High-throughput activity profiling of RNA-cleaving DNA catalysts by
deoxyribozyme sequencing (DZ-seq)
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ABSTRACT: RNA-cleaving deoxyribozymes have found broad application as useful tools for RNA biochemistry. However,
tedious in-vitro selection procedures combined with laborious characterization of individual candidate catalysts hinder the
discovery of novel catalytic motifs. Here, we present a new high-throughput sequencing method, DZ-seq, which directly
measures activity and localizes cleavage sites of thousands of deoxyribozymes. DZ-seq exploits A-tailing followed by reverse
transcription with an oligo-dT primer to capture the cleavage status and sequences of both deoxyribozyme and RNA sub-
strate. We validated DZ-seq by conventional analytical methods and demonstrated its utility by discovery of novel deoxy-
ribozymes that allow for cleaving challenging RNA targets or the analysis of RNA modification states.

DNA enzymes or deoxyribozymes are single-stranded
DNA sequences that form three-dimensional actives sites
for the catalysis of chemical reactions. Although deoxyri-
bozymes have not been yet found in nature, in vitro selec-
tion procedures allowed the discovery of artificial deoxyri-
bozymes with a vast repertoire of catalytic activities."+ A
typical in vitro selection starts from a combinatorial library
of up to ~10% unique sequences and consists of repetitive
rounds of activity screening, selection and amplification.>
Next-generation sequencing (NGS) techniques have been
increasingly replacing the low-throughput Sanger method
in the analysis of in-vitro selection libraries of aptamers®™
and (deoxy)ribozymes.”>'® The candidate catalysts are usu-
ally selected from the NGS data using the relative sequence
abundance or sequence enrichment as proxies for the cat-
alytic activity. However, due to PCR and other biases,7®
the candidate catalysts have to be validated by conven-
tional low-throughput biochemical assays. Novel NGS-
based strategies provided direct activity measurement for
large mutant libraries of RNA-cleaving ribozymes,9°
DNA-cleaving deoxyribozymes* and in vitro selection li-
braries of aminoacylating ribozymes,*> but RNA-cleaving
deoxyribozymes still lack a comparable technique.

In our efforts to develop tools for site-specific detection
of epigenetic modifications in RNA, we performed in vitro
selections to identify RNA-cleaving deoxyribozymes that
differentiate between modified and unmodified RNA.>%
Recently, we reported DNAzymes that distinguish between
unmodified cytosine (C), 3-methylcytidine (m3C), N4-
methylcytidine (m*C) and 5-methylcytidine (m5C).25 Using
Sanger sequencing and analysis of sequence enrichment in
the NGS data with subsequent characterization of candi-
date catalysts by gel shift-based kinetic assays, we found
few DNA enzymes with the desired properties. Screening
of further deoxyribozymes was time-consuming and labo-
rious as every candidate sequence had to be individually
assayed for its cleavage activity.

To facilitate the discovery of further RNA-cleaving deox-
yribozymes, we implemented deoxyribozyme sequencing
(DZ-seq), an NGS-based strategy that allows massively par-
allel quantitation of RNA cleavage activity directly from se-
quencing data. In the first step of DZ-seq, the in-vitro se-
lection library with the attached 5™-sequencing adapter was
subjected to self-cleavage (Figure 1). Next, the 2/,3"-cyclic
phosphate residues resulting from the intramolecular at-
tack of an RNA 2’-hydroxyl group on the adjacent phos-
phodiester linkage,*® were removed by T4 PNK, and both
cleaved and uncleaved species were extended with poly(A)
tails using E. coli poly(A) polymerase. The resulting
poly(A) tails were then used as primer binding sites for the
anchored oligo(dT) primer (D4, Table S1) which intro-
duced the second sequencing adapter to the resulting
cDNA during reverse transcription. After this step, the
c¢DNA contained information about sequences of deoxyri-
bozyme and RNA substrate, cleavage status of RNA and po-
sition of the cleavage site. Finally, the cDNA was used as a
template in a PCR with two primers (D5 and D6) which
introduced sequencing barcodes to produce sequencing-
ready fragments.

We applied DZ-seq to analyze endpoint activity (10 mM
Mg, 6 h, 37 °C) of in-vitro selection pools AK, AL, AM and
AN which have been trained previously to cleave NC-,
Nm3C-, Nm#C- and Nm5C-dinucleotide containing all-RNA
substrates, respectively (N = A, C, G, U).s We prepared in
total 16 sequencing libraries by combining eight deoxyri-
bozyme libraries from rounds 7 and 18 of each in-vitro se-
lection with four RNA substrates (Ri-R4, Table S2) in var-
ious combinations. Eight sequencing libraries contained
DNA pools ligated to the unmodified NC-substrate Ri. Six
libraries were prepared by combination of DNA pools from
AL, AM and AN selections with their corresponding cog-
nate RNA substrates R2—-R4, respectively. Further two se-
quencing libraries contained DNA pools from the selection
AK and Nm5C-RNA R4.
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Figure 1. Outline of DZ-seq. “>p” denotes 2’,3’-cyclic phosphate
residue.

The sequencing-ready DNA fragments were subjected to
NGS and a total number of ~220 million reads with ~10-20
million reads per library were obtained (Table S3). The raw
reads were trimmed of binding arm and connecting loop
sequences and dereplicated to obtain unique sequences
and their counts. For every unique combination of deoxy-
ribozyme and RNA substrate we determined the total
numbers of cleaved and intact reads and the position of the
cleavage site. For about 40 000 deoxyribozymes at least one
such combination had at least 100 reads. This data was then
used for calculation of cleaving activity which was ex-
pressed as fraction of cleaved reads (FC).

We validated the FC values obtained from DZ-seq by
conventional PAGE-based kinetic assays. To this end, we
chose ten deoxyribozymes AM3o01, AM319-AM327
(D4-D13) with varying predicted activities and tested them
individually in cis-cleavage reactions, i.e. when the RNA
substrate was covalently attached to the deoxyribozyme.
DZ-seq correctly identified the position of the cleavage site
for all ten cleavage reactions, but systematically overesti-
mated FC values in comparison to PAGE (Figure 2A and

Table S4). The overestimation can be attributed to addi-
tional cleavage events which occur during the dephosphor-
ylation and A-tailing steps of DZ-seq as the corresponding
reaction buffers contain Mg>* ions and thus promote deox-
yribozyme-catalyzed RNA cleavage. Nevertheless, the FC
values obtained from DZ-seq displayed a good linear cor-
relation with the PAGE assay (R? = 0.91, Figure 2A). There-
fore, the obtained DZ-seq dataset provides a quantitative
insight into catalytic activity of tens of thousands of RNA-
cleaving deoxyribozymes.

To illustrate the distribution of cleaving activities and
specificities of DNA enzymes, we plotted FC values for the
m3C-, m*C- or m5C-modified RNA substrates against those
for the unmodified RNA (Figure 2B). The top left region of
the plot for the m3C modification is densely populated cor-
responding to numerous highly active DNA enzymes
which are also highly specific for m3C. In contrast, the ma-
jority of data points in the plots for m*C and m5C is con-
centrated along the diagonal line corresponding to low
specificity of the DNAzymes in the AM and AN selection
pools for the modified substrate. This observation is con-
sistent with the stronger influence of the positively
charged and base pair-disrupting m3C modification on sec-
ondary structure of nucleic acids as compared to m*C and
m>5C.27 The high number of very active m3C-specific deoxy-
ribozymes may indicate that m3C-containing RNA is an
“easier” target for DNA-catalyzed cleavage than are m*C-,
m>C-modified or unmodified RNA. Interestingly, few ac-
tive deoxyribozymes that were inhibited by m3C survived
selection pressure in the AL selection as several data points
appear at the very right bottom of the corresponding plot.

DZ-seq interrogates the activity of RNA-cleaving deoxy-
ribozymes in intramolecular reactions (in-cis) with the
RNA substrates. For detection of RNA modifications an in-
termolecular arrangement of the DNA enzyme and the
RNA substrate (in-trans) is more advantageous because it
allows straightforward examination of RNA modifications
without additional laborious experimental steps. Cis- and
trans-activities do not necessarily correlate with each other
as the tertiary interactions between the connecting loop
and the catalytic core may be critical for proper folding
into a functional catalytic structure.?® Surprisingly, some of
the deoxyribozymes used for the validation of the DZ-seq
results showed even higher FC values when they were
tested with the corresponding RNA substrates in-trans un-
der pseudo-first order conditions (Table S4). However,
most of the data points in the DZ-seq dataset agreed well
with the in-trans selectivity profiles of the previously char-
acterized deoxyribozymes (exemplary data points are high-
lighted in Figure 2B for deoxyribozymes ALn2, AM1o1 and
AKio04).5 Hence, DZ-seq can be used for identification of
deoxyribozymes that differentiate between modified and
unmodified RNA substrates in intermolecular cleavage re-
actions.
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3C, m4C or m5C). (C) Predicted secondary structures of deoxyribozymes AM328-AM332 (top) and their trans-
cleavage activity with 3'-fluorescently labeled modified and unmodified RNA substrates analyzed by gel-based kinetic assays (bot-
tom). Modified cytosine site is highlighted in red. Cleavage sites reported by DZ-seq are indicated by arrows. Cleaved fragments
containing m3C migrate slower in PAGE, i.e. are shifted upwards due to the positive charge at the nucleobase.

To this end, we picked candidate sequences AM328-
AM332 (D14-D18) which were predicted by DZ-seq to pref-
erentially cleave Gm3C-, Am3C-, Cm3C-, Gm*C- and Am5C-
containing RNAs, respectively (Figure 2C). Among them,
Gm*C- and Am5C-contexts were particularly challenging
for specific cleavage with the previously reported DNA en-
zymes.” The new candidate DNA enzymes were individu-
ally tested in-trans in gel-based kinetic assays with their
cognate and the corresponding unmodified RNA sub-
strates (Table Ss). As expected, all five selected deoxyribo-
zymes preferentially cleaved the modified RNA substrates,
although in case of AM332 the FC value reported by PAGE
(20%) was lower than that of DZ-seq (61%), what may be
attributed to the influence of the connecting loop. Note-
worthy, the DNA sequences here chosen for further analy-
sis were low-abundant with no more than 5-300 counts per
million (CPM) in the final selection rounds (Table S6), and
thus most likely would have never been identified using
conventional Sanger sequencing which typically yielded
sequences with much higher abundance (5000-30 000

CPM). Also, analysis of NGS data solely based on abun-
dance and/or enrichment would have missed these candi-
dates.

In fact, DZ-seq revealed a poor correlation between end-
point cleaving activity and abundance of deoxyribozymes
in the final rounds of in-vitro selections AK, AL, AM and
AN (Figure S2). A representative example is deoxyribo-
zyme AM3o1 (Figure 3A) which displayed FC values that
were among the highest found in the DZ-seq dataset. Spe-
cifically, AM3o01 cleaved CG junction in Am5C-, CC-, Cm*C-
, Cm5C- Um#C- and Um5C-RNA substrates with very high
yields (FCs of 80-98% after 6 h according to the PAGE as-
say, see Table Ss). Despite these favorable properties,
AM301 was depleted in most of the selection pools and its
abundance in the final rounds was very low (~go CPM).
This indicates that cleaving activity is not the only decisive
factor for the outcome of the in-vitro selection, and that
PCR amplification and/or ligation may distort the pool
composition towards less active species.? In this respect, it
would be compelling to analyze the similar in-vitro selec-
tions of the pre-NGS era3°3' with DZ-seq for the presence



of depleted but nevertheless highly active (deoxy)ribozyme
motifs.
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Figure 3. (A) Predicted secondary structures of deoxyribo-
zymes AM3o01 and AK314. (B) Contraction of a deoxyribo-
zyme’s catalytic core due to strand slippage on tandem re-
peats. Repeating elements are shown as orange segments.

DZ-seq uncovered another low-abundant (< 18 CPM)
and moderately active (FCs up to 60% after 6 h, Table Ss)
deoxyribozyme which had unusually short 13-nt catalytic
core emerged from the originally 20-nt randomized region
of the starting selection library (AK314, Figure 3A).>5 AK314
possesses the structural features that are characteristic for
the 8-17 family: a 3 bp stem flanked by an AGC triple in the
apical loop and a CG-dinucleotide in the 3’-direction of the
stem (shown green in Figure 3A).3* In fact, the sequence
and the secondary structure of AK314 are identical up to a
single base pair swap to those of the 8-17 variant discovered
by Santoro et al3° The unusually short length of AK314
raised the question about the mechanism that led to a such
significant contraction of the in-vitro selection library.
Screening of the sequencing dataset afforded a more abun-
dant variant of AK314 with an additional TTCA fragment at
the 3’-end of the catalytic core (AK314L, Table S1). Coinci-
dentally, the 5-end of the adjacent binding arm started
with two further consecutive TTCA fragments. The result-
ing tandem repeat (TTCA); is prone to strand slippage3
and therefore might have induced contraction of AK314L
to form AK314 during the PCR step of the in-vitro selection.
Moreover, the same repeat may provide possibility for the
formation of an alternative fold so that the TTCA fragment
of the core is displaced into the binding arm and the actual
catalytic core of AK314L is identical to that of AK314 (Figure
3B).

In conclusion, in the present study we reported DZ-seq,
a high-throughput NGS-based method suitable for profil-
ing activity of RNA-cleaving deoxyribozymes in in-vitro se-
lection libraries. DZ-seq provided reliable information on
cleavage activity and cleavage sites of thousands of deoxy-
ribozymes. The novel method was successfully applied for

discovery of rare DNA catalytic motifs that were inaccessi-
ble by conventional methods. We expect DZ-seq can be ap-
plied for comprehensive examination of in-vitro selection
or other combinatorial libraries and thus enable rapid dis-
covery of catalysts with desired properties, e. g. deoxyribo-
zymes specifically cleaving a modified RNA. Since DZ-seq
should be indifferent towards the type of nucleic acid cat-
alyst (i.e., deoxyribozyme or ribozyme), DZ-seq can be also
applicable for discovery of novel RNA-cleaving motifs.
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