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ABSTRACT

DNA-hydrolyzing DNAs represent an attractive type
of DNA-processing catalysts distinctive from the
protein-based restriction enzymes. The innate DNA
property has enabled them to readily join DNA-based
manipulations to promote the development of DNA
biotechnology. A major in vitro selection strategy
to identify these DNA catalysts relies tightly on the
isolation of linear DNAs processed from a circular
single-stranded (ss) DNA sequence library by self-
hydrolysis. Herein, we report that by programming a
terminal hybridization stem in the library, other than
the previously reported classes (I & Il) of deoxyri-
bozymes, two new classes (lll & IV) were identified
with the old selection strategy to site-specifically hy-
drolyze DNA in the presence of Zn?*. Their repre-
sentatives own a catalytic core consisting of ~20
conserved nucleotides and a half-life of ~15 min at
neutral pH. In a bimolecular construct, class Ill ex-
hibits unique broad generality on the enzyme strand,
which can be potentially harnessed to engineer DNA-
responsive DNA hydrolyzers for detection of any tar-
get ssDNA sequence. Besides the new findings, this
work should also provide an improved approach to
select for DNA-hydrolyzing deoxyribozymes that use
various molecules and ions as cofactors.

INTRODUCTION

DNA phosphodiester bonds are extremely stable among the
linkages of the three bio-macromolecules, DNA, RNA and
proteins, with a half-life of spontaneous hydrolysis esti-
mated to be million years (1-3). Selective hydrolysis of
DNA bonds was commonly achieved through the ubiqui-
tous protein-based restriction enzymes in vivo and in vitro,
and was also considered as the privileges of protein enzymes
for long lime. Until recently, the identification of DNA-

hydrolyzing deoxyribozymes (4-13) not only broke that tra-
dition and refreshed biochemists’ cognition on DNA’s cat-
alytic ability, but also diversified the types of molecular
tools for DNA editing, leading to a series of unique applica-
tions in DNA biotechnology (14-17). For example, massive
amounts of various target ssDNAs for origami construction
were biotechnologically produced through auto-processing
of ssDNA amplicons via self-hydrolyzing DNAs; (15) anti-
cancer drug molecules were precisely and efficiently deliv-
ered with DNA sponges carrying environment-responsive
DNA-hydrolyzing DNAs (16). They have also shown great
values in bio-sensing and nanotechnology (18-28).

All existing DNA-hydrolyzing DNAs are identified
through in vitro selection from synthetic ssDNA li-
braries containing random sequence (4,7,10). Previously,
the Breaker lab invented a powerful strategy that permits
selection of DNA-catalyzed DNA hydrolysis at any loca-
tion within individual ssDNAs in a sequence library (Fig-
ure 1, Pre) (10). This method relies on an enzyme named
CircLigase to circularize DNAs twice in one round of selec-
tive amplification: the first (step 1) is to turn a linear DNA
library (145 nt) into circular, thus enabling the separation
of self-hydrolyzed DNAs (linear) from un-cleaved ones (cir-
cular) in the following steps by denaturing polyacrylamide
gel electrophoresis (APAGE); the second (step V) is to re-
ligate the collected hydrolyzed DNAs (linear) back into cir-
cles as effective templates for PCR amplification to rebuild
the library for next round of selection (Figure 1). Based
on this strategy, two classes (I & II) of highly active de-
oxyribozymes had been identified to selectively hydrolyze
DNA in the presence of Zn>* (10), with a robust member
(I-R3) of class I prevailing in several DNA-based manipula-
tions (13-28). Due to their robustness, neatness, steadiness,
and easiness-to-operation, more types of DNA-hydrolyzing
DNAs are urgently needed by technology developers in or-
der to satisfy various demands (13,22,24).

In the past decade, we and others applied this CircLigase-
based strategy (10) to select for DNA-hydrolyzing DNAs
that can use other metal ions (e.g. Cd**, Ni**, Co’") or
amino acids as cofactors. However, those unpublished ef-
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Figure 1. An in vitro selection scheme to identify DNA-hydrolyzing DNAs. N5 designates 50 random-sequence nucleotides. The current (Cur) ssDNA
library contains designed terminal hybridization, while the library used in the previous (Pre) selection study (10) has no such secondary structure. With
programmed terminal hybridization, the linear (L) DNA library was more efficiently (i) ligated by CircLigase into monomeric circular (C) DNAs, as shown
by the (ii) dPAGE gels with a yield of 78% (Cur) over 32% (Pre). Unlabeled bands correspond to concatemeric byproducts generated during circularization
(29). The purified circular DNA library was (iii) incubated in a selection buffer (Zn?*") for potential self-hydrolysis. Cleaved DNAs were (iv) separated by
dPAGE and (v) re-ligated with CircLigase to (vi) generate C-DNA templates for PCR amplification to rebuild the linear library for next round of selection.
After a few rounds of selective amplification, the DNAs from this stage (vi) were also (vii) sequenced for further analysis. Note that presented here are gels

to separate circularized products of the initial (GO) ssDNA library.

forts failed to yield such DNAs. As we looked back into the
strategy, we realized that the circularization efficiency (32%)
for the initial (GO) ssDNA library was relatively low (Fig-
ure 1, Pre), and the low yield of the first-step circularization
lasted through the rounds (G0-G9) of the previous selec-
tion (Supplementary Figure S1, Pre) (10). We were a little
worried about that the inefficiency in the initial (GO) circu-
larization by CircLigase might had compromised the selec-
tion by limiting the number of unique DNA sequence in the
library for interrogation, despite of the success in the isola-
tion of the class I & II Zn?>*-dependent DNA-hydrolyzing
deoxyribozymes (10). Besides, we noticed that by introduc-
ing secondary structures into a sequence library, one can
enhance the library’s functional potential and improve the
selection outcome for aptamers (30), another kind of func-
tional nucleic acid molecules that can evolve out of test
tubes. Coincidentally, in a recent study (29) we found that
the CircLigase-catalyzed DNA circularization can be ro-
bustly promoted (>75% yields) by programming 5'-3’ ter-
minal hybridization in the linear ssDNA, which yields cir-
cular ssDNA products with a terminal stem. Considering
the resulted double benefitsithe improved circularization
efficiency and the incorporation of a pre-determined sec-
ondary structure into circular ssDNA, we were very inter-
ested to see whether and how the terminal hybridization
would affect the outcome of the CircLigase-based selec-
tion for DNA-hydrolyzing DNAs. Therefore we decided to
reinvestigate the old selection (10) with a new ssDNA se-
quence library containing designed terminal complemen-
tation (Figure 1 & Supplementary Figure S1, Cur), which
is supposed to generate more number of circular ssDNAs
with a pre-existing stem substructure by CircLigase for
selection.

MATERIALS AND METHODS
Oligonucleotides

The two half-libraries used to build the full-length 145-nt or
149-nt ssDNA library were ordered from Integrated DNA
Technologies (IDT). All other oligonucleotides, including
the full-length (149 nt) deoxyribozyme precursors chosen
for analysis, truncated deoxyribozyme representatives with
various lengths, and synthetic DNA markers for mapping
cleavage site, were purchased from the Shanghai Generay
Biotech Co. Ltd.

In vitro selection and isolation of self-hydrolyzing deoxyri-
bozymes

The ssDNA library A (5-pGTCCGTGCG
CAGACCAA(N)5)GACTGCATCACGAAGQG)
and library B (5-GCTCGTGCGCAGACAG
C(N)5CTTCGTGATGCAGTrC) (underline refers to
complementary nucleotides between A and B that were
designed for primer extension; p: phosphate; N: nucleotide
with random sequence) were purified by denaturing
polyacrylamide gel electrophoresis ({APAGE), and then an-
nealed in a standard PCR buffer for extension by Tag DNA
polymerase. A ribonucleotide (rC) was designed at the 3’
terminus of library B to permit site-specific degradation of
one template strand of the extension products by treatment
with 0.25 M NaOH at 90°C for 5 min. The desired 149 nt
ssDNA library products were separated from the unwanted
and digested complementary strands by 8% dPAGE.

In subsequent rounds of selection, primer 1 (5-pGTCCG
TGCGCAGACCAA) and primer 2 (5-GCTCGTGCGC
AGACAGTC) were used to amplify the selected signal. A
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rC was also included at the 3’ terminus of primer 2 to per-
mit degradation of one template strand in dsDNA ampli-
cons by treatment with NaOH, and the full-length 149-nt
ssDNA products were again purified by 8% dPAGE.

To prepare circular ssDNA library for selection, ~200
pmol of the 149-nt ssDNA library were used for circulariza-
tion by CircLigase (EpiCentre) at 60°C for 2 h in the buffer
containing 50 mM MOPS, 10 mM KCI, 2.5 mM MgCl,, 2.5
mM MnCl,, 0.05mM ATP and 1 mM DTT. Circular DNAs
were then purified by 8% dPAGE. Before incubating them
in the selection buffer, DNAs containing abasic sites were
removed by subjecting the circular DNAs in 0.1 M piperi-
dine at 80°C for 30 min. Intact circular DNAs were recov-
ered as the initial pool for selection by PAGE purification
as described above.

Incubation of the DNA pool was performed in a selec-
tion buffer containing 50 mM HEPES, 100 mM NacCl, 5
mM MgCl, and 2 mM ZnCl, at 37°C for 1 h (as rounds of
selection were going on, the incubation time was shortened
later to minutes to select for deoxyribozymes with robust ac-
tivities). Cleaved DNAs were separated by denaturing 8%
PAGE and re-ligated by CircLigase back to circles (60°C,
2 h). These circular DNAs were purified by denaturing 8%
PAGE, and used as templates for PCR amplification to re-
build the dsDNA library. One strand in the dsSDNA con-
tains a ribonucleotide that comes from the corresponding
primer 2, and can be cleaved in the position by treatment
with 0.25 M NaOH at 90°C for 5 min. The other strand,
full-length and intact, was purified by 8% dPAGE to regen-
erate the ssSDNA library for next round of selection. The
G9 DNA population was picked up for high-throughput se-
quencing.

In vitro reselection

The initial ssDNA
IV reselection were built on their correspond-
ing representative Zn-1T1-R 1 (5-pGACGTGC
TAGCGCAGACCAACGACTGCTTTTGCAGT
CGTTTTTATGGACTGATCATGCCCTGCTGTCT
GCGCTAGGCACCT) and Zn-IV-R1 (5-pACCACGA
CGAGTGCCGGCGTTGTGAGTGGTGACTGCTCC
AGTTTTCTGGAGCAGTAACATGCCCGGCACTCG
TGTACGG), respectively, with a degeneracy (31) of 0.18
at each underlined nucleotide (33 nt for Zn-III, and 29 nt
for Zn-1V). In vitro reselection was performed using the
same protocols described above in the session of in vitro
selection.

Briefly, ~200 pmol of the ssDNA pool (~100 pl) were
circularized by CircLigase (50-60°C, 2 h) and purified by
10% dPAGE. The purified products were treated with 0.1
M piperidine (80°C, 30 min), and the intact circular DNAs
were separated by 10% dPAGE. Then the circular DNA
pool was incubated in the selection buffer at 37°C for 60
min (30 min for G6, 5 min for G7 and G8). Cleaved DNAs
were isolated by 10% dPAGE, and re-ligated by CircLi-
gase (60°C, 2 h) to regenerate circular DNAs as templates
for PCR amplification. The dsDNA amplicons were then
treated with 0.25 M NaOH at 90°C for 5 min to digest
the unwanted anti-sense strand. The wanted sense strand

libraries for Zn-III and Zn-

was purified by 10% dPAGE to rebuild the ssDNA li-
brary for next round of selection. The G4 DNA popula-
tion was picked up for high-throughput sequencing. Clones
(pMDTMI18-T Vector Cloning Kit, Takara) from the G8
population were sequenced for further analysis.

Mapping the cleavage site of deoxyribozymes

About 16 pmol of candidate DNAs were incubated in 300
w1 of the selection buffer at 37°C for 2-6 h. Then the samples
were precipitated with ethanol (buffer versus ethanol: 1 ver-
sus 3, v/v), and re-dissolved in 40 wl of loading buffer (90%
formamide, 30 mM EDTA, 0.025% bromophenol blue,
0.025% xylene cyanol). About 8 ul of the resuspended reac-
tion products were loaded with a synthetic ssDNA marker
on the 15% dPAGE gel for band-migration comparison.

Sample preparation for exact mass spectrometry

About 40 pmol of the substrate DNA and 50 pmol of the
enzyme DNA were mixed in 400 pl solution containing the
selection buffer (50 mM HEPES (pH 7.05 at 23°C), 100
mM NaCl, 5 mM MgCl,, and 2 mM ZnCl,), and incubated
at 37°C for overnight. The products were precipitated with
ethanol, dried at 37°C for 20 min, and resuspended in 10 .l
ddH,O before mass-spec characterization (Novatia).

Kinetic characterization of deoxyribozymes

All kinetic assays were performed with bimolecular DNA
constructs. About 10 pmol of the ' FAM labeled substrate
DNA strand and 30 pmol of enzyme DNA strand were
mixed and incubated in 300 wl of the selection buffer at 37°C
or a different temperature. At different time points of 0's, 20
s, 40 s, 1 min, 2 min, 5 min, 10 min, 20 min, 40 min and 1h,
8 wl of the sample was pipetted out and mixed with 8 pl of
the loading buffer (90% formamide, 30 mM EDTA, 0.025%
bromophenol blue, 0.025% xylene cyanol) to stop the re-
action. The collected samples were then run into a 13%
dPAGE gel for bands separation. The fluorescence signal of
DNA was detected by a Typhoon FLA9500 scanner. The
information of fraction cleaved versus time was extracted
from the gels for calculating the observed rate constant of
each deoxyribozyme. Values for the observed rate constant
kops were established by using the following equation: frac-
tion cleaved = FCpax(1 — ™), where k = kops and FCpax
= maximum of fraction cleaved.

Metal ion dependency of deoxyribozymes

Similar to the protocols used in kinetic characterization, a
series of buffers (50 mM HEPES (pH 7.05 at 23°C), 100
mM NaCl) containing different divalent metal ions (2 mM)
or different combination of divalent metal ions were pre-
pared. To identify the dependence of Zn>* concentration,
the deoxyribozyme samples were incubated at 37°C in the
reaction buffers containing various concentrations of Zn>*
(from 0.1 mM to 20 mM) for 20 min or 2 h. All reaction
products were analyzed on 13% dPAGE gels.



pH dependency of deoxyribozymes

A series of buffers (50 mM HEPES, 100 mM NaCl, 5 mM
MgCl, and 2 mM ZnCl,) containing various pH values
(from 6.85 to 7.55) were prepared. To identify the pH depen-
dence, the deoxyribozyme samples were incubated at 37°C
in these buffers for 20 min or 2 h. All reaction products were
analyzed on 13% dPAGE gels.

Mutational analysis of Zn-III-R2

For each mutation or covariation, about 16 pmol of the
substrate DNA strand and 48 pmol of the enzyme DNA
strand were mixed in 50 pl of the selection buffer (50 mM
HEPES (pH 7.05 at 23°C), 100 mM NaCl, 5 mM MgCl,,
and 2 mM ZnCl,). The samples were incubated at 37°C for
1 h. All reaction products were then loaded on 15% dPAGE
gels for bands separation. The gels were stained by SYBR
Gold, scanned with a Bio-rad ChemiDoc MP Imaging Sys-
tem, and analyzed with the ImageQuant software.

Bacterial cell lysate preparation

The wild-type Escherichia coli was cultured at 37°C in 2
ml LB medium for about 10 h with continuous shaking at
220 rpm to yield a turbid suspension. Cells were then cen-
trifuged at 5000 rpm for 10 min at 4°C. The supernatant was
discarded, and the pellet was resuspended in 6 ml ddH,O
and heated at 100°C for 10 min to generate the lysate.

Programmed Zn-III substrate DNA as sensors to detect M13
phage ssDNA

For each designed Zn-III substrate (S), about 5 pmol (ex-
cess) of the Sand 1 pmol of the 7249-nt M 13 genome (served
as the programmed Zn-III enzyme strand) were mixed in
300 pl of the selection buffer (50 mM HEPES (pH 7.05 at
23°C), 100 mM NaCl, 5 mM MgCl, and 2 mM ZnCl,).
The mixture was undergone five rounds of thermal cycling
(each round: 70°C for 2 min, then 37°C for 30 min) to
promote deoxyribozyme multiple-turnovers (12). About 20
wl of bacterial cell lysate was doped into an experimental
group to mimic a biological environment. After thermal
cycling, the samples were precipitated with ethanol, resus-
pended in 20 pl of the loading buffer (90% formamide, 30
mM EDTA), and run into 15% denaturing PAGE gels for
bands separation. The gels were stained by SYBR Gold,
and scanned with a Bio-rad ChemiDoc MP Imaging Sys-
tem. Large pieces of DNA, including the 7249-nt M 13, were
stuck at the bottom of gel wells.

RESULTS AND DISCUSSION

Identification of the class III & IV deoxyribozymes with the
new ssDNA library

The current (Cur) ssDNA library construct (149 nt) con-
tains 100 random-sequence positions and is identical to the
previous (Pre) one (10) except for the existence of the de-
signed 11-bp terminal hybridization (29) to promote circu-
larization by CircLigase (Figure 1 & Supplementary Figure
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S1, Supporting Information: sequence). For any synthetic
DNA sequence library with over 25 random nucleotides,
a typical usage of 10'* (~200 pmol) molecules for in vitro
selection allows only a portion (<107') of all possible se-
quence (>4> ~ 10") to be interrogated. In our selection
libraries, we set up the number of random nucleotides up to
100 in order to provide substantial structural possibilities
for selection of deoxyribozymes that can use metal ion as a
co-factor. As a consequence, merely a tiny portion (~104¢)
of all possible DNA sequence (4'%° ~ 10%) can be examined
by a typical in vitro selection (a usage of 10'* molecules). In
fact, the practical nanomole amount (10°-10'%) of DNA
library that can be used to initiate an in vitro selection ex-
periment is far behind and can never ever cover all sequence
possibilities (10°°) of such library constructs.

Starting with the new library of ~1.2 x 10'* (~200 pmol
in 100 wl) linear ssDNAs, we achieved a 78% yield of
the CircLigase-catalyzed initial (G0) DNA circularization,
which corresponds to a circa 2.4-fold improvement compar-
ing to the 32% circularization efficiency with the previous
library (Figure 1). However, considering that our selection
faces a coverage deficit of 104, a factor of only 2.4 may
be slightly helpful in covering more of the sequence space.
Nevertheless, with this improved GO sequence pool of cir-
cular ssDNA, we continued the selection (10) for DNA-
hydrolyzing DNAs in a buffer containing 50 mM HEPES
(pH 7.05 at 23°C), 100 mM NaCl, S mM MgCl, and 2 mM
ZnCl, at 37°C. Same selection pressure (e.g. shortening in-
cubation time as the selection went on, bringing in muta-
genic PCR to the later rounds of the selection, etc.) to the
one used in the previous study (10) was applied here. Af-
ter 9 rounds of selective amplification, the G9 DNA library
exhibited a 10% signal of self-cleavage after 1 min of incu-
bation, and was chosen for high-throughput sequencing.

In the previous study (10), high-throughput sequencing
had also been conducted with the G9 population, wherein
two classes (Zn-1 & Zn-II) of Zn>*-dependent deoxyri-
bozymes were identified. Re-analysis of the old sequenc-
ing data (Supporting Information-Excel 1) reveals occupan-
cies of 58.26% for Zn-I and 2.89% for Zn-II in the total
1,666,067 reads (Figure 2A). The rest of the data includes
sequence that has been experimentally tested with no ac-
tivity (36.96%) and sequence that has not been tested and
classified (1.89%).

Unsurprisingly, Zn-I and Zn-II still occupy the major-
ity of the re-selected G9 pool in the new sequencing data
(79.35% for the former and 5.19% for the latter in the to-
tal 3,313,122 reads); besides them, however two new classes
termed Zn-I11 (0.37% of the pool) and Zn-1V (12.31% of the
pool) are uncovered by the re-selection (Figure 2B, Support-
ing Information-Excel 2). Members of Zn-111 & IV share no
mutual similarities in sequence and architectural features
(Supplementary Figure S2). They are also distinct from Zn-
I & II (10), without carrying any of the two’s conserved
elements. Using the conserved features (sequence and ar-
chitecture validated later in Figure 4A) of Zn-III & IV, we
searched through the old G9 high-throughput sequencing
data (Supporting Information-Excel 1) and confirmed the
absence of the two new classes of deoxyribozymes in the se-
lected pool of the previous study (10). Besides that, direct
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A Distribution of DNA
in the previous selected pool

No activity
36.96%

1.89% Un-tested & 1.35% 0.37%
Un-classified

1,666,067 reads in total

B Distribution of DNA
in the current selected pool

Zn-lll

No activity 1.42%

3,313,122 reads in total

Figure 2. Distribution of DNA in the previous (A) and current (B) selected pools. Over a million reads from high-throughput sequencing of the G9
population were obtained for each selection. By searching the conserved features (sequence and secondary structure) of each class of deoxyribozyme
(experimentally validated) through the sequencing data, their corresponding occupation rates were plotted into the pie charts. In both pools, there are
certain levels of DNA that were tested without showing a catalytic activity (No activity). Less than 2% of each pool is un-tested & un-classified.

comparison of the DNA distribution in the previous (10)
and current G9 pools reveals increased occupancies for both
Zn-1 & 11 and a greatly reduced portion of junk sequence
(no activity) in the latter (Figure 2).

Interestingly, the predicted secondary structure by Mfold
(32) (Supplementary Figure S2A) and the experimentally
validated architecture (Figure 4A) reveal that in Zn-III the
terminal hybridization stem serves as an integral part of its
minimal catalytic structure. Thus the emergence of Zn-III
from the current selection is highly likely due to the presence
of that terminal stem in the new sequence library. In Zn-1V,
the terminal hybridization stem seems rather far from the
nucleotides that sustain its catalysis and does not appear to
be a critical element to support its structure (Supplemen-
tary Figure S2B). Removal of the terminal stem also had
negligible effects on Zn-IV’s activity. Hence, the circa 2.4-
fold improvement in sequence space coverage rather than
the terminal structure itself contributes mainly to Zn-I1V’s
emergence out of the current selection.

Characterization of the class III & IV DNA-hydrolyzing de-
oxyribozymes

After truncation, minimized DNA constructs of the two
representatives (Zn-111-R1 & Zn-1V-R1) catalyze DNA hy-
drolysis at specific sites that are trait for the corresponding
class (Figure 3A and B). By comparison with a synthetic
DNA ladder on dPAGE, the cleavage site for each represen-
tative was pinpointed between the TpG dinucleotide. The
resulting 5’ cleavage product migrated to the same position
as of the corresponding marker DNA.

CircLigase circularizes ssDNA with a strict terminal re-
quirement of 5'-PO,4 and 3’-OH. Only deoxyribozymes that
hydrolyze the 3" phosphoester bond generate such termini
on the linearized ssDNA, and therefore can be selected by
this strategy. Using exact mass spectrometry, the chemical
groups on the cleaved termini of each deoxyribozyme was
confirmed to be consistent with hydrolysis of the 3’ phos-
phoester of TpG, leaving 5'-PO4 on G and 3'-OH on T (Fig-
ure 3C and D).

Besides hydrolysis, depurination and oxidative damage
can also lead to DNA scission (33). In fact, DNA-cleaving
deoxyribozymes functioning through these two mecha-
nisms have been reported (34-35). However, scission of
DNA by the two mechanisms causes the loss of one-base
information at the cleavage site, leaving a decrease in to-
tal molecular weight of the DNA fragments and a non-OH
group at the 3’ end of the 5 cleavage fragment (Supple-
mentary Figure S3). For Zn-111-R1 and Zn-IV-R1, accord-
ing to the exact mass determined for their DNA products
(Figure 3C and D), an increase (~18 Da) but not decrease
in total molecular weight after DNA cleavage completely
rules out the possibility of DNA scission by depurination
or oxidative damage. Indeed, the mass data matches well
with the hydrolysis mechanism, in which a water molecule
is split and joined to the cleavage products (Supplementary
Figure S3).

To interrogate the conserved sequence and structure of
Zn-111 & 1V, we performed a reselection with pools contain-
ing degenerate DNAs of the corresponding representatives
(R1s) (Supplementary Figure S4). An early-stage popula-
tion (G4) that underwent less selection pressure (1 h incu-
bation) was picked up for high-throughput sequencing to
establish the consensus sequence and secondary structure
of the two classes (Figure 4A). Both classes exhibit a small
catalytic core with ~20 highly conserved and unique nu-
cleotides. In Zn-III they are flanked by two nearby base-
paired substructures (named P1 and P2 stem), while in Zn-
IV the two flanking stems are more separate. Other distinc-
tive features to discriminate Zn-III against Zn-IV include
the much less conserved TpG dinucleotide at the cleav-
age site for the former. However, no matter how these two
nucleotides mutated in Zn-III, the hydrolysis of DNA re-
mained on the linkage between them (Supplementary Fig-
ure S9).

In addition, analysis of 30 clones from a late-stage pop-
ulation (G8) that experienced harsh re-selection stringency
(5 min incubation, Supplementary Figure S4) revealed de-
oxyribozyme mutants with faster cleavage speeds (Figure
4B-D). For example, each of the two Zn-III mutants (R2&3)
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Figure 3. Identification of the class IIT & IV Zn%*-dependent DNA-hydrolyzing deoxyribozymes. (A, B) Identified representatives (R 1) of the class ITT &
IV deoxyribozymes. Sequence and secondary structures are depicted on top-left. Cleavage sites are pointed out by arrowheads based on the comparison of
the cleavage (clv) products with markers in dPAGE gels, which are shown on bottom-left. (C, D) Exact mass spectroscopic determination of the cleavage
products of deoxyribozyme Zn-III-R1 and Zn-IV-R1. Note that truncated bimolecular constructs with an enzyme (E) strand cleaving a substrate (S) strand
were used here (see Supporting Information: sequence for details). The proposed hydrolysis product peaks were annotated, with the calculated mass for
hydrolysis of 3’ phosphoester bond shown on top and the observed mass at bottom.

contains 8 to 9 mutated bases around the catalytic core (Fig-
ure 4B). In the selection buffer with 2 mM ZnCl, at 37°C,
they cleaved ~2- to 3-fold faster than Zn-111-R1, with hy-
drolysis of DNA to nearly complete in 1 h for the most ac-
tive deoxyribozyme Zn-III-R3. This corresponds to a kyps
value of 0.047 min! or a half-life of 15 min (Figure 4C).
Similarly, 7 to 8 mutated bases were found in the mutants
of Zn-IV (Figure 4B), with the best performer Zn-IV-R3 hy-
drolyzing at a kgps of 0.051 min! or a half-life of 14 min
(Figure 4D).

Apparently, Zn-III and Zn-IV dislike low reaction tem-
peratures (both were identified through the selection at
37°C.). At 30°C, their cleavage speed was only one fifth of
that at 37°C, while higher temperatures promoted their hy-
drolysis a bit (Figure 5A, Supplementary Figure S6). Re-
moval of Mg?* only from the selection buffer caused negligi-
ble effect on the hydrolysis activity of both classes (Supple-
mentary Figure S7). Incubation of Zn-I1I-R3 and Zn-1V-R3
in reaction buffers containing a series of divalent metal ions
further confirmed that the two classes of deoxyribozymes
are Zn>* dependent (Figure 5B). Also, both representatives
have a narrow pH optimum near 7.05, with acceptable fluc-
tuations of about £0.10 unit (Figure 5C). Moreover, each of
them robustly hydrolyzed DNA at the corresponding spe-
cific site with the concentration of Zn?* cofactor at 2 mM.
For Zn-IV-R3, even slight deviations from this optimum no-
tably weakened its hydrolysis activity (Figure 5D).

Comparison of the four classes of Zn?*-dependent DNA-
hydrolyzing deoxyribozymes

The two classes of deoxyribozymes (Zn-II1 & Zn-1V) identi-
fied here behave very similar to the two previously reported
classes (Zn-1 & Zn-I1) (10) in several aspects, including the
sharp pH range (~7) and Zn>* concentration range (~2
mM) (Figure 6), which is near the critical point of forming
Zn(OH),/ZnO precipitation. At these conditions, it is be-
lieved that the polynuclear Zn>* complexes generated in the
solution act as the active species to promote DNA hydrol-
ysis (13). Also all four classes favor high reaction tempera-
tures, with improved k,ps beyond 37°C. However only Zn-I
can maintain the overall high cleavage yield at high temper-
atures (12), while Zn-I1, I11, & IV generate less cleaved prod-
ucts when the temperature goes above 37°C. Therefore we
recommend a reaction temperature of 37-45°C for Zn-I and
37°C for the rest three classes. In addition, the four classes
all exhibit a clear feature of secondary structure, with a few
unpaired nucleotides forming a loop region, wherein cat-
alytic cleavage occurs. In a bimolecular construct, these un-
paired nucleotides can be contributed by both DNA strands
(Zn-1, 11 and IV) or mainly by one of the two strands (Zn-
IIT) (Figure 6A). Usually, the loop is surrounded by the
flanking one (Zn-I) or two stems (Zn-II, III and IV), which
is similar to DNA-hydrolyzing DNAs identified by others
(4-9). Among the four classes, Zn-I has the smallest 17-nt
loop, with 15 nucleotides highly conserved; Zn-III and IV
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have loops (~25 nt in total, 20 highly conserved) larger than
Zn-1 but smaller than Zn-II (32 nt in total, 25 highly con-
served). Interestingly, their catalytic speed seems to be neg-
ative correlated to the loop size, with the ks value (0.013
min!) of Zn-II about one-fourth of that of Zn-III (0.047
min ') and IV (0.051 min!) and one-eightieth of that of
Zn-1 (1 min!) (Figure 6B). However, reselection on Zn-II
has not been reported. It is possible that with mutations in
the loop the activity of Zn-II can be improved.

Zn-I can efficiently cleave a substrate DNA encompasses
the seven particular nucleotides GTTGRAAG, or 1 out of
every 8192 (2 x 4°) arbitrarily chosen DNA sites (Figure
6). In terms of the generality for site-specific DNA hydrol-
ysis, it is the best among the four classes but poorer than
the reported DNA-cleaving deoxyribozyme 10MDS5 mu-
tants (9), in which only two particular nucleotide identities
at the cleavage site is required. Comparatively, Zn-111 & IV
have much poorer generality, requiring the recognition of
over ten particular nucleotides in the substrate for hydroly-
sis, with the former being an extreme case, in which all (~20)
highly conserved nucleotides dwelling on the substrate (Fig-
ure 6).

Nucleotide identities in the stem region of the known
DNA-hydrolyzing deoxyribozymes (4-10,14), including the
Zn-I to 1V, are generally less important, meaning that se-
quence in their stems is mostly programmable. Therefore
after hydrolysis, Zn-I can generate customized ssDNA (the
3’ cleaved fragment) carrying only two scar (the highly con-
served AG) nucleotides at the 5" end, while Zn-II can help
produce customized ssDNA (the 5 cleaved fragment) with
only one scar (the conserved G) nucleotide at the 3’ end
(Figure 6A). Combinatorial usage of the two classes should
allow the production of ssDNA with sequence customizable
in all nucleotide positions except three (two at the 5" and one
at the 3’ end) (15). Comparing to Zn-I & 11, the specific hy-
drolysis sites of Zn-III & IV are more into their loop region,
thus generating more scars at the ends of the cleaved frag-
ments (Figure 6).

Engineering DNA-responsive DNA hydrolyzers in Zn-III
construction for DNA detection

The poor generality of Zn-III & IV for site-specific DNA
hydrolysis limits their potential applications as therapeu-
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tic tools for intracellular DNA cleavage, an aspect that has
been demonstrated on the RNA side (36-37) with the RNA-
cleaving deoxyribozymes (38-43) based on their broad gen-
erality. In fact, Zn-III has the poorest substrate generality
among all known DNA-hydrolyzing deoxyribozymes (4—
10). In a bimolecular construct, the highly conserved nu-
cleotides (red, 20 nts) in this class all dwell on the substrate
(S) DNA (Figure 6A and 7A). However, on the other hand,
this extremeness of conserved sequence in one DNA strand
leads to the unusual great generality of the other, that is, the
great generality of the enzyme (E) DNA (Figures 6A and
TA).
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For all known DNA-hydrolyzing deoxyribozymes (4-10),
nucleotides in their stem region, especially those away from
the catalytic loop in the secondary structure, are gener-
ally programmable under the premise of maintaining the
base complementation. By point mutations and covaria-
tions on Zn-I1I-R2 (Figure 7A), we further confirmed that
nucleotide identities in the first base pairs of stems P1 and
P2 that hold up the catalytic loop had no effect on cleav-
age efficiency, hinting that in Zn-I11-R2 the entire P1 and
P2 stems are very likely programmable. Thus Zn-ITI-R2
presumably uses some or all of the ~20 conserved nu-
cleotides on the S strand as part of its catalytic mecha-
nism, considering that aside from the single unpaired nu-
cleotide in the E strand, all ‘enzyme’ nucleotides are part
of base-pairing (P1 and P2 stems) and therefore unlikely to
participate in catalysis. Certain levels of conservation ap-
peared on the single-nucleotide bulge (marked with an as-
terisk, preference: C>T>A>G, nearly an order of magni-
tude of difference in the observed cleavage yield between C
and G) in the E strand (Figure 7A). Taking all these into
account, it is reasonable to believe that Zn-III-R2 owns
unique broad generality on its E strand, with the require-
ment of merely one particular nucleotide identity at the
bulge position, even which might be negligible if less ac-
tive hydrolysis is tolerable for the potential downstream
applications.

We explored this uniqueness of Zn-III to engineer DNA-
responsive DNA hydrolyzers for DNA detection. By treat-
ing a target (7249-nt M 13 phage genome) ssDNA segment
as the E strand of Zn-III, we were able to design a corre-
sponding S strand of Zn-III to match up with the E through
Watson—Crick base pairing for target-DNA-triggered cleav-
age of the S (Figure 7B). Due to the broad sequence-
generality of the E in Zn-II1, in principle the S strand can be
programmed to sense any sequence with more than a dozen
of nucleotides as an E strand in the Zn-III fashion. The
length requirement is mainly to guarantee the formation of
stable P1 and P2 stems in the engineered Zn-III construct
to support the hydrolysis. As a proof of principle, we ran-
domly chose two segments (E1&2) in M 13 as the targets,
and showed that the corresponding designed Zn-I11 S (S1
and S2) strands can be site-specifically cleaved when M13
and the S were mixed together under the deoxyribozyme
reaction conditions (Figure 7B). In the process of design-
ing the S according to the E’s sequence, we intentionally left
a cytosine on the single-nucleotide bulge position of the E
when the S was targeted by the E through Watson—Crick
base pairing. By doing so, we ensured the high cleavage ef-
ficiency of Zn-III and were able to detect the cleaved S frag-
ments by the gel-based assay. This approach might be un-
necessary if more sensitive detection methods, e.g., isother-
mal amplification-based methods (44-52), were combined
to monitor the ssDNA cleavage event. In addition, it is wor-
thy to note that as a sensor the S of Zn-III can only be trig-
gered by a DNA but not RNA target strand (Supplemen-
tary Figure S8).

CONCLUSIONS

Simply by programming a terminal hybridization stem in
the sequence library, we were able to discover two new
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classes (Zn-IIl and Zn-1V) of DNA-hydrolyzing DNAs
with an old CircLigase-based selection strategy (10). For
the selection, the benefit from a terminal hybridization stem
is believed to be twofold: it provides a pre-existing sub-
structure to enhance the library’s functional potential, a
similar scenario that has been seen on the selection of ap-
tamers previously (30); meanwhile, it also promotes the cir-
cularization of ssDNA (29) to expand the library’s effec-
tive sequence capacity, though such promotion seems to be
slight. The secondary structure of the uncovered deoxyri-
bozymes indicates that the terminal stem directly facilitates
the evolution of Zn-III by serving as a critical structural el-
ement to support this class’s catalysis. In a bimolecular con-
struct, Zn-III exhibits broad sequence-generality on the en-
zyme strand, which could be harnessed to engineer DNA-
responsive DNA hydrolyzers for detection of any target ss-
DNA sequence.

It should be noted that the CircLigase-based selection
strategy includes two steps (steps i and v, Figure 1) of
circularization in each round of selection (10). While the
terminal hybridization stem promotes the ligation effi-
ciency in the first step (step i), in principle it has noth-
ing to do for the second (step v). Hence, there may be
still room to further optimize the selection by tackling the
potential ligation-efficiency issue in the second step in the
future.

With the improved approach for CircLigase-based selec-
tion, we plan to resume searching for DNA-hydrolyzing
DNAs that depend on other metal ions. We expect that
new types of hydrolytic DNAs will be continuously iden-
tified, and the expanding repertoire of deoxyribozymes
will stimulate the development of molecular biology, DNA
biotechnology, as well as other DNA-technology-relevant
fields.
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