908105
https://doi.org/10.1021/bi1013547
https://doi.org/10.1021/bi100304b
https://doi.org/10.1146/annurev.anchem.111808.073617
https://doi.org/10.1021/cr030183i
https://doi.org/10.1021/acs.chemrev.7b00063
https://doi.org/10.1039/b718428j
https://doi.org/10.1039/b718428j
https://doi.org/10.1002/smtd.201700319
https://doi.org/10.1039/C4CC06855F
https://doi.org/10.1073/pnas.94.9.4262
https://doi.org/10.1007/s11426-016-0472-1
https://doi.org/10.1002/anie.201902714
https://doi.org/10.1002/anie.201902714
https://doi.org/10.1021/ja990592p
https://doi.org/10.1021/cr400476k
https://doi.org/10.1021/cr0502605
https://doi.org/10.1016/j.ica.2016.04.017
https://doi.org/10.1039/C7MT00268H
https://doi.org/10.1021/acs.biochem.7b01096
https://doi.org/10.1021/ja993688s
https://doi.org/10.1021/ja993688s
https://doi.org/10.1021/ja973251p
https://doi.org/10.1002/anie.200800960
https://doi.org/10.1002/anie.200800960
https://doi.org/10.1093/nar/gkh326
https://doi.org/10.1093/nar/gkh326
https://doi.org/10.1093/nar/29.9.1898
https://doi.org/10.1093/nar/29.7.1565
https://doi.org/10.1093/nar/29.7.1565
https://doi.org/10.1021/cr960427h
https://doi.org/10.1021/ja900125n
https://doi.org/10.1021/ja900125n
https://doi.org/10.1021/ja003290s
https://doi.org/10.1093/nar/gkh1007
https://doi.org/10.1093/nar/gkh1007
https://doi.org/10.1039/C6OB02335E
https://doi.org/10.1039/C6OB02335E
https://doi.org/10.1093/nar/gkn1070
https://doi.org/10.1093/nar/gkn1070
https://doi.org/10.1002/cbic.200900314
https://doi.org/10.1002/cbic.200900314
https://doi.org/10.1039/c0ob00595a
https://doi.org/10.1039/c0ob00595a
https://doi.org/10.1039/c0ob00595a


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[57] Y. J. Wang, E. K. Liu, C. H. Lam, D. M. Perrin, Chem. Sci. 2018, 9, 1813.
[58] A. I. Taylor, V. B. Pinheiro, M. J. Smola, A. S. Morgunov, S. Peak-Chew, C.

Cozens, K. M. Weeks, P. Herdewijn, P. Holliger, Nature 2015, 518, 427.
[59] V. B. Pinheiro, A. I. Taylor, C. Cozens, M. Abramov, M. Renders, S. Zhang,

J. C. Chaput, J. Wengel, S.-Y. Peak-Chew, S. H. McLaughlin, P.
Herdewijn, P. Holliger, Science 2012, 336, 341.

[60] Y. Wang, A. K. Ngor, A. Nikoomanzar, J. C. Chaput, Nat. Commun. 2018,
9, 5067.

[61] Y. Wang, A. Vorperian, M. Shehabat, J. C. Chaput, ChemBioChem 2020,
21, 1001.

[62] A. I. Taylor, P. Holliger, Nature Protocols 2015, 10, 1625.
[63] M. Hocek, Acc. Chem. Res. 2019, 52, 1730.
[64] M. Flamme, L. K. McKenzie, I. Sarac, M. Hollenstein, Methods 2019, 161,

64.
[65] A. I. Taylor, G. Houlihan, P. Holliger, Cold Spring Harbor Perspect. Biol.

2019, 11.
[66] S. Wang, K. Karbstein, A. Peracchi, L. Beigelman, D. Herschlag,

Biochemistry 1999, 38, 14363.
[67] P. Thaplyal, A. Ganguly, S. Hammes-Schiffer, P. C. Bevilacqua, Biochem-

istry 2015, 54, 2160.
[68] P. Thaplyal, A. Ganguly, B. L. Golden, S. Hammes-Schiffer, P. C.

Bevilacqua, Biochemistry 2013, 52, 6499.
[69] P.-J. J. Huang, J. Liu, Anal. Chem. 2014, 86, 5999.
[70] P.-J. J. Huang, J. Lin, J. Cao, M. Vazin, J. Liu, Anal. Chem. 2014, 86, 1816.
[71] P.-J. J. Huang, J. Liu, Anal. Chem. 2016, 88, 3341.
[72] P.-J. J. Huang, J. Liu, Nucleic Acids Res. 2015, 43, 6125.
[73] J. Li, W. Zheng, A. H. Kwon, Y. Lu, Nucleic Acids Res. 2000, 28, 481.
[74] R. P. G. Cruz, J. B. Withers, Y. Li, Chem. Biol. 2004, 11, 57.
[75] K. Schlosser, Y. Li, ChemBioChem 2010, 11, 866.
[76] P.-J. J. Huang, D. de Rochambeau, H. F. Sleiman, J. Liu, Angew. Chem.

Int. Ed. 2020, 59, 3573.
[77] W. Ren, P.-J. J. Huang, D. de Rochambeau, W. J. Moon, J. Zhang, M.

Lyu, S. Wang, H. F. Sleiman, J. Liu, Biosens. Bioelectron. 2020, 165,
112285.

[78] K. Furukawa, A. Ramesh, Z. Zhou, Z. Weinberg, T. Vallery, T. Winkler, C.
Wade, Breaker, R. Ronald, Mol. Cell 2015, 57, 1088.

[79] S. W. Santoro, G. F. Joyce, Biochemistry 1998, 37, 13330.
[80] M. J. Cairns, A. King, L. Q. Sun, Nucleic Acids Res. 2003, 31, 2883.
[81] K. Schlosser, J. Gu, L. Sule, Y. F. Li, Nucleic Acids Res. 2008, 36, 1472.
[82] K. Schlosser, J. Gu, J. C. F. Lam, Y. F. Li, Nucleic Acids Res. 2008, 36, 4768.
[83] J. C. F. Lam, J. B. Withers, Y. Li, J. Mol. Biol. 2010, 400, 689.
[84] Y. Wang, J. Yang, X. Yuan, J. Cao, J. Xu, J. C. Chaput, Z. Li, H. Yu, Sci.

Rep. 2019, 9, 8224.
[85] Y. He, D. Chen, P.-J. J. Huang, Y. Zhou, L. Ma, K. Xu, R. Yang, J. Liu,

Nucleic Acids Res. 2018, 46, 10262.
[86] L. Ma, S. Kartik, B. Liu, J. Liu, Nucleic Acids Res. 2019, 47, 8154.
[87] R. Saran, J. Liu, Inorg. Chem. Front. 2016, 3, 494.
[88] M. Vazin, P.-J. J. Huang, Z. Matuszek, J. Liu, Biochemistry 2015, 54, 6132.
[89] J. Li, Y. Lu, J. Am. Chem. Soc. 2000, 122, 10466.
[90] J. Liu, Y. Lu, Anal. Chem. 2003, 75, 6666.
[91] W. Chiuman, Y. Li, Nucleic Acids Res. 2007, 35, 401.
[92] J. Liu, A. K. Brown, X. Meng, D. M. Cropek, J. D. Istok, D. B. Watson, Y.

Lu, Proc. Natl. Acad. Sci. USA 2007, 104, 2056.
[93] Z. Liu, S. H. J. Mei, J. D. Brennan, Y. Li, J. Am. Chem. Soc. 2003, 125,

7539.
[94] W. Chiuman, Y. Li, PLoS One 2007, 2, e1224.

[95] M. Liu, D. Chang, Y. Li, Acc. Chem. Res. 2017, 50, 2273.
[96] M. M. Ali, S. D. Aguirre, H. Lazim, Y. Li, Angew. Chem. Int. Ed. 2011, 50,

3751.
[97] Y. Li, Future Microbiol. 2011, 6, 973.
[98] S. D. Aguirre, M. M. Ali, B. J. Salena, Y. Li, Biomolecules 2013, 3, 563.
[99] K. Tram, P. Kanda, B. J. Salena, S. Huan, Y. Li, Angew. Chem. Int. Ed.

2014, 53, 12799.
[100] P.-Y. Hsieh, M. Monsur Ali, K. Tram, S. Jahanshahi-Anbuhi, C. L. Brown,

J. D. Brennan, C. D. M. Filipe, Y. Li, ChemBioChem 2017, 18, 502.
[101] Z. Shen, Z. Wu, D. Chang, W. Zhang, K. Tram, C. Lee, P. Kim, B. J. Salena,

Y. Li, Angew. Chem. Int. Ed. 2016, 55, 2431.
[102] M. M. Ali, M. Wolfe, K. Tram, J. Gu, C. D. M. Filipe, Y. Li, J. D. Brennan,

Angew. Chem. Int. Ed. 2019, 58, 9907.
[103] M. M. Ali, A. Slepenkin, E. Peterson, W. Zhao, ChemBioChem 2019, 20,

906.
[104] S. He, L. Qu, Z. Shen, Y. Tan, M. Zeng, F. Liu, Y. Jiang, Y. Li, Anal. Chem.

2015, 87, 569.
[105] C. L. Greer, B. Javor, J. Abelson, Cell 1983, 33, 899.
[106] A. E. Engelhart, M. W. Powner, J. W. Szostak, Nat. Chem. 2013, 5, 390.
[107] J. Sheng, L. Li, A. E. Engelhart, J. Gan, J. Wang, J. W. Szostak, Proc. Natl.

Acad. Sci. USA 2014, 111, 3050.
[108] M. Wasner, D. Arion, G. Borkow, A. Noronha, A. H. Uddin, M. A. Parniak,

M. J. Damha, Biochemistry 1998, 37, 7478.
[109] A. Flynn-Charlebois, Y. Wang, T. K. Prior, I. Rashid, K. A. Hoadley, R. L.

Coppins, A. C. Wolf, S. K. Silverman, J. Am. Chem. Soc. 2003, 125, 2444.
[110] A. Flynn-Charlebois, T. K. Prior, K. A. Hoadley, S. K. Silverman, J. Am.

Chem. Soc. 2003, 125, 5346.
[111] P. Ordoukhanian, G. F. Joyce, J. Am. Chem. Soc. 2002, 124, 12499.
[112] W. Zhou, J. Ding, J. Liu, ChemBioChem 2016, 17, 890.
[113] E. Wyszko, M. Szymański, H. Zeichhardt, F. Müller, J. Barciszewski, V. A.

Erdmann, PLoS One 2013, 8, e54741.
[114] L. Cui, R. Peng, T. Fu, X. Zhang, C. Wu, H. Chen, H. Liang, C. J. Yang, W.

Tan, Anal. Chem. 2016, 88, 1850.
[115] K. Tram, J. Xia, R. Gysbers, Y. Li, PLoS One 2015, 10, e0126402.
[116] C. Zhou, J. L. Avins, P. C. Klauser, B. M. Brandsen, Y. Lee, S. K. Silverman,

J. Am. Chem. Soc. 2016, 138, 2106.
[117] M. Hollenstein, C. J. Hipolito, C. H. Lam, D. M. Perrin, ACS Comb. Sci.

2013, 15, 174.
[118] L. Lermer, Y. Roupioz, R. Ting, D. M. Perrin, J. Am. Chem. Soc. 2002, 124,

9960.
[119] R. Rohatgi, D. P. Bartel, J. W. Szostak, J. Am. Chem. Soc. 1996, 118, 3340.
[120] P.-J. J. Huang, M. Vazin, J. Liu, Anal. Chem. 2015, 87, 10443.
[121] L. Zhang, Z. Yang, K. Sefah, K. M. Bradley, S. Hoshika, M.-J. Kim, H.-J.

Kim, G. Zhu, E. Jiménez, S. Cansiz, I. T. Teng, C. Champanhac, C.
McLendon, C. Liu, W. Zhang, D. L. Gerloff, Z. Huang, W. Tan, S. A.
Benner, J. Am. Chem. Soc. 2015, 137, 6734.

[122] K. Sefah, Z. Yang, K. M. Bradley, S. Hoshika, E. Jiménez, L. Zhang, G.
Zhu, S. Shanker, F. Yu, D. Turek, W. Tan, S. A. Benner, Proc. Natl. Acad.
Sci. USA 2014, 111, 1449.

[123] B. Cuenoud, J. W. Szostak, Nature 1995, 375, 611.

Manuscript received: May 9, 2020
Revised manuscript received: August 25, 2020

ChemistryOpen
Reviews
doi.org/10.1002/open.202000134

1059ChemistryOpen 2020, 9, 1046–1059 www.chemistryopen.org © 2020 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Montag, 19.10.2020

2010 / 180421 [S. 1059/1059] 1

https://doi.org/10.1039/C7SC04491G
https://doi.org/10.1038/nature13982
https://doi.org/10.1126/science.1217622
https://doi.org/10.1002/cbic.201900596
https://doi.org/10.1002/cbic.201900596
https://doi.org/10.1038/nprot.2015.104
https://doi.org/10.1021/acs.accounts.9b00195
https://doi.org/10.1016/j.ymeth.2019.03.018
https://doi.org/10.1016/j.ymeth.2019.03.018
https://doi.org/10.1021/bi9913202
https://doi.org/10.1021/acs.biochem.5b00190
https://doi.org/10.1021/acs.biochem.5b00190
https://doi.org/10.1021/bi4000673
https://doi.org/10.1021/ac501070a
https://doi.org/10.1021/ac403762s
https://doi.org/10.1021/acs.analchem.5b04904
https://doi.org/10.1093/nar/gkv519
https://doi.org/10.1093/nar/28.2.481
https://doi.org/10.1016/j.chembiol.2003.12.012
https://doi.org/10.1002/anie.201915675
https://doi.org/10.1002/anie.201915675
https://doi.org/10.1016/j.bios.2020.112285
https://doi.org/10.1016/j.bios.2020.112285
https://doi.org/10.1016/j.molcel.2015.02.009
https://doi.org/10.1021/bi9812221
https://doi.org/10.1093/nar/gkg378
https://doi.org/10.1093/nar/gkm1175
https://doi.org/10.1093/nar/gkn396
https://doi.org/10.1016/j.jmb.2010.05.047
https://doi.org/10.1093/nar/gky807
https://doi.org/10.1093/nar/gkz578
https://doi.org/10.1039/C5QI00125K
https://doi.org/10.1021/acs.biochem.5b00691
https://doi.org/10.1021/ja0021316
https://doi.org/10.1021/ac034924r
https://doi.org/10.1073/pnas.0607875104
https://doi.org/10.1021/ja035208+
https://doi.org/10.1021/ja035208+
https://doi.org/10.1371/journal.pone.0001224
https://doi.org/10.1021/acs.accounts.7b00262
https://doi.org/10.1002/anie.201100477
https://doi.org/10.1002/anie.201100477
https://doi.org/10.2217/fmb.11.79
https://doi.org/10.3390/biom3030563
https://doi.org/10.1002/anie.201407021
https://doi.org/10.1002/anie.201407021
https://doi.org/10.1002/cbic.201600643
https://doi.org/10.1002/anie.201510125
https://doi.org/10.1002/anie.201901873
https://doi.org/10.1002/cbic.201800701
https://doi.org/10.1002/cbic.201800701
https://doi.org/10.1021/ac5031557
https://doi.org/10.1021/ac5031557
https://doi.org/10.1016/0092-8674(83)90032-6
https://doi.org/10.1038/nchem.1623
https://doi.org/10.1073/pnas.1317799111
https://doi.org/10.1073/pnas.1317799111
https://doi.org/10.1021/bi980160b
https://doi.org/10.1021/ja028774y
https://doi.org/10.1021/ja0340331
https://doi.org/10.1021/ja0340331
https://doi.org/10.1021/ja027467p
https://doi.org/10.1002/cbic.201500690
https://doi.org/10.1371/journal.pone.0054741
https://doi.org/10.1021/acs.analchem.5b04170
https://doi.org/10.1371/journal.pone.0126402
https://doi.org/10.1021/jacs.5b12647
https://doi.org/10.1021/co3001378
https://doi.org/10.1021/co3001378
https://doi.org/10.1021/ja0205075
https://doi.org/10.1021/ja0205075
https://doi.org/10.1021/ja9537134
https://doi.org/10.1021/acs.analchem.5b02568
https://doi.org/10.1021/jacs.5b02251
https://doi.org/10.1073/pnas.1311778111
https://doi.org/10.1073/pnas.1311778111
https://doi.org/10.1038/375611a0
https://doi.org/10.1038/375611a0

