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Abstract

Multivalent recognition and binding of biological molecules is a natural phenomenon that increases the binding stability (avidity) without decreas-
ing the recognition specificity. In this study, we took advantage of this phenomenon to increase the efficiency and maintain high specificity of
RNA cleavage by DNAzymes (Dz). We designed a series of DNA constructs containing two Dz agents, named here bivalent Dz devices (BDD).
One BDD increased the cleavage efficiency of a folded RNA fragment up to 17-fold in comparison with the Dz of a conventional design. Such
an increase was achieved due to both the improved RNA binding and the increased probability of RNA cleavage by the two catalytic cores. By
moderating the degree of Dz agent association in BDD, we achieved excellent selectivity in differentiating single-base mismatched RNA, while
maintaining relatively high cleavage rates. Furthermore, a trivalent Dz demonstrated an even greater efficiency than the BDD in cleaving folded
RNA. The data suggests that the cooperative action of several RNA-cleaving units can significantly improve the efficiency and maintain high
specificity of RNA cleavage, which is important for the development of Dz-based gene knockdown agents.
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Introduction

Multivalent interactions between biological molecules contin-
uously attract the attention of both fundamental sciences (1-
3) and biotechnology (4,5). For example, multiple sequentially
ordered zing finger motifs have been explored to bind genomic
DNA with high affinity and specificity (6). Traditionally used
in the form of single oligonucleotides, hybridization probes
have been evolving into two- and multicomponent hybridiza-
tion sensors, which enable both tight binding to DNA and
RNA analytes and differentiating single nucleotide substitu-
tions in their structures (7,8). The multivalent approach has
not been adopted yet in the practice of oligonucleotide gene
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therapy (OGT) agents for suppressing specific mRNA. This
approach, in general, can provide the advantages of both tight
and selective mRNA-binding (7,8).

In this study, we explored the cleavage of folded RNA by
RNA-cleaving DNAzymes (Dz) (9-12) organized in multi-
component cleaving agents of various designs (Figure 1). Tra-
ditional Dz agents bind RNA substrates by two RNA-binding
arms followed by phosphodiester bond cleavage using nu-
cleotides of the catalytic core (Figure 1A). A variety of Dz have
been explored for gene knockdown in cell cultures and i vivo
(11-13). Dz are known to be the most selective OGT agents:
no hybridization-dependent off-target activity has been re-
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Figure 1. The design of RNA-cleaving monovalent and bivalent Dz agents. (A) Single RNA-cleaving Dz in complex with a 5'-fluorophore (F)-labelled RNA
target. (B) A tandem of two Dz agents cleaving an RNA target at two closely located cleavage sites. (C) Bivalent Dz-based device BDD1 consisting of
two Dz agents covalently linked to each other by a hexaethylene glycol (HEG) linker. (D) BDD2 with Dz1 and Dz2 attached to the opposite ends of a
dsDNA platform made of T1 and T2 fragments. (E) BDD3, BDD4, BDD5 and BDD6 containing Dz1 and Dz2 linked to dsDNA platforms having different

melting temperatures (7).

ported for Dz agents so far (14). Several Dz agents were tested
in phase II of clinical trials (15-17).

An important advantage of Dz over other OGT technolo-
gies such as RNAI and antisense oligonucleotides is their
protein-independent mechanism of RNA cleavage. This is par-
ticularly attractive in the context of sophisticated DNA nanos-
tructures for gene therapy (10,14,17-20) including those
equipped with molecular computation functions for the anal-
ysis of cancer biomarkers (21). Such non-natural DNA struc-
tures often do not interact with protein enzymes but can be
functionalized for RNA cleavage by protein-independent Dz.

Dz catalytic cycle includes RNA binding (kq), catalytic
cleavage (k»), and product release (k3, Scheme 1). Poor tar-
get accessibility (low ky) is the major challenge that limits Dz
therapeutic efficiency in vivo (14,21). It was shown earlier that
natural RNA targets are poorly accessible by hybridization
agents due to their secondary and tertiary structures (19,22).
Among all OGT agents, Dz could be affected by the poor tar-
get accessibility the most since they use two relatively short
RNA-binding arms, which provide less affinity (and higher se-
lectivity) than longer, continuous sequences of ASO and siR-
NAs (14). The poor RNA target accessibility is a possible rea-
son why Dz technology has not delivered a practically signif-
icant gene knockdown tool in cell culture or iz vivo (11-13).
To overcome this issue, two conventional solutions have been
extensively explored. The first approach uses chemical mod-
ifications including 2'-OMe, 2’-F, 2/-2'-fluoro-arabino nucleic
acid (FANA) and locked nucleic acids (LNA), which increase
the thermodynamic stability of Dz/RNA hybrids (12,23,24).
However, high affinity can slow down the product release
stage of the catalytic cycle (14,25,26). Moreover, high-affinity
arms may increase the probability of non-specific binding to
an RNA sequence of a transcriptome size. Another ordinary
solution of the RNA accessibility problem takes advantage
of the computational analysis of the RNA-target regions to
identify the least structured fragments (27). However, struc-
tures of long RNA and their protein-binding sites are poorly
predictable by the currently available software (27). It would
have been attractive to target RNA fragments independently
on their folding energy. For example, recognition of specific

sites carrying point mutations is needed for differentiating true
targets from wild-type RNA including cancer-causing muta-
tions in KRAS (28), BRCA1 and BRCA2 (29) genes, among
others (30). There is no guarantee that these sites are situated
in the most relaxed mRNA fragments.

Here, we propose to achieve both tight and selective RNA
binding using a nature-inspired multivalent approach. It was
hypothesized that the cooperative binding of two or more Dz
units in closely located positions in RNA would facilitate the
RNA binding stage of the catalytic cycle due to the cooperative
hybridization of the four (or more) RNA-binding arms. Such
a tandem system may have a greater chance of RNA cleav-
age, which should linearly increase within the increase of the
number of the targeted neighboring sites with single mRNA
chain. Furthermore, a covalent or a noncovalent linkage be-
tween the two Dz should further increase binding cooperativ-
ity due to the entropy factor: the formation of a complex from
the two (in the case of linked Dzs) vs three (for unlinked tan-
dem of two Dzs) particles. We also expected that using multi-
ple short RNA binding arms of the Dz tandem will allow an
efficient product release (high k3), which will favor multiple
catalytic turnovers.

The tighter the binding, the lower the selectivity of nucleic
acid recognition, according to the affinity/specificity dilemma
(31). To maintain the high selectivity of RNA recognition by
bivalent Dz, we proposed to modulate the degree of Dz sub-
unit association (and, therefore, Dz affinity to the targeted
RNA) to determine the best balance of affinity/specificity dur-
ing RNA target recognition.

In this work, we targeted two neighboring cleavage sites
in a folded RNA by two Dz agents (Dz1 and Dz2) of a con-
ventional design (Figure 1B). Furthermore, we joined Dzl
and Dz2 via a flexible linker to form bivalent Dz devices’
(BDD1 in Figure 1C) or by a variety of double-stranded (ds)
DNA platforms (BDD 2-6 in Figure 1D and E, referred also
to as ‘nanostructures’). It was found that both the Dz1 + Dz2
tandem and BDD can increase RNA cleavage efficiency in
comparison with the traditional ‘monovalent’ Dz. We also
demonstrated that BDD nanostructures maintain high selec-
tivity of RNA recognition, which can be modulated by the
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Scheme 1. The catalytic cycle of RNA-cleaving DNAzymes (Dz).

change in melting temperature (T,,) of the dsSDNA platform
(Figure 1E).

Materials and methods

Chemicals

Oligonucleotides were purchased from DNA-sintez (Moscow,
Russian Federation) and Integrated DNA Technologies (IDT,
Coralville, TA, USA). All the DNA and RNA sequences are
listed in Supplementary Table S1. Other chemicals in the list
are the following: tris(hydroxymethyl)aminomethane (TRIS),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
urea, tetramethylethylenediamine (TEMED)—Molekula
(UK); magnesium chloride (MgCl,), ammonium persulfate
(APS)—Carl Roth, (Germany); acrylamide 2k—Panreac Ap-
plichem (Germany); deionized formamide—Sigma-Aldrich
(USA), N,N-methylene-(bis-acrylamide), ethylenediamine
tetraacetic acid (EDTA), ethidium bromide (EtBr)—VMR
(USA); sodium chloride (NaCl)—Vekton (Russia); boric
acid—Techsnab (Russia); GelRed—biotium (USA); TryDye
ultra-low range (ULR) ladder 10~700—New England Biolabs
(USA); RNase H—TransGen Biotech (China). Milli-Q water
was used to prepare all the buffers, and nuclease-free water
was used to prepare the solutions of oligonucleotides.

Design of oligonucleotides

Thermodynamic parameters and predicted 2D-structure of
the RNA fragments were estimated using the RNAFold appli-
cation in the UNAFold web server (32). Dz and BDD agents
were designed in accordance with their complementarity to
the selected RNA fragments (Figure 2). Melting temperature
(Tm) was calculated using the two-state melting hybridization
application in the UNAFold web server (32). The design of
Dz agents was carried out in a way to minimize the overlap
between RNA-binding domains. While secondary structures
did exist in certain regions of the BDDs, they consisted of
short stems separated from each other within the secondary
BDD structure, and presumably had little or no effect on
BDD-RNA hybridization.

Buffers for RNA-cleaving reaction

To perform the experiments on RNA cleavage by Dz, we used
near-physiological Mg?*-containing Buffer 1: 15 mM NaCl,
150 mM KCl, 50 mM HEPES (pH 7.4), 2 mM MgCl,. Mg?*-
free Buffer 2 contained 15 mM NaCl, 150 mM KCl, and
50 mM HEPES (pH 7.4). To terminate RNA cleavage reac-
tions, 10 ul of Buffer 3 (8 M urea, 15% 2 x TBE was added)
or Buffer 4 (95% deionized formamide, 25 mM EDTA) was
added to 10 ul of the reaction mixture.

Assembling and analysis of BDD constructions

The assembly was done by mixing all components in Buffer
1. The mixture was heated at 95°C in a water bath followed
by gradual cooling to room temperature overnight. The as-
sembled BDD associations were mixed with the 4 x loading

dye (Evrogen, Russia) and analyzed using native 12% poly-
acrylamide gel (AA:BA (29:1), TBE) for 90 min at 80 V. The
gels were stained with 0.5 ug/mL EtBr dye followed by visu-
alization using a gel documentation system GelDoc (BioRad,
USA).

RNA cleavage under multiple-turnover conditions
To assess the efficiency of DNAzymes association, catalytic
cleavage, and dissociation from the RNA substrate, we con-
ducted experiments under multiple-turnover conditions ([Dz]
< [RNA]). RNA substrates were incubated with Dz in the re-
action Buffer 1 under 37°C for several time points: 1, 5 and
24 h. The cleavage at reaction was terminated by adding an
equal volume (10 pl) of Buffer 3.

The samples were denatured at 95°C for 5 min followed by
their incubation on ice for 5§ min. Products of RNA cleavage
were analysed using 20% denaturing PAGE (AA:BA (29:1),7
M urea, 1x TBE) for 180 min at 80 V. The cleavage product
bands in the gel were visualized based on the intrinsic fluores-
cence of the 5'-FAM labelled RNA substrates, or after GelRed
dye staining.

RNA cleavage under single-turnover conditions

Dz agents (2 or 5 uM) and RNA substrates (1 uM) were an-
nealed in the Mg?*-free Buffer 2 by heating at 95°C for S min,
cooling on ice for § min followed by incubation at 37°C for
5 min. The cleavage reaction was initiated by the addition of
2 mM MgCl,. After 5- or 15-min incubation at 37°C, the re-
action was stopped by the addition of an equal volume (10
uM) of loading Buffer 4 followed by 20% denaturing PAGE
analysis, as described above.

RNA cleavage mediated with RNase H

Dz agents (0.1 uM) and the RNA substrates (1 pM) were in-
cubated in Buffer 1 supplemented with 1 U of recombinant
RNase H enzyme at 37°C for 20 min. To terminate the reac-
tion, the formamide-containing loading Buffer 4 was added,
and the tubes with mixed samples were preheated at 95 °C
for 5 min to deactivate RNase H followed by cooling on ice.
After stopping the incubation, RNA cleavage products were
analyzed by 20% denaturing PAGE analysis.

Analysis of cleavage agent efficiency

The cleavage agent (CA) efficiency was characterized by the
turnover number (TON) calculated as follows:

TON = [P] / ([CA] x t)

where [CA] is the total CA concentration and [P] is the con-
centration of the cleavage product(s),  is the reaction time (h).
For monovalent Dz, [P] was calculated as the product band in-
tensity divided by the sum of all bands (product plus the ini-
tial RNA substrate) multiplied by the starting concentration
of RNA substrate [RNA],. For bivalent and trivalent CA, [P]
was calculated as a sum of the densities of the product bands
(P1 + P2) divided by the sum of all bands (including RNA sub-
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Figure 2. Secondary structures of the three model RNA substrates used in this study. (A) Fragment of the strA gene RNA-58. (B) RNA-104 derived from
RNA-58 by adding extra nucleotides to both 5" and 3’ ends to increase the stability of its secondary structure. (C) RNA-60 is a fragment of the EIF3C
gene with a relatively high folding energy. Red circles indicate Dz cleavage sites. RNA-58 and RNA-60 were labelled with a fluorescein (F) moiety at the

5 ends.

strate) and multiplied by the starting concentration of RNA
substrate [RNA],. In the latter case, the calculation did not
account for the cleavage of RNA at multiple sites in the as-
sumption that any damage (single or double) is sufficient for
RNA inactivation.

Under single-turnover conditions, the cleavage efficiency
was evaluated by the pseudo-first-order reaction constant

(kobs)
kobs = 1/t X ln{[RNAo] / ([RNAO] - [P])} s

where [RNA,] is the starting concentration of the RNA sub-
strate. In the analysis of time-dependence kinetics, the effica-
cies of cleavage agents were assessed with the initial rate (v,),
which was calculated as follows:

vo = [P] /t

To evaluate the specificity of CA, enzymes the selectivity
factor F(s) was calculated as follows:

F(s) = 1 — TONpm /TON,,.

F(s) approaches 1 or 0 for the greatest or lowest selectivity,
respectively. In this formula, TON,,, and TON, correspond
to the turnover numbers for the mismatched and matched CA,
respectively.

Results and discussion

Selection of RNA targets

As model substrates, we used three synthetic RNA fragments
with different folding energies: RNA-58, RNA-104 and RNA-
60 (Figure 2). RNA-58 was a 58-nt fragment (nt — nucleotides)
of streptomycin resistance strA gene cassette (33). This tar-
get has a low folding energy (—24.5 kcal/mol) and repre-

sents a challenging model for Dz-assisted RNA recognition
and cleavage. RNA-104 was artificially derived from RNA-
58 by adding extra nucleotides to further increase the sec-
ondary structure stability and introduce a third GU cleavage
site located 25 nt from the nearest GU cleavage site. This sep-
aration of the cleavage sites might be important for the ac-
commodation of the correctly folded Dz cores in proximity
to each other. RNA-60 is a 60-nt fragment of the mRNA
encoding the eukaryotic initiation translation factor 3 sub-
unit C (EIF3C) (34). This sequence was used as a model sub-
strate with a relatively high folding energy (—6.5 kcal/mol).
RNA-58 and RNA-60 were 5'-fluorescein-labelled for conve-
nient visualization in gel and quantification of the cleavage
products.

Design of Dz cleaving agents (CA)

First, we designed Dz1 and Dz2 targeting the two cleavage
sites separated by 29 nt within the RNA-58 sequence (Fig-
ure 2A). We used the catalytic core of Dz 10-23 because of
its small size and high RNA cleavage activity (11,14,25). The
15-nt catalytic core was flanked with RNA-binding arms com-
plementary to the substrate fragment at the R|Y cleavage site
with the greatest efficiency reported for G| U sites (25). Ac-
cording to the common practice (11,12,25,26), RNA-binding
arms were designed to have T, lower than the reaction tem-
perature (+37°C). Higher T,,, would slow down the dissocia-
tion of the cleavage products (P1 and P2 in Figure 1A), thus
slowing down the overall catalytic cycle shown in Scheme 1
(26). For Dz1, the lengths of both arms were 11 nt (11/11,
T = 32°C for both arms), while for Dz2, the arms were 11
and 9 nt (11/9, T,, = 34 and 35°C, respectively). The se-
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quences and characteristics of the studied Dz agents are listed
in Supplementary Tables S2 and S3.

BDD1 consisted of two Dz1 and Dz2 linked to each other
via a flexible hexaethylene glycol (HEG) linker. Covalently
linked Dz1 and Dz2 should have an increased binding coop-
erativity to the RNA substrate in comparison with individual
Dz1 and Dz2. The flexibility of HEG provides conformational
freedom, thus allowing for the two catalytic cores to fold near
each other in the BDD1/RNA complex. We also combined
Dz1 and Dz2 via dsDNA platforms to form nanostructures
shown in Figure 1D and E. Unlike BDD1, BDD2-6 can be in-
tegrated into more functionally complex DNA nanostructures
capable of unwinding folded RNA and/or analyzing multi-
ples cancer markers followed by target RNA cleavage (18-21).
BDD2-6 a offered greater flexibility than BDD1 due to the
presence of two rather than one HEG linkers. In BDD2, both
Dz1 and Dz2 were linked to the common dsDNA platform
via 3/-ends. The platform was stable (T,,, = 71 °C) under the
reaction condition. In BDD3-6, Dz1 and Dz2 were associated
with the dsDNA platform via HEG-linkers at the neighboring
§’- and 3’-ends (Figure 1D and E). These four constructs dif-
fered from each other by the Ty, values for the dsDNA plat-
form, which was either higher (BDDS and BDD6), roughly
equal (BDD3), or lower (BDD4) than the reaction tempera-
ture. Such designs allowed us to gradually change the degree
of Dz association and, therefore, study the impact of Dz co-
operativity on both the efficiency and selectivity of the RNA
cleavage.

The sequences, length, and the Ty, values for all BDD-
comprising oligonucleotides are listed in Supplementary
Tables S2 and S3. The accuracy of BDD2, BDDS5 and
BDD6 assembly by annealing was verified using native PAGE
(Supplementary Figure S1). Expectedly, BDD3 and BDD4 did
not form a stable complex under the electrophoresis condi-
tions (Supplementary Figure S1).

Dz1 + Dz2 tandem is more efficient in RNA cleavage
than individual Dz1 or Dz2

Both individual Dz1 and Dz2 cleaved RNA-58 with k., ~ 0.1
h~! (Figure 1B), which was lower than that reported for the
cleavage of linear RNA substrates (ks ~10 h™') (25,26). This
correlates with the previous observations that stable RNA
structures slow down the cleavage reaction (19,22) and illus-
trates that Dz agents of a conventional design are inefficient
in cleaving folded RNA. This fact alone explains the lack of
clinically significant Dz-based OGT agents (11-17).

Under multiple-turnover conditions (Figure 3A), cleavage
activity was characterized by the turnover number (TON),
which is the number of RNA substrates cleaved by each agent
in 1 h (see Materials and Methods for calculation details). The
Dz1 + Dz2 tandem demonstrated 2-fold improvement in the
cleavage efficiency. This reflects little or no cooperativity in
the RNA-binding step and might be the result of independent
(non-cooperative) RNA cleavage by the two Dz agents. We
concluded that at low concentrations the Dz1 + Dz2 tandem
is inefficient in RNA-binding.

Under single-turnover conditions, the tandem of Dz1 and
Dz2 improved RNA cleavage 7-fold in comparison with each
individual Dz (Figure 3B, last group of bars). Therefore, high
Dz1 and Dz2 concentrations enable cooperative binding and
unwinding RNA-58 structure. This result suggested that an
increase in (local) concentrations of Dz1 and Dz2 may facil-
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itate cooperative RNA binding and inspired us to assemble
Dz1 and Dz2 into BDD (Figure 1C-E).

BDD1 and BDD3 are more active than the tandem
of unlinked Dz1 and Dz2

First, we studied different arrangements of Dz1 and Dz2 sub-
units by comparing the RNA cleavage efficiency of BDD1, 2,
and 3. Under multiple-turnover conditions, all three BDD im-
proved TON in comparison to both Dz1 and Dz2 acting sep-
arately or together (Figure 3A). BDD1 demonstrated a 9- and
4.5-fold increase in TON over individual Dz and Dz1 + Dz2
tandem, respectively. This high substrate turnover suggests
that BDD1 was not inhibited by the RNA cleavage products
(had high k3) due to the relatively short substrate binding
arms.

Under single-turnover conditions, the greatest cleavage
rates were achieved by BDD1 and BDD3 (kg ~1.7 and ~1.5
h ~1, respectively), which were 17- and 15-fold greater than
that of individual Dz1 or Dz2. There was also a more than
2-fold improvement in BDD1 and BDD3 efficiencies in com-
parison with the Dz1 + Dz2 tandem. This result proves that
joining two Dz units in a single nanostructure improves the
cleavage efficiency of a folded RNA substrate likely due to
facilitation of the binding stage (increasing k).

Interestingly, BDD2 had a comparable or lower activity
than the Dz1 + Dz2 tandem. We posit that the low cleavage
profile of BDD2 is due to the lack of efficient cooperation be-
tween Dz1 and Dz2 because of their significant separation in
the BDD2 nanostructure (Figure 1D). Shortening the dsDNA
platform in BDD2 could improve the performance. However,
we did not pursue this optimization route. Instead, we fo-
cused on the characterization of the more successful BDD1
and BDD3 constructs.

RNase H activity of BDD1 and BDD3

Considering BDD1 and BDD3 as more efficient bivalent
agents in comparison with the individual Dzs, we evaluated
the effect of multivalent Dz on RNA cleaving activity in the
presence of RNase H. We hypothesized that BDDs having
high affinity to RNA will improve RNase H dependent RNA
degradation.

Under multiple-turnover conditions with RNase H (20
min), BDD1 cleaved ~65% of RNA, which is more than 3-
fold greater than individual Dz1 or Dz1 + Dz2 tandem (Fig-
ure 4). Dz2 demonstrated less efficiency in comparison to
Dz1. We explain the difference in Dz1 and Dz2 performances
by the difference in RNA binding arms of the two agents:
Dz1 has a longer RNA-binding arm (11 + 11 nt, Dz1 in
Supplementary Table S1) in comparison to Dz2 (11 + 9 nt,
Dz2 in Supplementary Table S1). It was shown earlier that
the differences in the lengths of the RNA-binding domains can
impact RNase H-mediated RNA cleavage (35).

Tm of the dsDNA platform affects RNA cleavage

The primary reason for further studying BDD1 and BDD3 was
their high RNA cleaving activity and, therefore, the greatest
potential as RNA cleaving agents among all Dz constructs
studied here. In addition, BDD1 had the most straightfor-
ward connection of the two Dz units. Despite somewhat lower
cleavage efficiency, BDD3 design allows rational control of the
association of Dz1 and Dz2 units by changing the melting tem-
perature of the DNA scaffold, thus offering a means to study
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Figure 4. BDD1 and BDD3 demonstrate greater RNase H-dependent RNA cleaving than Dz1, Dz2 or Dz1 + Dz2. RNA-58 (1 uM) was incubated with
each of the cleavage agents (0.1 uM) in Buffer 1 at 37 °C for 20 min with or without RNase H. The cleavage products were separated from RNA
substrate by denaturing PAGE (Supplementary Figure S3) followed by quantification as detailed in Materials and Methods. (A) RNA-58 cleavage in the
presence of RNase H (RNase H+). (B) RNA-58 cleavage by the Dz cleaving agents in the absence of RNase H (RNase H-). The data is the average values

of three independent experiments.

the effect of cooperativity on both the efficiency and selec-
tivity of the bivalent Dz constructions. Moreover, the BDD3
design allows integration of the multicomponent agent into
complex DNA nanostructures, which could be the next step in
the development of smart DNA devices for gene knockdown
(10,18-21).

Under multiple-turnover conditions, BDD1 outperformed
BDD3 (Figure 3), which can be explained by the low stability
of the dsDNA platform (T, ~ 38 °C) in BDD3 at the reaction
conditions (37 °C). This Ty, indicates that less than half of
the Dz1 and Dz2 molecules are associated in BDD3 under the
experimental conditions. Increasing the melting temperature

of the dsDNA platform of BDD3 should increase the coop-
erativity of Dz1 and Dz2 in RNA binding and thus bring its
performance closer to that of BDD1. To verify this hypothe-
sis, we designed a series of BDD4-6 with different Ty, of the
dsDNA platform (Figure 5A).

As expected, increasing the T, of the dsDNA platform
caused a consecutive increase in BDD activity, with the most
stable dsDNA platform of BDD6 having TON comparable
with that of BDD1 under multiple-turnover conditions (Fig-
ure 5 and Supplementary Figure S2). This proves our hy-
pothesis that the limiting stage in the cleavage of a folded
RNA is RNA-binding, and this problem can be addressed
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by increasing binding cooperativity by stabilizing the dsSDNA
platform.

BDD1 has a greater RNA-cleaving activity than the
optimized individual Dz

It was shown earlier that the increase in the affinity of RNA-
binding arms in Dz agents increases the cleavage efficiency of
folded RNA substrates (11-14). However, none of the prior
studies with one recent exception (36) have optimized the
structures of Dz agents for the cleavage of folded RNA. We
reasoned here that a fair comparison of the cleavage effi-
ciency and selectivity of the bivalent agents should be done
with optimal rather than suboptimal Dz of the traditional
design. Therefore, we performed optimization of Dz1 and
Dz2 RNA-binding arms under multiple-turnover conditions
(Supplementary Figure S4).

The most active Dz1_13/12 and Dz2_12/11 had TONs of
0.35 h™" and 0.13 h™1, respectively, which was a 3.5- and
1.3 times higher than suboptimal Dz1 and Dz2, respectively.
These two Dz were named ‘Dz1-0’ and ‘Dz2-0’, where ‘0’
stands for ‘optimized’. In tandem, Dz1-0 and Dz2-0 cleaved
RNA-58 with a TON of 0.4 h='. This demonstrates little or no
cooperativity in RNA-58 binding (Supplementary Figures S4
and S5), which is similar to that of the suboptimal Dz1 and
Dz2 under multiple-turnover conditions (Figure 3A). Time de-
pendence of RNA-58 cleavage demonstrated comparable ini-
tial reaction rates for BDD1 than for Dz1-0 and Dz2-0. How-
ever, after 24 h, BDD1 outperformed Dz1-0 and Dz2-0 act-
ing individually or in tandem (Figure 6B). This data reflects
product inhibition of long-armed Dz1-0 and Dz2-o. There-
fore, BDD1 is likely to suffer less from product inhibition than
the optimized Dz. This confirms our hypothesis that the BDD
design can help find a balance between tight substrate binding
and efficient product release (Scheme 1).

Attempt to optimize BDD1

Next, we varied the length of RNA-binding arms to further
improve the RNA-cleaving efficiency of BDD1 under multiple-
turnover conditions (Figure 6A). BDD1-0 was designed by

linking Dz1-0 and Dz2-0 via a polyethylene glycol linker
(HEG); BDD1-s contained all four arms shortened by 1 nt
(Figure 6A). BDD1-0 was deemed to increase RNA-58 bind-
ing affinity, while BDD1-s was supposed to improve product
release, as compared to BDD1. Still, BDD1 had the greatest
initial cleavage rate (Figure 6B). The time dependence curve
for BDD1-0 reached a plateau at an earlier time point than for
BDD1, thus indicating significant product inhibition. BDD1-s
demonstrated reduced activity, likely due to the lower affinity
to RNA-58 substrate. This data indicates that Dz agents of tra-
ditional design (with Ty, of RNA binding arms < 37 °C) might
be good candidates for building tandems of Dz in BDD-like
constructions, which have the balance of tight RNA-binding
and efficient product release.

BDD-1 remains active at lower concentrations

When OGT agents act in the intracellular environment, their
concentrations are poorly controlled because of inefficient
delivery, poor exosomal escape, and nuclease degradation
(15,16). Therefore, OGT agents active at low concentrations
are preferable. Here, we investigated the efficiency of RNA-58
cleavage by reduced concentrations of BDD1. The TON for
BDD1-catalyzed RNA-58 cleavage remained nearly constant
as the concentration was reduced from 100 to 25 nM and
dropped 2-fold only at 10 nM BDD1 (Figure 7A). At the same
time, Dz1 and Dz2 acting individually or in a tandem exhib-
ited a reduced TON of 0.1 h™! or lower when their concentra-
tions were reduced to 50 nM (Supplementary Figure S6). Fig-
ure 7B compares the performances of BDD1, Dz1 and Dz2 at
25 nM. BDD1 significantly outperformed Dz1 + Dz2 tandem
after 5 h of reaction (0.9 h~! versus 0.1 h=!). This experiment
suggests that at low concentrations of cleaving agents in cells,
BDD1 design may offer an even more pronounced advantage
than in the model system explored in this study.

BDD selectivity can be modulated by changing the
Tm of the dsDNA platform

To assess the selectivity of BDD constructs, we incorporated
mismatches at the same position of the RNA-binding arms
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in Dz1, Dz2, BDD1, 3 and 4’ as shown in Figure 8A. Fully
matched BDD constructs were compared with their mis-
matched counterparts having single-nucleotide substitutions
in Arm 1 or Arm 2’ or both (Figure 8). The selectivity of each
Dz agent was quantified by the selectivity factor F(s), where
F(s) approaching 1 reflects the greatest selectivity (Figure 8C).
BDD1 demonstrated only moderate selectivity: only the pres-
ence of both mismatches resulted in a high F(s) of 0.83 (Fig-
ure 8B and C, Supplementary Figure S7). This is in line with
the affinity/specificity dilemma: the high affinity of BDD1 to
RNA-58 results in its low selectivity (14,31). BDD3 and BDD4
demonstrated the highest F(s) of all BDD showing no signifi-
cant RNA cleavage in the presence of single mismatches (Fig-
ure 8C, Supplementary Figure S7), which correlates with the
lowest Ty, of their dsDNA scaffolds (38°C and 35°C, respec-

ents.

tively). BDD3 and BDD4 can be used as highly selective alter-
natives of BDD1 if high specificity of gene silencing needs to
be achieved.

Both RNA binding and increased chance of RNA
cleavage contribute to BDD1 cleavage efficiency

According to our hypothesis, two factors contribute to the ef-
ficiency of BDD: (i) facilitated binding of a folded RNA and
(ii) increased (by a factor of 2) probability of RNA cleavage
due to the action of the two catalytic cores. In this part of the
study, we assessed the relative contributions of the two fac-
tors to the BDD1 cleavage activity by designing BDD1-Dz1(I)
and BDD1-Dz2(I) with a catalytically inactive Dz1 and Dz2
fragments, respectively. Thymidine in position 4 (T4) of the
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catalytic core was substituted with inosine (Figure 9A), as de-
scribed earlier by Zaborowska et al. (37). Dz1(I) and Dz2(I)
were completely inactive in RNA cleavage (Figure 9B, bars
9 and 10, Supplementary Figure S8). No significant cleavage
improvement was observed when inactivated Dzs were added
to their corresponding active partner in tandem (compare
bar 5§ with 12 and bar 6 with 11 in Figure 9B). On the
contrary, both BDD1 versions containing one inactive Dz
maintained visible RNA-cleaving activity: BDD1 with deac-
tivated Dz1 showed a <2-fold decrease, while BDD1 with
inactivated Dz2 demonstrated comparable to BDD1 activ-
ity (Figure 9B, Compare bars 12 and 3 to bar 1). We also
conducted additional experiments with BDD containing cat-
alytic cores fully substituted with non-nucleotide HEG link-
ers (Supplementary Figure S9). The experiments revealed that
RNA cleavage in BDD with HEG substitutions was 2 times
lower than that of BDD versions with inosine substitutions.
This difference can be explained by the contribution of the
nucleotides of the catalytic core to RNA binding by Dz, a phe-
nomenon reported recently (23,38). At the same time, the rel-
ative cleavage activity of HEG-core BDDs and Dz remained
similar to that of inosine BDDs and Dz (Figure 9B, 3 and 4;
Supplementary Figure S9). No changes were observed with
tandem or single Dz. We, therefore, concluded that both fac-
tors: (i) the increased RNA binding affinity due to coopera-
tive binding of the target by multiple RNA binding arms and
(ii) the greater chance of RNA cleavage by the two catalytic
cores contribute to the improved efficiency of BDD1 in cleav-
ing RNA-58.

From bivalent to trivalent Dz agents

Next, we investigated if the success of BDD1 can be fur-
ther extended to trivalent agents for cleaving an RNA with

an even more stable secondary structure. We, therefore, de-
signed RNA-104, having AG of —48 kcal/mol, Figure 2B.
In addition to BDD1, we designed BDD1(2) and a trivalent
Dz device (TDD), as illustrated in Figure 10A. Dz3 frag-
ment of TDD was equipped with RNA-binding arms having
T of 32 and 33°C (Supplementary Table S3). TDD demon-
strated the highest catalytic activity among the three con-
structs, with ko, = 2.8 x 1072 h™!, which was greater than
the sum of the rate constants for BDD1 and BDD1(2). We
concluded that the incorporation of additional Dz cores in a
cooperative tandem provides a way to improve RNA cleav-
age efficiency by Dz cleaving agents. Reduction in the con-
centration of the cleaving agents significantly slowed down
the RNA-104 cleavage reactions (Supplementary Figure S10).
However, the limitations of this strategy require further
investigation.

Bivalent Dz agents have additive efficiency in
cleaving a ‘relaxed’ RNA-60 substrate
According to our results, bivalent Dz agents increased RNA
cleavage rate by facilitating the binding stage of the cat-
alytic cycle. In this scenario, the Dz tandem approach should
demonstrate a less pronounced improvement in cleaving re-
laxed RNA substrates as compared with conventional Dz
agents. We, therefore, targeted RNA-60 (folding AG of
—6.30 kcal/mol, Figure 2C) of a sequence unrelated to
RNA-58. Cleaving agents 60_Dz1 and 60_Dz2 were de-
signed according to the conventional rules (11,12,36) and
then were linked together to form 60_BDD1, 2 and 3
constructions.

For both multiple and single turnover experiments, the
tandem of 60_Dz1 or 60_Dz2 cleaved RNA-60 with addi-
tive efficiency equal to the sum of the efficiencies of 60_Dz1
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and 60_Dz2, which suggests the absence of cooperativity in
RNA binding by the two agents (Figure 11B and C). Under
multiple-turnover conditions, 60_BDD1, 2 and 3 did not im-
prove the activity of individual 60_Dz1 or 60_Dz2 and per-
formed less efficiently than the tandem of 60_Dz1 or 60_Dz2
(Figure 11B), which can be explained by the inhibition of BDD
by the RNA cleavage products. Under single-turnover con-
ditions, the ks values obtained for BDD1 and BDD3 (4.8
h~' and 4.3 h™', respectively) were twice as high as those for
individual Dz1 and Dz2 (1.8 h=! and 1.5 h™', Figure 11C),
which reflects a tighter binding of the RNA substrate by the
BDD constructs in comparison with the Dz of a traditional
design. This data experimentally proves the efficiency of a
conventional Dz design in cleaving relaxed RNA fragments.
However, such a success demonstrated by the conventional Dz
agents in these experiments may not be translated to the in-
tracellular conditions with low mRNA concertation when the
RNA binding step limits the reaction. Under such conditions
BDD agents might still be preferable over Dz of traditional
design.

Discussion

Bivalent and multivalent recognition may improve both the
affinity and selectivity of biochemical recognition (4-8). This
approach is well known in hybridization probes for nucleic
acid analysis (7,8,39) but it has been underexplored in mRNA
recognition by OGT agents. Bivalent ASO and siRNA have
been suggested earlier with moderate success. For example,
Kandimalla’s group investigated the cooperative binding of
two antisense oligonucleotides (ASO) to inhibit HIV-1 replica-
tion (40). Although cooperativity did not increase knockdown
efficiency, it increased specificity. Recently, Khvorova and col-
leagues studied divalent small interfering RNA (di-siRNA).
Di-siRNA targeting the HTT gene in tissues of the CNS
demonstrated promising results with a low rate of off-target
effects (41). Both technologies relied on protein-dependent
mRNA binding, which is hard to predict since mnRNA/OGT
agent complexes would be stabilized by the protein (RNase
H or RISC complex) binding in the intracellular environ-
ment. Therefore, the balance of selectivity/affinity is difficult
to control as it will depend on intracellular enzyme concen-
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trations. Dz agents can bind and cleave mRNA in a protein-
independent manner and, therefore, open a route to the ra-
tional design of tunable fully artificial DNA nanoconstructs
with an arbitrary architecture, as exemplified by recent stud-
ies (10,17-21).

Earlier, a hairpin ribozyme-based ’twin ribozyme’ with two
joint catalytic cores linked by a nucleotide bridge was reported
to maintain its activity in cleaving a specific RNA substrate
(42). In another study, a hammerhead ribozyme-based con-
struction (Maxizyme) that targeted two distinct sites of two
different mRNAs was proposed (43). However, no systematic
optimization of the cleavage of folded RNA targets was done
in these works. These studies were not continued probably
because ribozymes were considered to be less promising gene
therapy agents than Dz due to their lower biochemical stabil-
ity and higher cost (10,11). Unwalla and colleagues used two
Dz agents to target two remote cite of a human immunod-
eficiency virus (HIV) RNA. However, the double Dz system
did not show improvement in the RNA-cleaving activity in
comparison with a single Dz (44). Chen et al. used a simi-
lar approach for targeting the 3-lactamase gene in ampicillin-
resistant bacteria and achieved almost 2-fold improvement in
gene inhibition (45). Recently, Chaput and colleagues used bi-
ologically stable XNAzymes X10-23, which were designed to
target two distant sites of GFP mRNA (12). Two non-tandem

XNAzymes targeting internal and 3'-UTR sites of GFP mRNA
caused successful suppression of GFP fluorescence in HEK293
cells, thus demonstrating higher effectiveness compared to in-
dividual single XNAzyme (12). In all these studies, double Dz
systems did not pursue cooperativity in RNA binding since
the targeted sites were separated from each other by dozens
of nucleotides. To date, neither multivalency nor polyvalency
has been explored to achieve cooperative RNA binding by Dz
agents.

Here, we used two Dz agents targeting two cleavage sites
separated by 30 nt in the primary structure of RNA. Under
single-turnover conditions, the Dz1 + Dz2 tandem demon-
strated a 7-fold improvement in RNA cleavage activity over
Dz1 and Dz2 acting separately. Considering that the catalytic
activity did not depend on the product release stage (k3), we
concluded that the majority of the 7-fold increase was due to
the cooperative binding of the RNA target by the two Dz. In-
deed, when we applied the same approach for cleavage of a
‘relaxed” RNA-60 (Figure 10), we observed an additive effect,
where the sum of the cleavage rates of Dz1 and Dz2 working
separately was equal to that of Dz1 + Dz2 tandem. We, there-
fore, concluded that the use of tandems of Dz agents target-
ing neighboring RNA sites is a promising strategy for improv-
ing the cleavage of folded RNA substrates including natural
mRNA.
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Figure 11. Bivalent agents only moderately improve cleavage of RNA-60 substrate. (A) Dz agents for cleaving RNA-60. (B) Percent of RNA-60 (1 M)
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three independent experiments.

Furthermore, Dz1 and Dz2 were covalently linked to form
BDD1 or combined into DNA nanostructures (BDD2-6, Fig-
ure 1). Under single-turnover conditions, BDD1 and BDD3
demonstrated about 17-fold improvement in k., in compari-
son with individual Dz1 or Dz2 and about 2.4-fold improve-
ment over the Dz1 + Dz2 tandem. Under multiple-turnover
conditions, BDD1 outperformed individual Dz1 and Dz2, as
well as the Dz1 + Dz2 tandem 9 and 4.5 times, respectively.
Therefore, assembling a tandem of Dz in a single structure can
further improve mRNA cleavage efficiency due to the increase
in RNA binding cooperativity.

Expectedly, the selectivity of BDD1 was reduced, as demon-
strated by the moderate differentiation factors of 0.48 and
0.59, while Dz1 or Dz2 alone had a greater selectivity (F(s)
of 0.90 and 0.67, Figure 8). This phenomenon is known as
the affinity/specificity dilemma: the higher the hybridization
probe affinity to a target, the lower the specificity (31). We
further demonstrated that the affinity and specificity of BDD
can be adjusted by changing the dsDNA platform T, (Figures
1E, 5 and 8). For example, BDD3 was expected to have less
than 50% of Dz1 and Dz2 associated in the nanostructure un-
der the reaction conditions. This expectedly reduced its affin-
ity to the RNA substrate, which was reflected by a 2.3-fold
decrease in the turnover number in comparison with the best-
performing BDD1. At the same time, the selectivity of BDD1
was comparable with that of individual Dz1 and Dz2 (Figure
8). Since the BDD3 was still 7 times more active than individ-
ual Dz1 or Dz2, we concluded that BDD3 design is optimal in
terms of the affinity/selectivity balance.

Further, we demonstrated that the idea of the bivalent Dz
can be extended to trivalent Dz agents if there is a need to
cleave RNA with even greater structural stability. TDD agents

outperformed BDD up to 3-fold. Overall, we concluded that
the multivalent design could offer improvement in RNA cleav-
age in comparison with a single Dz depending on the thermo-
dynamic stability of the RNA structure - the greater the stabil-
ity of RNA, the greater improvement by multivalent Dz can
be expected. Therefore, multivalent Dz is a promising tool for
cleavage of folded biological RNA.

This study was possible due to using synthetic RNA
oligonucleotide model substrates. Such RNA substrates have
the sequences of natural mRNA targets, but poorly reflect
their secondary structures. However, we believe that experi-
ments with such folded RNA substrates closer reflect the ki-
netics of biological RNA cleavage than the experiments with
short (15-20 nt) linear RNA substrates as they provide an en-
ergy barrier for Dz agents to bind RNA before cleavage. This
binding step might be a limiting stage for suppression of natu-
ral mRNA in vivo. We, therefore, strongly advocate for using
long model RNA substrates in optimization of Dz agents, as
was expressed by us earlier (36) and supported recently by
Zhang et al. (46).

In conclusion, multivalent Dz constructions increase cleav-
age rates of RNA folded in complex structures both under
single and multiple turnover conditions due to facilitation of
the RNA binding stage without suffering from product inhi-
bition. The specificity of multivalent Dz agents can be modu-
lated by controlling the melting temperature of a DNA plat-
form connecting them. Extremely stable RNA fragments can
be targeted by tri- and multivalent Dz agents. Overall, this
study introduces multivalent Dz agents as an efficient and
specific alternative to the traditional Dz agents. The concept
can be extended towards ribozymes and antisense agents for
mRNA suppression in living cells. Future studies should in-
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clude the protection of multivalent Dz constructions from nu-
clease degradation by chemical modifications and assessing
their efficiency in mRNA suppression in cell culture.

Data availability

Secondary structures of RNA and melting temperature
(Tm) of oligonucleotides were estimated by using UN-
AFold Web Server (http://www.unafold.org/) with RNAfold
(http://www.unafold.org/mfold/applications/rna-folding-
form.php) and Two State Melting Hybridization applications
(http://www.unafold.org/Dinamelt/applications/two-state-
melting-hybridization.php).
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Supplementary Data are available at NAR Online.
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