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ABSTRACT

We recently reported that a DNA catalyst (deoxy-
ribozyme) can site-specifically hydrolyze DNA on
the minutes time scale. Sequence specificity is pro-
vided by Watson-Crick base pairing between the
DNA substrate and two oligonucleotide binding
arms that flank the 40-nt catalytic region of the
deoxyribozyme. The DNA catalyst from our recent
in vitro selection effort, 10MD5, can cleave a
single-stranded DNA substrate sequence with the
aid of Zn%" and Mn?" cofactors, as long as the sub-
strate cleavage site encompasses the four particu-
lar nucleotides ATGAT. Thus, 10MD5 can cleave only
1 out of every 256 (4°) arbitrarily chosen DNA sites,
which is rather poor substrate sequence tolerance.
In this study, we demonstrated substantially broader
generality of deoxyribozymes for site-specific DNA
hydrolysis. New selection experiments were per-
formed, revealing the optimality of presenting only
one or two unpaired DNA substrate nucleotides to
the N4o DNA catalytic region. Comprehensive selec-
tions were then performed, including in some cases
a key selection pressure to cleave the substrate at a
predetermined site. These efforts led to identifica-
tion of numerous new DNA-hydrolyzing deoxyribo-
zymes, many of which require merely two particular
nucleotide identities at the cleavage site (e.g. T*G),
while retaining Watson-Crick sequence generality
beyond those nucleotides along with useful cleavage
rates. These findings establish experimentally that
broadly sequence-tolerant and site-specific deoxy-
ribozymes are readily identified for hydrolysis of
single-stranded DNA.

INTRODUCTION

Deoxyribozymes are particular DNA sequences with cata-
lytic activity (1,2). First reported in 1994 for RNA
cleavage (3), which has been their most widely explored

activity (4,5), DNA catalysts have been identified by
in vitro selection (6,7) for a variety of chemical reactions
(8). We recently reported that deoxyribozymes have the
unexpected ability to hydrolyze phosphodiester linkages in
single-stranded DNA (ssDNA) substrates, forming
5/—Phosphate and 3'-hydroxyl products and achieving
10'? rate enhancement with the aid of Zn*" and Mn?"
cofactors (9,10). This catalysis contrasts with that of
Cu**-dependent DNA-cleaving deoxyribozymes, which
oxidatively degrade their DNA substrates (11-13). In
follow-up efforts, we explored important practical aspects
of our best initial DNA-hydrolyzing deoxyribozyme,
named 10MD5. We found that 10MDS5 and sequence
variants compromise among key attributes such as the
ability to tolerate different pH values and the ability to
cleave site-specifically at a particular phosphodiester
linkage (14). We also found that a modest set of mutations
in 10MD5 obviated its Mn*" requirement, allowing Zn>*
to be used as the sole divalent metal ion cofactor (15).
One important attribute of any DNA hydrolysis catalyst
(or small set of these catalysts) is the ability to tolerate a
reasonably broad range of substrate sequences, such that a
new catalyst does not have to be evolved for each new
substrate sequence. For currently unknown mechanistic
reasons, the 10MD35 deoxyribozyme requires four particu-
lar nucleotides in its DNA substrate at the cleavage site,
ATG"T, where the hydrolysis products are one oligo-
nucleotide terminating with ATG (3'-hydroxyl) and a
second oligonucleotide terminating with T (5'-phosphate)
(9,14). All other nucleotides of the DNA substrate may
have essentially any identity, as long as Watson-Crick
base pairing interactions are maintained between the sub-
strate and the two binding arms of the deoxyribozyme
(Figure 1A). This Watson-Crick requirement to bind
its substrate means that 10MDS5 is inherently highly
sequence-specific, unlike many model nuclease systems
for which little or no sequence specificity is achieved
(16-23). However, any arbitrarily chosen DNA substrate
sequence has only 1 in 4* =256 chance of satisfying
10MD5’s ATG"T requirement at the intended cleavage
site. Therefore, the 40-nt catalytic region of 10MDS5
cannot be relocated within appropriate binding arms
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Figure 1. The 10MDS5 deoxyribozyme, and identification by in vitro
selection of new DNA-hydrolyzing deoxyribozymes. (A) 10MDS and
interactions with its DNA substrate (9). Sequence specificity is inher-
ently provided by the Watson-Crick base pairs between deoxyribozyme
and substrate. However, the 4-nt ATG"T requirement at the cleavage
site means that 10MDS is not broadly tolerant of different substrate
sequences. (B) In vitro selection strategy. The loop on the right side
(arrow) enables the selection process but is dispensable for catalysis; its
removal enables in trans (intermolecular) assays. The two DNA sub-
strate nucleotides immediately flanking the cleavage site are denoted
here generically as X"Z. DNA-catalyzed hydrolysis is sought at or
near the XZ region of the substrate.

and expected to function for most DNA substrates. In
other words, 10MDS5 is not broadly general in terms of
its substrate sequence tolerance.

In this study, we sought to determine if broadly
sequence-tolerant DNA-hydrolyzing deoxyribozymes can
be identified. The discovery of 10MDS5, with its 4-nt
ATG"T requirement, still leaves entirely open the question
of whether more sequence-tolerant deoxyribozymes exist
and can be identified by in vitro selection (Figure 1B). That
is, new selection experiments are required to establish
whether or not the catalytic regions of DNA-hydrolyzing
deoxyribozymes are always so specific for particular
cleavage-site sequences such that generality for DNA hy-
drolysis cannot be achieved. To set, in advance, a reason-
able threshold for ‘general sequence tolerance’, we
considered what is known to be achievable by RNA-
cleaving deoxyribozymes, where RNA cleavage by
transesterification is a much easier reaction to catalyze
than is DNA cleavage by hydrolysis. Santoro and Joyce
reported the 10-23 and 8—17 deoxyribozymes, which cleave
RNA while imposing rather modest 2-nt sequence
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requirements of R*Y (R = purine, Y = pyrimidine) and
A"G, respectively (24). Follow-up work has shown that
the 817 motif is especially versatile, enabling cleavage of
nearly any RNA dinucleotide junction sequence using a
suitable 8—17-like variant (5,25,26).

For the present efforts, we adopted the benchmark that a
2-nt requirement (analogous to A"G for the parent 8-17
RNA-cleaving deoxyribozyme; see X"Z in Figure 1B) is a
sensible threshold for declaring useful sequence generality
of a DNA-hydrolyzing deoxyribozyme. If any particular
deoxyribozyme requires only two specific nucleotides
such as A"G immediately at the cleavage site of its DNA
substrate, whereas the flanking substrate nucleotides
require (at most) Watson-Crick base pairing to freely
chosen deoxyribozyme binding arms, then a collection of
merely 4° = 16 such catalysts would suffice to enable
hydrolysis of any arbitrarily chosen ssDNA substrate
sequence at a desired and wholly predetermined site. It
should be emphasized that because DNA hydrolysis is a
much more difficult reaction than RNA cleavage by trans-
esterification [e.g. uncatalyzed half-lives of 30 million years
for DNA (27) versus 10 years for RNA (28)], the known
2-nt requirements of RNA-cleaving deoxyribozymes
do not automatically imply that DNA-hydrolyzing
deoxyribozymes are also capable of such short cleavage-
site requirements. More extensive contacts by a deoxy-
ribozyme with a DNA substrate could be required to
enable the more challenging DNA hydrolysis reaction.

With this threshold for sequence tolerance thus chosen
in advance, we performed several sets of in vitro selection
experiments. We first aimed to determine the optimal
number of unpaired DNA substrate nucleotides to present
for hydrolysis while achieving sequence tolerance by the
resulting DNA catalysts. We then sought numerous indi-
vidual deoxyribozymes that catalyze site-specific DNA hy-
drolysis while being compatible with the 2-nt cleavage site
threshold. The results establish that broadly general deoxy-
ribozymes for ssDNA hydrolysis are indeed readily identi-
fied via a suitable selection strategy, aided by a key
selection pressure to enforce hydrolysis at a predetermined
cleavage site within the substrate. These findings not only
experimentally establish this broad generality but also
reveal an initial set of deoxyribozymes that together enable
cleavage of any N"G site in a DNA substrate
(i.e. one-fourth of all possible N*N sites), including one
deoxyribozyme fully optimized by reselection for efficient
hydrolysis at any T"G site. We anticipate that comprehen-
sive follow-up experiments should allow the discovery of a
complete set of deoxyribozymes that enable site-specific
hydrolysis of essentially any arbitrarily chosen ssDNA
substrate, in analogy to what has already been achieved for
the very different—and considerably easier to catalyze—
reaction of DNA-catalyzed RNA cleavage (5,25,26).

MATERIALS AND METHODS
Oligonucleotides and in vitro selection

All oligonucleotides were prepared by solid-phase synthe-
sis at Integrated DNA Technologies (Coralville, IA) and
purified by denaturing 20% or 8% PAGE. To avoid
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chelation of Zn*" by adventitious EDTA, all substrates
and deoxyribozymes used in kinetic assays were extracted
from gels using TN buffer (10mM Tris, pH 8.0, 300 mM
NaCl) lacking EDTA and precipitated with ethanol.
The in vitro selection experiments were performed essen-
tially as described previously, using 200 pmol (~10'* mol-
ecules) in each initial round of selection (29,30), where
sequence space encompasses 4% ~ 10** possibilities
(107" sampling). Reselection experiments were performed
with 25% partially randomized pools, which were
prepared using phosphoramidite mixtures as described
previously (14,31).

The DNA substrate sequences during the selection
process were 5-TAATACGACTCACTAT-(unpaired)-G
AAGAGATGGCGACgga-3', where the unpaired nucleo-
tides differed for each specific selection experiment
(e.g. Figure 2). These are the ‘parent’ (original) substrate
sequences, whereas the nucleotides in the binding arms
(i.e. all of the nucleotides except those designated as
unpaired) were different in the substrates with systematic
sequence changes as described in the Figure 2 caption. The
3’-terminal gga residues were RNA rather than DNA to
enable ligation of the substrate to the deoxyribozyme pool
strand by T4 RNA ligase during each selection round. The
DNA substrate sequences used for cleavage assays were
the same as those used during selection, except the
3/-terminal —Cgga was replaced with —-CGGA (i.e. all
DNA).

The deoxyribozyme pool strand for the selections
designated PA-PD and RQ-RT was 5-CGAAGTCGCC
ATCTCTTC-N4-ATAGTGAGTCGTATTA-3', where
the two underlined regions denote the substrate binding
arms. The deoxyribozyme pool strand for the RV-RY and
VH-VL selections (as well as the corresponding reselec-
tion, YR, in the case of VJ) was 5-CGAAGTCGCCATC
TCTTC-N4»-ATAGTGAGTCGTATTAAGCTGATCC
TGATGG-3'. In all instances, the 5-CGAA was replaced
with 5-CC for individual deoxyribozymes prepared by
solid-phase synthesis and used in the single-turnover
in trans Kkinetic assays. For the shorter pool strands
(PA-PD and RQ-RT), the two PCR primers used
during selection were 5-CGAAGTCGCCATCTCTTC-3'
(5'-phosphorylated to enable ligation by T4 RNA ligase)
and 5-(AAC),XTATTACGACTCACTAT-3" (where X
denotes Glen Spacer 18, which is a PEG spacer that
stops extension by Taq polymerase and leads to a size
difference between the two PCR product strands). For
the longer pool strands (RV-RY and VH-VL), the two
PCR primers used during selection were 5-CGAAGTCG
CCATCTCTTC-3' (5-phosphorylated) and 5'-(AAC)4XC
CATCAGGATCAGCT-3'. It was empirically found that
the longer pool strands led to more efficient PCR and
earlier appearance of catalytic activity, which is why the
later selection efforts used the longer pools.

For the selections that incorporated splint ligation
pressure (VH-VL and YR; Figure 5), the splint ligation
step was performed as follows. The selection sample was
precipitated with ethanol and redissolved in 17 ul total
volume containing SmM Tris, pH 7.5, 15mM NaCl
and 0.1 mM EDTA along with 50 pmol of splint oligo-
nucleotide and 75 pmol of acceptor oligonucleotide. The
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Figure 2. Selections with DNA substrates that have 0, 1, 3, or 6
unpaired nucleotides between the two duplex binding arms.
(A) Substrates, showing the unpaired nucleotides (purple). The
complete sequences of the binding arms (black) are provided in the
Experimental Section. Compare to Figure 1B for structural context
of the substrate. The corresponding selections were designated
PA-PD. (B) Single-turnover in trans assays of the 13PB2
deoxyribozyme, which was identified from the selection with 1
unpaired nucleotide. 13PB2 requires only C"G at the cleavage site
and forms 3'-hydroxyl+ 5-phosphate termini. On the PAGE image
are shown representative time points at z = 30s, 15min, 2h and 22h.
The activity is maintained well when all nucleotides of the DNA sub-
strate outside of the cleavage-site C"G are changed from the parent
(Par) sequence via systematic changes: transitions (Tsn: A<-G and
T« C); transversions-1 (Tvl: A«<>C and G<T); transversions-2 (Tv2:
A<T and G<C). All nucleotides in the deoxyribozyme binding arms
(except opposite the unchanged C*G of the substrate) were covaried to
maintain Watson-Crick base pairing with the substrate. ko, values
(h_l): Par 0.41, Tv2 0.30, Tsn 0.13, Tvl 0.32. The 13PB2 sequence is
given in Figure 3. 13PB2 also has moderate activity with G"G rather
than C"G substrates (Supplementary Figure S3).

sample was annealed by heating at 95°C for 3min and
cooling on ice for Smin. The sample was then brought
to 20 ul total volume containing 1x of T4 DNA ligase
buffer and one unit of T4 DNA ligase (Fermentas),
incubated for 1h at 37°C, and separated by 8% PAGE.
The splint was 5-TTCGTCCCAGCGGTAGAGAAC-
(C)-GCGCTGTCTGATGCGGC-3, where the unpaired
(C) was complementary to the single unpaired 5-G that
remained on the DNA substrate after DNA-catalyzed hy-
drolysis at the X"G position depicted in Figure 5. The
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acceptor oligonucleotide for the splint ligation reaction
was 5-(AAC)sAAGGCCGCATCAGACAGCGC-3,
where the underlined portion was complementary to the
3’-end of the splint.

Cleavage assays

The DNA hydrolysis (cleavage) assays using individual
deoxyribozymes were performed under single-turnover
in trans conditions with the procedure described previous-
ly (14). The final incubation conditions were 70 mM
HEPES, pH 7.5, ImM ZnCl,, 20mM MnCl,, 40 mM
MgCl, and 150mM NaCl at 37°C, with 10nM 5'-*P-
radiolabeled DNA substrate and 1puM deoxyribozyme
(1:100) in 20 pl total volume. Samples were separated by
20% PAGE and quantified with a Phosphorlmager.
Values of k., and final yield were obtained by fitting
the data directly to first-order kinetics.

Mass spectrometry assays to validate product identities

Samples for mass spectrometry were prepared using
100 pmol of substrate and 200 pmol of deoxyribozyme in
50 ul reaction volume using the procedure described pre-
viously (9). All MALDI mass spectra were obtained in the
mass spectrometry laboratory of the UIUC School of
Chemical Sciences. For detailed tables of mass spectrom-
etry data, see Supplementary Table S1.

RESULTS

Establishing the optimal number of unpaired DNA
substrate nucleotides for DNA-hydrolyzing
deoxyribozymes

The initial DNA-hydrolyzing deoxyribozyme named
10MD5 was identified by in vitro selection using a sub-
strate that incorporated a tripeptide moiety between two
DNA segments, each of which was Watson-Crick base-
paired to one of two deoxyribozyme binding arms that
surrounded an Ny catalytic region (9). Although the
original goal of that previous study was peptide-cleaving
deoxyribozymes, 10MD5 can equally well cleave a sub-
strate that is solely DNA. For the present experiments
that seek DNA-catalyzed DNA hydrolysis from the outset,
we initially chose a set of four all-DNA substrates that
differ only in the number of unpaired nucleotides
presented to the Ny, region (Figure 2A). In our
efforts with RNA ligase deoxyribozymes, we have
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anecdotally observed that the presence of unpaired sub-
strate nucleotides during the selection process often leads
to specific identity requirements at these nucleotides by the
resulting deoxyribozymes, likely because the single-
stranded portion of the substrate can interact more intim-
ately than can duplex DNA with the deoxyribozyme’s
catalytic region (29,32). Here we used DNA substrates
that present 0, 1, 3, or 6 unpaired nucleotides to the Ny
region. In vitro selection was performed via our standard
approach, which depends on PAGE shift after
DNA-catalyzed DNA cleavage (29). In each case, the in-
cubation conditions during the key DNA-hydrolyzing se-
lection step were 70mM HEPES, pH 7.5, I mM ZnCl,,
20mM MnCl,, 40 mM MgCl, and 150 mM NacCl at 37°C
for 14h. (Both Zn>" and Mn*" were included during all
selections and activity assays in this report; studying the
detailed metal ion and pH requirements of all new
deoxyribozymes will require comprehensive efforts that
are beyond the scope of this study.) PAGE shift was
used to separate deoxyribozymes that cleave their cova-
lently attached DNA substrate at a location approximate-
ly in the middle of the substrate, as shown in Figure 1B.
As was the case for I0MD5 (9) and many of our other
DNA catalysts (32), the resulting deoxyribozymes are
anticipated to function in trans (intermolecularly),
without any covalent attachment to the substrate.

In the selection experiment with the 0 unpaired nt DNA
substrate, the resulting individual deoxyribozymes
(Supplementary Figure S1) appeared largely to catalyze
deglycosylation followed by strand cleavage via
B-elimination, rather than hydrolysis, and some product
formation by oxidative degradation cannot be ruled out
(Supplementary Figure S2) (33). In contrast, the other
three selections led to the desired DNA hydrolysis, with
no evidence for deglycosylation. The selection experiment
with the 1 unpaired nt substrate provided the 13PB2
deoxyribozyme (Figure 3), which has 70-80% hydrolysis
yield in 22 h (Figure 2B). 13PB2 requires only C*G at the
cleavage site, although substantial activity is also achieved
with G"G (Supplementary Figure S3); all substrate nu-
cleotides other than C"G can be varied freely, as long as
Watson-Crick base-pairing is maintained with the deoxy-
ribozyme binding arms. Hydrolytic cleavage by 13PB2
of its DNA substrate to leave 3'-hydroxyl+ 5'-phosphate
termini was verified by mass spectrometry (Supplementary
Table S1). The selection experiment with the 3 unpaired nt
substrate led to DNA-hydrolyzing deoxyribozymes that
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Figure 3. Sequences of the initially random (Nyo) catalytic regions of key deoxyribozymes described in this report. To create each functional
deoxyribozyme, the catalytic region is flanked by two Watson-Crick binding arms that are simply covaried with the relevant substrate sequence.
For 13PB2, which requires C*G at the cleavage site, the G is base-paired to the last nucleotide of the corresponding binding arm. For all of the other
deoxyribozymes, the two X"G nucleotides at the cleavage site are both unpaired, whereas all other substrate nucleotides are base-paired to the
binding arms. The four deoxyribozymes that are useful for each of the four possible X" G sites are highlighted in yellow (7VKS55 cleaves either A"G

or C"G, where M = A or C).
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were much slower than 13PB2 (Supplementary Figure S4)
and required specific identities at more than four
nucleotides (data not shown). Finally, the experiment
with the 6 unpaired nt substrate provided deoxyribozymes
(Supplementary Figure S5) that demanded specific
identities at more than five nucleotides (data not shown).
From all of these data, we concluded that substrates with
one and possibly two unpaired nucleotides should be
examined more comprehensively in subsequent selection
experiments.

Three deoxyribozymes from the selection effort with the
six unpaired nucleotide substrate hydrolyzed their DNA
substrate relatively rapidly, with kgps = 0.3-1.2min"!
(Supplementary Figure S5). The value of 1.2min~" for
the 13PD1 deoxyribozyme (Supplementary Figure S1),
which was not improved upon partial (25%) randomiza-
tion and reselection for even faster rate (data not shown),
corresponds to a rate enhancement of 3 x 10'® over the
uncatalyzed reaction, To our knowledge, this is the

A std C T A G st

R5 -

U

R2 ..

L4

\4
hydrolysis

substrate

highest rate enhancement ever reported for a DNA
catalyst. The previous highest rate enhancement was
1 x 10'2, for I0MD35 with kgps = 0.05min™" (9).

Systematic selections with DNA substrates that have one
or two unpaired nucleotides

We next performed two sets of four selection experiments,
one set with each of the four possible single unpaired
nucleotides, and another set with each of the four
possible unpaired XG dinucleotides (where X = one of
C, T, A, or G; the experiment with a single unpaired C
was essentially a replication of the effort described above).
The immediate goal of these experiments was to determine
the range of hydrolysis site locations in each resulting col-
lection of deoxyribozymes. For all eight of these selec-
tions, cleavage by the uncloned pools was observed at
various positions clustered near the middle of the sub-
strate (Figure 4). Some of the deoxyribozymes led to
3’-hydroxyl + 5'-phosphate  termini  whereas  others

std CG TG AG GG std

R7

R4

R1

L1

—
v
i

hydrolysis

L4

¥ : TAE pr— ¥ 8

4 L1 R2 R5

TCIEG pr——
4 L1 R1 R4 R7

B o
TA-OH
pG
[ ]
—
L L L L —T r 11
5000 5500 6000 5000 5500 6000
mlz mlz

Figure 4. Outcomes of systematic selections with DNA substrates that have one or two unpaired nucleotides, as revealed by single-turnover in trans
assays of uncloned selection pools. For substrates with one unpaired nucleotide X, selections were designated RV-RY; in cis uncloned pool yields for
round 7 were 37, 27, 37 and 18%. For substrates with two unpaired nucleotides XG, selections were designated RQ-RT; in cis uncloned pool yields
for round 8 were 44, 43, 56 and 28%. (A) PAGE assays using 5-*’P-radiolabeled substrates and standards. The unpaired nucleotide(s) of the
substrate are shown above each lane. The 3’-OH standards are each designated with their 3’-terminal nucleotide, where L1 is the first paired
nucleotide immediately 5’ of the unpaired nucleotide(s) and R1 is the first paired nucleotide immediately 3’ of the unpaired nucleotide(s).
(B) Representative MALDI mass spectrometry data for the two indicated uncloned pools. Each assigned peak has observed mass within 0.05%
of the calculated value (data not shown). DNA hydrolysis was predominant in each uncloned pool, although a small amount of
deglycosylation-induced cleavage was also evident in some cases. For example, the selection with a single unpaired G gave a mixture of hydrolysis
and deglycosylation products, as assessed by mass spectrometry (Supplementary Figure S6).
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formed 3’-phosphate+ 5-hydroxyl, as assessed by
MALDI mass spectrometry (see representative data in
Figure 4B); arguably the former combination is more de-
sirable, because of compatibility with the termini formed
by conventional restriction enzymes. In addition, for
several of the selections with one unpaired nucleotide, a
small amount of substrate cleavage by deglycosylation
and B-elimination was observed by the uncloned pool,
along with hydrolytic cleavage (Supplementary Figure
S6). Taken together, these findings indicated that for
systematic development of a full collection of DNA-
hydrolyzing deoxyribozymes, a selection pressure must
be developed such that the resulting catalysts hydrolyze
the substrate at a predetermined site rather than anywhere
within a rather large region. Ideally, this selection pressure
should also ensure that the catalysts uniformly provide
3’-hydroxyl + 5'-phosphate hydrolysis products.

Selections with pressure for predetermined cleavage site
and 5'-phosphate product

The necessary selection pressure was achieved by adding
an additional step to each round of the selection process
(Figure 5). This step was performed immediately after the
deoxyribozyme pool was allowed to cleave the attached
DNA substrate at any central position. To the product
mixture was added a DNA splint, an acceptor
oligonucleotide (with 3’-OH), and T4 DNA ligase. Only
those deoxyribozymes that had created a 5'-phosphate
terminus directly at the predetermined cleavage site
would undergo ligation with the acceptor and therefore
migrate much more slowly on PAGE (34) (even more
slowly than the original uncleaved pool-substrate conju-
gate, due to a lengthy 5-extension included on the
acceptor oligonucleotide). This enhanced selection proced-
ure incorporating the splint ligation pressure was per-
formed with each of the four substrates that have XG
unpaired nucleotides, with selection pressure that is select-
ive for hydrolyzing between the unpaired nucleotides X" G
(i.e. products X-OH-3" and 5'-pG).

Each of these four selection experiments gave strong
DNA hydrolysis activity, with 40-50% cleavage by
rounds 7-8. Individual deoxyribozymes from each of the
four selections were cloned and assayed, focusing explicit-
ly on identifying those clones that broadly tolerate differ-
ent substrate sequences. For this purpose, clones that
appeared substantially active with the original (parent)
substrate sequence in the preliminary activity screen
were sequenced and immediately prepared by solid-phase
synthesis with systematic sequence changes at all binding
arm nucleotides. The substrates for these deoxyribozymes
had corresponding Watson-Crick changes at all nucleo-
tides except the unpaired X" G between the two binding
arms. As a summary of extensive characterization results,
the ensuing assays revealed numerous deoxyribozymes
that had at most a two-nucleotide (X"G) substrate
requirement, thereby achieving the generality threshold
established in the Introduction. The outcome was
slightly different for each of the four X"G selection
experiments; a summary of the key findings is provided
here. In all cases, hydrolytic cleavage was validated by

Nucleic Acids Research, 2012, Vol. 40, No.4 1783

cleavage
X

(1]
R ALL)

LT

5
rrrrrrrrrrrrind rrrrrerrrernl

G
‘ Nao ’
DNA

hydrolysis l Zn2*, Mn2+, Mg2+

o

acceptor oligo 3
5' /] C
[ N I

3

g,
¢ .

-Q

5
splint

: : ®enns’

l T4 DNA ligase
CG

o,
{ : Yans®

Figure 5. Selection process that includes splint ligation pressure for
DNA-catalyzed DNA hydrolysis at a particular predetermined site
(X"G, where four different selections were performed for X = one of
C, T, A, or G). The hydrolysis products are 3’-hydroxyl+ 5'-phosphate
products, as required by T4 DNA ligase. Note that the acceptor oligo-
nucleotide, which has a 3’-hydroxyl for joining to the 5'-phosphate of
the G nucleotide, has a long 5-extension that leads to a large upward
PAGE shift upon splint ligation. For nucleotide details, see the
Experimental Section.

ACITTI A

splint
ligation

*

5 ]

ATTT L

MALDI mass spectrometry (Supplementary Table S1).
No deglycosylation-induced cleavage [also forming a
S’-phosphate terminus (33)] was observed, although the
splint ligation selection pressure would have permitted
that outcome. Sequences of key deoxyribozymes are col-
lected in Figure 3.

C"G selection. Eight unique deoxyribozyme sequences
from round 7 (47% in cis uncloned pool activity) were
identified through the initial screening process, and four
of these were examined in more detail after solid-phase
synthesis. One of the four, 7VH6, had 45-65% single-
turnover in trans cleavage yield in 22 h with each of four
systematically varied substrates that collectively changed
every nucleotide to each possible identity except for the
unaltered C"G directly at the cleavage site (Figure 6A; see
Supplementary Figure S7 for PAGE images). When, sep-
arately, the C"G nucleotides were themselves changed,
little or no DNA hydrolysis activity by 7VH6 was
observed (Supplementary Figure S8A). Therefore, 7VH6
requires C" G in its substrate at the cleavage site but works
well with any nucleotides in the surrounding sequences.

T"G selection. Ten unique sequences from round 8 (40%
in cis uncloned pool yield) emerged after screening, and six
were prepared by solid-phase synthesis. One of these six,
8VIJ17, worked nearly equally well with each of the four
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Figure 6. Assays of deoxyribozymes from the four selections that included the splint ligation pressure of Figure 5. Each DNA substrate had two
unpaired nucleotides X" G, where X = one of C, T, A, or G, and is cleaved to form 3'-hydroxyl+ 5-phosphate termini. As observed for 13PB2
(Figure 2B), the single-turnover in trans catalytic activities were maintained for each deoxyribozyme when all nucleotides of the DNA substrate
outside of the required cleavage-site X" G (Supplementary Figure S8) were changed systematically. See Supplementary Figure S7 for accompanying
PAGE images. For 7VK55, C"G is tolerated at least as well as A”G (Supplementary Figure S9). Sequences of these deoxyribozymes are in Figure 3.
keps values (h™") were as follows. (A) 7VH6: Par 0.20, Tv2 0.13, Tsn 0.095, Tvl 0.067. (B) 6YR25: Par 1.0, Tv2 0.43, Tsn 0.30, Tvl 0.18. (C) 7VK355:
Par 0.094, Tv2 0.073, Tsn 0.13, Tvl 0.083. (D) 8LV51: Par 0.26, Tv2 0.16, Tsn 0.14, Tvl 0.22.

systematically varied substrates, albeit with only 15-25%
single-turnover in trans cleavage yield in 22h (data not
shown). 8VIJ17 was partially (25%) randomized and sub-
jected to six rounds of reselection, leading to 49% in cis
uncloned pool yield; 28 individual sequences differed from
8VIJ17 itself by 4-9 nt. Six of these variants were assayed in
more detail; two of them, 6YR11 and 6YR25, retained
very high substrate generality outside of T"G and further-
more had substantially improved 65-75% single-turnover
in trans cleavage yield in 22h (Figure 6B; kops = 1.0h™!
for 6YR25 with the parent substrate sequence). Both of
these deoxyribozymes required T"G directly at the
cleavage site (Supplementary Figure S8B).

A" G selection. Twenty-four unique sequences were found
from round 7 (44% in cis uncloned pool yield), of which
15 were made by solid-phase synthesis and examined

further. One deoxyribozyme, 7VKS55, provided 30-65%
single-turnover in trans cleavage yield in 22h with all
four substrate sequence variants that retained A"G at
the cleavage site (Figure 6C). Moreover, activity was
even higher using the parent substrate sequence that has
C"G in place of A"G at the cleavage site (Supplementary
Figure S8C), and this high activity was retained with C*G
substrates for which the surrounding nucleotides were sys-
tematically varied (Supplementary Figure S9). Therefore,
7VK55 is general for sites that are either A"G or C*G, i.e.
M"G (where M is the TUB code for A or C).

GG selection. The screening process for this final selec-
tion experiment led to 17 unique sequences from round
8 (44% in cis uncloned pool yield), and 12 of these were
studied further. The §VL51 deoxyribozyme cleaved the
G G substrates with 35-66% single-turnover in trans
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yield in 22 h (Figure 6D) and required G"G directly at the
cleavage site (Supplementary Figure S8D).

DISCUSSION
Summary and context of findings

Our recent discovery that DNA can catalyze site-specific
DNA hydrolysis with 10'? rate enhancement was an
important advance, revealing the fundamental ability of
DNA to catalyze this challenging chemical reaction
(9,14,15). Nevertheless, the key question remained of
whether DNA has the catalytic ability to cleave essentially
any arbitrarily chosen ssDNA substrate sequence at a
specific predetermined site. 4 priori, it is not obvious
that deoxyribozymes can have sufficiently short substrate
sequence requirements such that any reasonably sized col-
lection of these catalysts can be general for ssDNA
hydrolysis. In the present study, the data demonstrate
conclusively that numerous site-specific DNA-hydrolyzing
deoxyribozymes can be identified with mere two-
nucleotide sequence requirements (Figure 1), thereby es-
tablishing the substrate sequence tolerance that was the
principal objective of the study.

The four deoxyribozymes 7VH6, 6YR25, 7VKS55 and
8VL51 (Figure 3) collectively allow site-specific hydrolysis
of any arbitrarily chosen ssDNA substrate sequence that
includes an N"G cleavage site (Figure 6). Particularly high
rate and yield were observed for 6YR25, whose sequence
was optimized by reselection (Figure 6B). These achieve-
ments required the development of an in vitro selection
approach (Figure 5) that should—with comprehensive
follow-up experiments, including systematic reselections
of initially identified DNA catalysts—lead to a complete
set of deoxyribozymes for ssDNA hydrolysis. This
work also provides the first intentional identification of
numerous new DNA-hydrolyzing deoxyribozymes from
random-sequence pools, whereas in our previous report
(9), DNA-catalyzed DNA hydrolysis was a serendipitously
identified activity.

It should be noted that cleavage-site sequences other
than X"G, although not the explicit objective of the
current experiments, were clearly evident in numerous
cases, and therefore the observed cleavage activity is not
limited to X" G sites. A clear example is the strong T"C
cleavage site observed for a large fraction of deoxy-
ribozymes in the uncloned pool for the selection with
CG unpaired nucleotides, as shown in Figure 4.
Considering all of the selection experiments performed
during this study as well as our previously published
examples (9,14), DNA-catalyzed DNA hydrolysis has
now been validated at N"G, N"T, T"N and C"A sites
(in each case for which data is not shown, the evidence
is comparable to that shown in Figure 4). Therefore,
although the present efforts focused specifically on system-
atically identifying deoxyribozymes for hydrolysis of X" G
sites (Figure 6), finding analogous deoxyribozymes for
hydrolysis of any dinucleotide site within ssDNA
appears to be feasible.
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Future biochemical characterization, and application to
double-stranded DNA substrates

Clearly much effort remains to understand the structures
and mechanisms of DNA catalysts of all kinds, including
those that hydrolyze DNA. Mechanistic studies of deoxy-
ribozymes have been impeded by a lack of functionally
relevant structural information (35). Specifically in the
case of DNA-catalyzed hydrolysis of ssDNA, we have
begun efforts to understand the relationships among prac-
tical characteristics such as tolerance of varying pH values
and site specificity (14), as well as the functional roles of
particular metal ions (15). In ongoing work, we are care-
fully examining divalent metal ion requirements for
DNA-catalyzed DNA hydrolysis, to determine if Zn*"
and Mn?" together (as used here) constitute the optimal
cofactor combination for identifying new catalytic func-
tion (V. Dokukin, M. Chandra, and S.K.S., unpublished
results). New experiments will investigate mechanistic and
structural aspects of many of the new deoxyribozymes
identified in the present report.

To achieve DNA-catalyzed cleavage of double-stranded
DNA (dsDNA) rather than ssDNA using deoxyribozymes
of the kind described in this study (which interact with
their substrate using Watson-Crick interactions), separ-
ation of the dsDNA substrate into its two ssSDNA com-
ponents would be required. Such separation may be
possible via suitable strand invasion strategies, whereupon
each of the two single-stranded components would then be
cleavable by a corresponding deoxyribozyme. However,
such strand invasion is experimentally challenging
and often requires chemically sophisticated approaches
(36-39). Alternatively, an intact dsSDNA substrate can be
targeted for cleavage, but achieving this objective will
require an entirely different basis for substrate—catalyst
interactions that does not rely upon Watson-Crick base
pairing of the type shown in Figure 1 (e.g. interactions
based on small molecule-DNA contacts, triplex forma-
tion, or protein—DNA contacts). Such objectives consti-
tute a longer-term challenge for the development of
practical DNA catalysts that hydrolyze DNA.
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