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ABSTRACT

This paper presents a probe comprising a fluorophore and a quencher, enabling measurement of released product from
self-cleaving hammerhead ribozyme, without labeled RNAmolecules, regular sampling or use of polyacrylamide gels. The
probe is made of two DNA strands; one strand is labeled with a fluorophore at its 5′′′′′-end, while the other strand is labeled
with a quencher at its 3′′′′′-end. These two DNA strands are perfectly complementary, but with a 3′′′′′-overhang of the fluoro-
phore strand. These unpaired nucleotides act as a toehold, which is utilized by a detached cleaved fragment (coming from
a self-cleaving hammerhead ribozyme) as the starting point for a strand displacement reaction. This reaction causes
the separation of the fluorophore strand from the quencher strand, culminating in fluorescence, detectable in a plate
reader. Notably, the emitted fluorescence is proportional to the amount of detached cleaved-off RNAs, displacing the
DNAquencher strand. This method can replace or complement radio-hazardous unstable 32P as amethod ofmeasurement
of the product release from ribozyme cleavage reactions; it also eliminates the need for polyacrylamide gels, for the same
purpose. Critically, this method allows to distinguish between the total amount of cleaved ribozymes and the amount of
detached fragments, resulting from that cleavage reaction.
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INTRODUCTION

Nucleic acid strand displacement reactionsmakeDNA and
RNA into powerful tools for the design of various molecu-
lar motors (Yurke et al. 2000), biosensors and amplifiers, as
well as a means of molecular computation akin to digital
circuits and neural networks (Qian and Winfree 2011;
Qian et al. 2011; Wang et al. 2018). DNA is often the ma-
terial of choice for building nano circuits, amplifiers and
molecular probes, often preferred over RNA due to
DNA’s robustness and ease of production and manipula-
tion (Zhang and Winfree 2009). Toehold-mediated strand
displacement reactions (TMSDRs) are widely used to
determine single nucleotide polymorphisms and in con-
structing DNA-based logic circuits (Khodakov et al. 2015;
Ravan et al. 2020). The specificity of TMSDRs lie in nucleic
acid sequence dependency. TMSDRs are often more sen-
sitive to base-pair mismatches than some of the other clas-
sical hybridization reactions (Duose et al. 2012), making it

appropriate for detection of specific RNA and DNA
sequences.
Hammerhead ribozymes (HHRs) are nonproteinaceous

RNA motifs that can catalyze transesterification reactions
(Prody et al. 1986; Hammann et al. 2012; Scott et al.
2013). HHRs can be found in plant RNA viruses, satellite
RNA, viroids and repetitive satellite DNA (Hammann
et al. 2012). HHRs require a minimum of ∼50 nt to form a
two-dimensional structure resembling a hammerhead
and that can catalyze strand scission reactions (Murray
et al. 1998; Chi et al. 2008; Nelson and Uhlenbeck 2008).
Synthetic HHRs are capable of cleaving RNA strands in
trans; however, known HHRs also demonstrate cis activity
(Scott et al. 2013). In nature, there exists (at least) three
types of HHRs, depending on the positions of loops
(Hammann et al. 2012). For example, type I HHR has loops
in both stems II and III, but not in stem I, as shown in Figure
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1A–C. HHRs can be designed to be induced by single-
stranded RNA (ssRNA) molecules, single-stranded DNA
(ssDNA) molecules or, in the case of aptazymes, by small
molecules such as tetracycline (Penchovsky and Breaker
2005;Wittmann and Suess 2011). Using theseHHRs, differ-
ent types of logic gates can be (and have been) designed,
activated by one or more inputs including ssDNA and
ssRNA (Penchovsky and Breaker 2005; Wittmann and
Suess 2011).Most ribozyme cleavageassays areperformed
using polyacrylamide gels and radiolabeling, as described
in Figure 1D.

As illustrated in Figure 2A and B, a YES logic gate can be
described as a single input gate, which is activated upon in-
troduction of input DNA in themedium. In this study, HHRs
weredesigned to respond to specific nucleic acid sequenc-
es (inputs). Upon binding with such inputs, these HHRs re-
fold into their active form. This active form catalyzes a
strand-cleavage reaction, leading to the production of a
small ssRNA fragment called “output.”Our designed ribo-

zyme indeed behaved as YES logic gate, as shown by the
polyacrylamide gel (Fig. 1D).

Evaluating the kinetics of ribozyme cleavage reactions is
essential to understanding their mechanisms of operation,
for characterizing mutants and for estimating certain pa-
rameters critical to proper functioning of RNA-based cir-
cuits, such as cleavage rate. Generally, ribozyme kinetics
aremonitoredusing a radioisotopeof 32P that can be incor-
porated during transcription or posttranscriptionally using
a polynucleotide kinase enzyme (Penchovsky and Breaker
2005; Wittmann and Suess 2011; Hammann et al. 2012).
In addition to certain disadvantages, such as limited half-
life and radiation hazard, the use of radioisotopes for this
procedure limits it to laboratories with appropriate facili-
ties. These facilities are becoming less common since fluo-
rescence is increasingly replacing radioactivity as a
preferred method of labeling. Other groups (e.g., Li et al.
2005) demonstrated HHR kinetics using fluorescence,
where RNA molecules were labeled with cyanine-AMP
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C

FIGURE 1. Different active HHR secondary structures, with different amounts of base-pairing in stem I between the still-attached output strand
and its complement. The green strand represents the input DNA oligonucleotide for all ribozymes (5′-GGGTGAGAAATCGCAGAGCCTA-3′). (A)
Schematic diagram of a YES logic gate with 8 bp in stem I. (B) A YES logic gate with 10 nt of base-pairing in stem I (8 + 2 bp). (C ) a YES logic gate
with 22 nt of base-pairing in stem I (8+ 14 bp). (D) Ribozyme illustrated in A cleavage in different conditions: Lanes from left to right: (First lane)
RibozymewithoutMg2+ and input DNA. (Second lane) Ribozyme+10 µMDNAwithoutMg2+. (Third lane) Ribozyme+Mg2+ 10mM. (Fourth lane)
Ribozyme+Mg2++1 µM input DNA. (Fifth lane) Ribozyme+Mg2++10 µM input DNA. Reaction was stopped at 1 and 2 h with denaturing buffer
(containing 80% formamide, 0.5 M EDTA, 0.002% bromophenol blue and 0.002% xylene cyanole). All ribozyme secondary structures were gen-
erated using Forna-RNAweb server (Kerpedjiev et al. 2015). Even if the 20 bp complementarity between input DNA and loop II of HHR is likely to
impede stem II formation and thus activity, compared to so-called natural extended HHRs, it is nevertheless required for activity by design.
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during transcription. However, this process entails RNA
modifications, causing fluctuations in the annealing tem-
perature, which affect RNA folding and hence, ribozyme
activity (Li et al. 2005; Scott et al. 2013;Moreira et al. 2015).
In this study, we describe a novel approach to detect re-

leased product from HHR cleavage using the toehold-
mediated strand displacement reaction (TMSDR). A previ-
ously characterized YES logic gate is used to investigate
the functionality of the novel TMSDR method (Fig. 1A).
Upon binding to the input strand, the inactive ribozyme
(Fig. 2A) folds into its active conformation (Fig. 2B), leading
to HHR self-cleavage and to the release of a small 22 nt
ssRNA “output strand” (Fig. 2C, bottom). When this out-
put strand binds to the fluorescent strand of a specifically
designed probe (Fig. 2D,E), the quencher strand is dis-
placed, leaving the fluorophore free to fluoresce (Fig. 2F,
bottom). The concentration of the cleaved-off RNA frag-
ments dissociated from the ribozyme is determined using
a standard curve.

RESULTS

Probe design and workflow of probe-mediated
hammerhead kinetics

The ribozyme is designed to be inactive by default, then
turn active when bound to an input strand. The secondary
structure of the inactive form of the ribozyme is shown in
Figure 2A. Once the input strand is bound to the oligonu-
cleotide binding site (OBS) of the ribozyme, the ribozyme

refolds into an active conformation (Fig. 2B) causing self-
cleavage. Ribozyme self-cleavage releases the output
strand (Fig. 2C), which binds progressively to the toehold
of the probe (Fig. 2E,F). A few assays (data not shown) re-
vealed that a toehold of 7 nt is sufficient to displace the
quenching Q-strand. The probe is designed so strand dis-
placement proceeds from the 5′-end to the 3′-end of the
Q-strand, as this has been established to be the most effi-
cient route to displacement (Šulc et al. 2014; Simmel et al.
2019). At the conclusion of the strand-displacement reac-
tion, the quencher fully separates from the fluorophore, al-
lowing the Cy5 to fluoresce.

Evaluation of HHR kinetics via a strand displacement
reaction utilizing a fluorescent probe

The assessment of HHR kinetics using radiolabeling is very
useful for determining the concentrations of cleaved ribo-
zymes using denaturing PAGE, but the latter is less appro-
priate to determine the cleaved detached RNA outputs.
This is because a gel shows all output strands of equal
length in the same band, whether these strands have actu-
ally detached from the rest of the ribozyme or not, post
cleavage. In addition, this method is time consuming and
involves the use of radioisotopes, which are carcinogenic
(Furth and Tullis 1956). To overcome these limitations, we
sought to evaluate HHR kinetics using predesigned fluo-
rescent probes.
As expected, fluorescence intensity increases with time

in the assay group (HHR with input andMg2+) (Fig. 3A) and

A B C

D E F

FIGURE 2. Schematic representation of the toehold-mediated strand displacement reaction used in measuring the kinetics of hammerhead ri-
bozyme cleavage reactions. (A) Misfolded HHR in the absence of input. (B) The introduction of input DNA oligo (green strand) induces the for-
mation of an active HHR core, resulting in cleavage activity (C ) Cleavage products: cleaved HHRbound to input and released output (blue strand).
(D,E) Released output interacting with toehold present on preannealed probe; this interaction results in the displacement of the Q-strand (orange
strand). (F ) Displacement of the Q-strand results in the separation of the quencher from the fluorophore, culminating in detectable fluorescence.
All ribozyme figures were generated using Forna-RNA web server (Kerpedjiev et al. 2015).

Measuring ribozyme product release
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little or no change in fluorescence intensity was noticed in
either the background group or the HHR alone group (Fig.
3A). Conversely, for both HHRs with a longer stem I (+2
and +14 bp) assay groups, the observed fluorescence
was near background levels. Taken together, these results
provide evidence that the cleaved output from the original
ribozyme binds to the toehold, displaces the Q-strand,
leading to the observed fluorescence.

Furthermore, to determine the concentration of HHR
output, we generated a standard curve using an R-strand
equivalent to the output strand (Fig. 3B). Different concen-
trations of R-strands were mixed in with the probe and as-
sayed using a fluorescent plate reader. The TMSDR
fluorescence increased as a function of increased R-strand
concentration. Thus, the generated standard curve can be
utilized to interpolate the fluorescence values obtained
from the TMSDR assay and hence, determine the concen-
tration of detached output strand, generated by ribozyme
self-cleavage.

Interpolated values were plotted for all three ribozymes
(Fig. 3C). The original ribozyme (stem I of 8 bp, Fig. 1A)
shows the highest activity level (as determined by
TMSDR) relative to HHRs with a stem I of 10 bp or 22 bp
(Fig. 3C). The original ribozymehas only 8 bp in stem I, join-
ing the output strand to its complementary strand (Fig. 1A).
The TMSDR results (Fig. 3A) show a decrease in fluores-
cence as a function of increased base-pairing with the out-
put strand.

Kinetics of ribozyme cleavagewith radiolabeled RNA

From previous studies, it has been shown that the radiola-
beling of RNA molecules constitutes one of the best ap-
proaches to investigating RNA structure and function, in
vitro (Celander and Cech 1991; Sclavi et al. 1998; Li et al.
2005). To investigate the cleavage of HHRs in the presence
of inputs, HHRs are labeled with [α-32P] UTP during tran-
scription, incubated in a cleavage buffer, and the reaction
is sampled (and stopped) at different time-points, to pro-
vide inputs to a polyacrylamide gel display. To provide fur-
ther evidence in support of the claim, the original ribozyme
(Fig. 2A) was modified at the 5′-end to increase base-pair-
ing between the expected output strand and its comple-
mentary strand in stem I. Two of those ribozymes were
designed (Fig. 1B,C), and then assayed alongside the
original ribozyme, using the radiolabeling approach
(Supplemental Fig. S2). The completed gel exhibits com-
prehensive data on the time of the cleavage reactions. In
Supplemental Figure S2, the two major bands of each gel
image correspond to the size of the full-length ribozyme
and its cleaved product. For the original ribozyme (stem I
of 8 bp) the two bands indicate 94 and 72 nt; for the HHR
with an added 2 bp (10 bp) in stem I, they indicate 96 and
74 nt; for the HHR with an added 14 bp (22 bp) in stem I
they indicate 108 and 86 nt. An increase in band intensity

with time was measured for the cleavage products of all
three ribozymes (also shown in Supplemental Fig. S2). The
intensity of these bands was used as a measure of percent-
age of cleaved ribozyme: this is equal to the ratio of cleaved
product (Cleaved ribozyme+Output fragment) over
cleaved product plus full-length ribozyme (Uncleaved ribo-
zyme+Cleaved ribozyme+Output fragment).

As expected, there was a gradual increase of fraction
cleaved with time, for all three ribozymes (Fig. 4A). These
results indicate that the input sequence does indeed in-
duce HHR cleavage, under typical cleavage conditions
(i.e., in the presenceofMg2+). This shows that the designed
HHRs have functioned as YES logic gates, in response to
their intended input (Fig. 1D; Supplemental Fig. S2).
Figure 1D shows the Mg2+ without DNA oligo control for
the ribozyme. As an unintended result, we also found that
the cleavage efficiencies of the different ribozymes were
markedly different (Fig. 4A). We hypothesize that this was
due to different interactions between the unpaired seg-
ment of stem I and the rest of the ribozyme; testing this hy-
pothesis and characterizing the exact nature of such
possible interactions fall outside the scope of this study.

Comparison of measurement of HHR cleavage
reactions using conventional gels versus TMSDR

To better evaluate the output concentration derived from
the conventional approach (gel) and the new probe ap-
proach (TMSDR), we compared cleavage activity mea-
sured by gel band intensity with cleavage activity as
reflected by probe fluorescence (Fig. 4A). These results in-
dicated that the two approaches measure the progress of
cleavage reactions in different ways and provide comple-
mentary information: breakage of the phosphodiester link-
age at the cleavage site measured with the denaturing gel
vs. amount of dissociated products measured by TMSDR.

As demonstrated in Figure 4B, the cleavage from the gel
is comparable with cleavage derived from the TMSDR as-
say in the case of the original ribozyme (normalized).
However, as the base-pairing with the output strand in-
creases, evenbyas little as 2nt, the amount of releasedout-
put decreases considerably, as illustrated by the green and
blue bars representing the HHR with a stem I extended to
10 bp (I-10 bp) and 22 bp (I-22), respectively. The kobs of
the I-8, I-10 and I-22 HHRs were somewhat similar for gel-
based assays (0.0046 min−1 [CI95: 0.0037 to 0.0054],
0.007 min−1 [0.002 to 0.012] and kobs 0.012 min−1 [CI95:
0.004 to 0.022], respectively), but theyappeareddrastically
different for TMSDR assays (0.0008 min−1 [CI95: 0.0006 to
0.0010], 0.00020min−1 [CI95: 0.00005 to 0.00035] and 4.0
×10−5 min−1 [CI95: 0.2× 10−5 to 7.8 × 10−5], respectively,
for the I-8, I-10 and I-22 HHRs). It should be noted that
the TMSDR-based kobs calculation for the latter two (10
and 22 bp stem I) is prone to error due to the very weak
cleavage. Still, the difference between gel-based and
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TMSDR-based kobs determination is within an order ofmag-
nitude for I-8, but shows a ∼30-fold and ∼3000-fold
decrease, for I-10 and I-22, respectively; further supporting
the comparison as shown in Figure 4B. It is important that
the experimenters understand that and hence, utilizes the
method most appropriate to the particular needs of their
own projects.

Additional TMSDR assay with a Mn2+-induced HHR

The previously published A6C mutation in the core of a
HHR (Fig. 5A) was shown to have a kobs of 0.18 min−1 in
the presence of Mn2+ (Naghdi et al. 2020), much faster
than the 0.005 min−1 of the example described above
(Fig. 1A). Thus, this “Mn2+-HHR” (Fig. 5A) was a good can-
didate to provide an additional example for TMSDR assay
which is much faster and induced in a different way. A few
bases were added at this ribozyme 3′ end to facilitate the
output binding with the probe. The second fluorophore
and quencher pair were used to demonstrate the versatility
of the technique (BHQ-2 and Cy-3). As expected, the fluo-
rescence increases with time when the Mn2+-HHR is in-
duced with MnCl2 compared to the one without MnCl2
(Fig. 5B). Standard curve for Mn2+ HHR probewas generat-
ed (Fig. 5C) according to the probe calibration in methods
section. Converting to % of product release indicates that
∼25% of the cleavage product is released (Fig. 5D) and
that it appears to be the limiting step, as the previously re-
ported kobs of 0.18 min−1 is higher than the one calculated
by TMSDR (kobs of 0.068 min−1), which is likely an overesti-
mate considering that the cleavage reaction actually start-
ed ∼2 min before the first fluorescence scans could be
performed. Fluorescence values were normalized using
the 10-min timepoint from the standard curve as reference.
The fluorescence for this assay was normalized because of
the photobleaching of Cy-3 (as seen from the+ control for
fluorescence, Fig. 5B), normalized and unnormalized fluo-
rescence values are shown in Figure 5B, inset.

DISCUSSION

In thepast threedecades, severalmethodshavebeendevel-
oped and used to analyze and evaluate the structure, func-
tions and activity of ribozymes in vitro. These methods
include RNA radiolabeling, posttranscriptional fluorescence
labeling, phosphoramidite chemistry for fluorescent label-
ing and engineered fluorescent aptamers (e.g., Spinach
and Mango) (Li et al. 2005; Porecha and Herschlag 2013;
Auslander et al. 2016; Mitra and Ha 2019; Debiais et al.
2020). These techniques make use of transcriptional incor-
poration of [α-32P] UTP, 5′-incorporation of 32P from [γ-32P]
ATP or fluorophore, chemical synthesis of RNA and fluores-
cence activity of aptamers (Singh et al. 1999; Li et al. 2005;
Porecha and Herschlag 2013; Auslander et al. 2016). Some
of these labeling methods allowed very precise analysis

A

B

C

FIGURE 3. Analysis of the YES gate using probe (with Cy-5 as fluoro-
phore and Black hole quencher-2 as quencher). (A) 0.5 µM of probe
and 1 µM of ribozyme were used in the assay. A total of 10 µM of
the R-strand with the probe was used as positive control (i.e., a probe
unquenched by a large excess of R-strand), and a quenched probe
was used as negative control. Ribozyme without Mg2+ and without in-
put DNAwas used as another negative control (Ct−). The assay group
includes 10 µM input DNA and 10mMMg2+. Readings were taken ev-
ery 30 min over a period of 180 min. The same protocol was followed
for HHR with a stem I of either 10 bp (I-10) or 22 bp (I-22). (B) The stan-
dard curve for the 0.5 µM probe uses the same reagents as for the as-
say. Different concentrations of the RNA displacer strand were used
(0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 µM). (C ) Interpolated fluores-
cence values from the three ribozyme assays mapped using a stan-
dard curve to concentrations of released output strand, for the same
three ribozymes. A similar experiment which includes the control
“no input, with Mg2+

” is provided in the Supplemental Material
(Supplemental Fig. S6). Note that reactions start as soon as Mg2+ is
added in the plate, before the first readings of the plate reader,
thus “0” time point actually corresponds to a time point between
30 sec and 2 min.
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of RNA structure dynamics and ribozyme mechanism
(McDowell et al. 2010; Korman et al. 2020). However, be-
sides radiolabeling, which has its own disadvantages, these
methods are associatedwithdirect RNAmodification, which
in turn can impact the structure, function, and thermody-
namic stability of the measured ribozyme (Li et al. 2005;
Moreira et al. 2005).

We present a novel approach to measure leaving prod-
uct resulting from self-cleavage of hammerhead ribozyme
by toehold-mediated strand displacement reaction
(TMSDR). The proposed method separates the detection
system from the ribozyme, eliminating the need for ribo-
zyme labeling and modification. This fosters unhindered
determination of cleaved-off, released fragment that can
interact with the target sequence.

We conceived an oligonucleotide activated HHR, which
functions as a YES logic gate. When the HHR binds to the
input oligonucleotide, the HHR cleaves itself, generating
an ssRNA fragment that can detach from the HHR.
Detached output ssRNA interacts with the toehold present
on (the 3′-end of the F-strand) of a dsDNAprobe. This bind-
ing initiates a strand displacement reaction favoring the ex-
pulsion of the (Q-strand) quencher in a 5′ to 3′ direction.
This process culminates in the dissociation of the quencher
from the fluorophore, resulting in detectable fluorescence.

The vast majority of previous studies determine
HHR cleavage using radiolabeling or product separation
(Penchovsky and Breaker 2005; Perreault et al. 2011;
Hammann et al. 2012; Porecha and Herschlag 2013).
Product separation on denaturing gels is associated with
forced detachment of an output strand from an HHR.
Consequently, this approach fails to distinguish between
released output and cleaved but bound output. Native
gel studies can be performed to analyze cleaved and re-

leased output fragment, but, even if the presence of mul-
tiple bands associated with alternative folding of
ribozymes can potentially be informative, it also makes
the interpretation particularly challenging, especially in
the case of allosteric ribozymes inducible by binding of ol-
igonucleotides (Supplemental Fig. S5). Moreover, keeping
the temperature constant in native gel is another hurdle to
overcome. In TMSDR, the occurrence of fluorescence is a
direct measure of released output. A gradual increase
in cleavage activity over time was noted in both (gel and
TMSDR) methods for the ribozyme. However, a decrease
in rates estimated from TMSDR was observed when
2 and 14 bp were added to stem I, compared to their
gel counterparts. This decrease in activity is correlated
with an increase in the strength of binding between the
cleaved output strand and its complement (on stem I) of
the ribozyme. This decreased activity is indicative that
TMSDR-based fluorescence is a measure of the concentra-
tion of the detached output strand, rather than the full ex-
tent of ribozymatic self-cleavage. Thus, TMSDR allows for
real-time cleavage monitoring and realistic evaluation of
the amount of product (RNA output) leaving the ribozyme,
rather thanmere cleavage. Indeed, themarked differences
for standard gel assays versus TMSDR, between the HHRs
with different lengths of stem I, highlight that the “kobs” of
TMSDR relates more to the compounded events leading
to product release. This could closely reflect cleavage
rate in some cases, like for the 8 bp stem I HHR, but also
permits to evaluate the rate of product release in other cas-
es, such as for the 10 bp stem I HHR (or 22 bp stem I, where
there is no detectable product release). A second HHR,
Mn2+-HHR, was used to demonstrate the versatility of
the proposed method. The second probe used Cy3 and
BHQ-2 as fluorophore/quencher pair, thus demonstrating
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FIGURE 4. TMSDR vs. Gel cleavage analysis. (A) Comparison of cleavage obtained from [α-32P] UTP labeled ribozymes (dotted lines) and TMSDR
(solid lines). (B) The end point cleavage, representing total emitted fluorescence (normalized), was calculated from the graph for the original HHR
(I-8) and HHR with a stem I of 10 bp (I-10) as well as 22 bp (I-22).
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that different fluorophores and
quenchers can be used to design
probe for different ribozymes. More
importantly, it illustrates the fact that
faster ribozymes can also be moni-
tored, even if rates greater than 0.2
min−1 cannot be precisely deter-
mined, at least with our current
setup.
Our approach allows for measure-

ment of released output strands,
which may be more important than
backbone scission for many synthetic
biology applications. Furthermore,
when complementing traditional ra-
diolabeling methods, a TMSDR-
based technique can help provide a
more complete picture of cleavage
activity and rate of dissociation of
the cleaved products. This informa-
tion can be crucial to determining
and characterizing the limiting step
for the development of ribozyme-
based RNA circuits. TMSDR lends it-
self to automation more readily than
radiolabeling- a trait particularly use-
ful for eventual design of more com-
plex RNA logic gates and circuits.

MATERIALS AND METHODS

Ribozyme sequence selection
and generation

The algorithm used in this work is an ex-
tension of the one in Penchovsky and
Breaker (2005). The main difference is
that rather than using random search, the
employed algorithm implements an evolu-
tionary algorithm (EA) to search for ham-
merhead ribozymes that function as Yes
logic gates (Kamel et al. 2020) (more de-
tails on the algorithm are in the
Supplemental Material).

A second ribozyme example, which
cleaves in the presence of Mn2+ (but not
Mg2+), was selected from the literature
(Naghdi et al. 2020). The fact that this ribo-
zyme is inactive in the presence of Mg2+

allowed us to prepare self-cleaving ribo-
zymes easily for assays in TMSDR.

PCR assembly of DNA template

Predesigned overlapping oligodeoxynu-
cleotides (Supplemental Fig. S1 and

A

B

C D

FIGURE 5. TMSDR of a ribozyme inducible byMn2+. (A) Mn2+-HHR schematic in the presence
of manganese ion. Upon cleavage, the small, released fragments (blue strand) interact with the
toehold (red segment of the probe) and initiate strand displacement reaction culminating in
displacement of quencher strand (orange strand), which results in fluorescence. (B)
Manganese ribozyme TMSDR assay in the presence of 0.5 µM probe comprised of cy-3 and
BHQ-2, fluorophore and quencher, respectively. (Insets) normalized fluorescence values for ri-
bozyme assay. Controls are: (+) preannealed probe unquenched with excess (10 µM) displacer
RNA; (−) quenched probe without displacer; (HHR −) HHR without Mn2+. (C ) Mn2+-HHR probe
standard curve and normalized values. Different DNA displacer concentrations from 0.01 to
2 µM were used with 0.5 µM of probe. Cy3 and BHQ-2 were used as fluorophore and quench-
er, respectively. (D) As in Figure 5C, interpolated fluorescence values were mapped using the
standard curve to concentrations of released output strand. It should be noted that the ribo-
zyme adapted from Naghdi et al. (2020) was described as having a pseudoknot (as was the
original version of this HHR described previously [Perreault et al. 2011] which had an A at po-
sition 6 from the core, instead of a C in this “Mn2+-HHR”). However, secondary structure pre-
diction also suggests an alternative structure (Supplemental Fig. S7) whichmay impact product
release. Note that reactions start as soon asMg2+ is added in the plate, before the first readings
of the plate reader, thus “0” time point actually corresponds to a time point between 30 sec
and 2 min.
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Supplemental Table S1 were assembled by PCR (BioRAD T100)
using Primers F1, R1, F2, and R2 (Supplemental Fig. S1;
Supplemental Table S2)). The PCR reaction was carried out in a
fixed volume of 100 µL, containing primers F1 (2 µM), R1 (0.2
µM), F2 (0.2 µM), R2 (2 µM), Taq polymerase (hotStar Taq Plus
from QIAGEN) with its reaction buffer at 1×, Q-solution (1×
from QIAGEN), 0.2 mM of dNTPs (DGel electrosystem) and
Milli-Qwater. The reactionmixturewas subjected to 15min dena-
turation at 95°C and 15 cycles consisting of: 30 sec denaturation
at 95°C, 30 sec annealing at 50°C and 30 sec extension at 72°C.
PCR was validated by visualizing 5 µL of reaction mixture on 2%
agarose gel containing gel red (Trans). The remaining PCR prod-
uct was ethanol precipitated.

In vitro transcription and RNA purification

In vitro RNA synthesis was performed as previously described
(Perreault et al. 2011), with slight modifications. When larger
quantities were required, the reaction was carried out in a fixed
volume of 1 mL. The reaction mixture contained 80 mM HEPES
(pH 7.5), 24 mM MgCl2, 40 mM dithiothreitol, 2 mM spermidine,
6 µg/mL T7 polymerase, 150 µL of PCR product (For 1 mL tran-
scription, 10 PCR reactions (100 µL each) were pooled together,
precipitated and resuspended in 150 µL Milli-Q water), 2 mM
rNTPs, 1× pyrophosphatase (Roche diagnostics) and 200 U (40
U/µL) RiboLock (Thermo Fisher Scientific). The reaction mixture
was incubated at 37°C for 150 min, treated with 10 U of DNase
(New England Biolabs), incubated at 37°C for 30 min. The RNA
was extracted with phenol-chloroform, and the aqueous phase
was ethanol precipitated. The RNA was purified in 10% denatur-
ing (8 M urea) polyacrylamide gel. The gel was revealed by UV-
shadowing. The band of interest (Highest band on gel, as there
was some level of cleavage during transcription) was excised
and eluted in 0.3 M NaCl overnight at 4°C. The eluent was etha-
nol precipitated and resuspended in nuclease free water.

Radiolabeling of ribozyme using [α-32P] UTP during
transcription

Radiolabeling of RNA was conducted as previously described
with minor modifications. Here, the reaction mixture consisted
of 1× transcription buffer (see above), 15 µL of PCR product
(100 µL PCR reaction ethanol precipitated and resuspended in
20 µL Milli-Q water), 2 mM of GTP, CTP, ATP, 0.125 mM UTP,
1× pyrophosphatase (Roche diagnostics) and 40 U RiboLock
(Thermo Fisher Scientific) and 1 µL of [α-32P] UTP (PerkinElmer)
per 50 µL reaction. The reaction mixture was ethanol precipitated
and analyzed in 10% denaturing polyacrylamide gel; the product
was revealed by phosphorimaging (Typhoon 9500 FLA; GE
Healthcare Life Sciences). The band of interest was resected
and eluted in 0.3 M NaCl overnight at 4°C. The eluent was etha-
nol precipitated and resuspended in nuclease free water.

Preparation of fluorescent probe

Predesigned oligodeoxynucleotides were conjugated at the
5′-end with Cy5 and at the 3′-ends with Black hole quencher
(Alpha DNA). The strand with the Cy5 at the 5′-end was named

the “F-strand” (5′-ACAGGGTCGGACCTGGAAATCC-3′), while
the strand with the Black hole quencher-3 (BHQ-3) at 3′-end
was called the “Q-strand” (5′- CAGGTCCGACCCTGT-3′) (Fig.
2D). The probe was prepared in a cleavage buffer (100 mM
NaCl, 50m M tris-HCl pH 7.5, 25 mM KCl) with 0.5 µM F-strand
and 0.6 µMQ-strand per 10 µL reaction. The reactionwas incubat-
ed in thermocycler (BioRad T100) for 3 min denaturation at 95° C,
15min annealing at 50°C and 15min annealing at 37°C. The same
protocol was followed for Mn2+-HHR probe except that the
Q-strand (5′-GTACCATAAGGCCG-3′) for Mn2+-HHR was labeled
with BHQ-2 while F-strand (5′-CGGCCTTATGGTACTATCCC-3′)
was labeled with Cy3. Both probe and quencher for Mn2+-HHR
were purchased from Integrated DNA technologies (IDT).

Calibration of probe and standard curve generation

The prepared probe was calibrated using ssRNA oligonucleotide
(IDT) mimicking the ribozyme output (5′-GGAUUUCCAG
GUCCGACCCUGU-3′). We called this strand the “R-strand”
(Displacer RNA-strand). Different concentrations of R-strand,
ranging from 0.05 to 2 µM were mixed with 0.5 µM preannealed
probe. The reaction mixture was incubated at 37° C and analyzed
using a fluorescent plate reader (Tecan M1000 Pro) at 647 nm ex-
citation and 665 nm emission wavelengths. The probe was also
calibrated using DNA displacer strand called “D-strand.”
Comparison of R-strand and D-strand standard curve is illustrated
in Supplemental Figure S3. The TMSDR standard curve was also
generated at three time points to estimate whether TMSDR was
the limiting step in the measurements (Supplemental Fig. S4).
The same protocol was followed to calibrate theMn2+-HHR probe
with its corresponding D-strand (5′-GGGATAGTACCATAA
GGCCG-3′). For Mn2+ probe, 550 nm excitation and 564 nm
emission wavelengths were used.

Analysis of hammerhead ribozyme kinetics
on polyacrylamide gel

Ribozyme kinetics were assayed using a labeled [α-32P] UTP ribo-
zyme. The reactionwas performed in a fixed volume of 10 µL, con-
taining 100mMNaCl, 50mMTris-HCl pH-7.5, 25mMKCl, 10mM
MgCl2, 10 µM input oligodeoxynucleotide, and 1 µL of the la-
beled ribozyme. The reaction was started by adding MgCl2.
The reaction was incubated at 37°C. Sequentially, the aliquots of
reactions were stopped at 30 min intervals using denaturation
buffer (80% formamide, 0.5 mM EDTA, 0.02% bromophenol
blue, and 0.02% xylene cyanol). The samples were analyzed on
10% denaturing polyacrylamide gel, the gel was developed by
phosphorimaging and the band intensity was determined using
ImageQuant software (GE Healthcare Life Sciences). Both bands
resulting fromcleavagewerequantified and their sumwasdivided
by the total of the three bands corresponding to cleaved frag-
ments and full length.

Analysis of hammerhead ribozyme kinetics
with strand displacement

A preannealed probe was used to evaluate HHR cleavage kinetics.
Here, 0.5 µM of a preannealed probe was mixed with 10 mM
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MgCl2, 10 µM input oligodeoxynucleotide, and 1 µM ribozymeper
10 µL reaction, for Mn2+-HHR reactions 0.3 mMMnCl2 was used to
initiate the reaction. The reaction mixture was incubated at 37°C.
The fluorescence emitted was measured using a fluorescent plate
reader (Tecan M1000 Pro). Readings were taken every 30 min.

GraphPad Prism was used using first order decay rate constant
determination to calculate kobs for both the TMSDR and gel-
based assays. In the case of TMSDR-based assays, because the
plateau was estimated to be ∼236% (even if theoretical maximum
is 100%) for the 8 bp stem HHR, plateaus were fixed at 100%.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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in which the first author(s) of research-based papers in each
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Frappier Institute and Galenvs Biosciences, focusing on har-
nessing toehold sensors to develop diagnostic kits for patho-
gen nucleic acid detection.

What are the major results described in your paper
and how do they impact this branch of the field?

The major findings provided in the paper are the following: (1) A
methodology to measure the cleaved product from self-cleaving
ribozymes without labeling. (2) The comparison gives an actual
picture of ribozyme cleavage and cleaved fragment dissociation
in real time without gel separation techniques. (3) Native gel re-
sults included in the Supplemental Material demonstrate the com-
plexity of using radiolabeling to determine cleaved and released
fragments from self-cleaving ribozymes. The methodology pre-

sented in the article allows researchers in the field to characterize
RNA-based logic gates without using radiolabeling or gel separa-
tion. The protocol permits users to monitor multiple ribozymes in
real time.

What led you to study RNA or this aspect of RNA science?

RNA enzymes, also known as ribozymes, can catalyze strand scis-
sion reaction without the help of protein molecules. These en-
zymes can be tailored to work as different logic gates that can
detect specific signals. Examples of these signals include but are
not restricted to single-stranded nucleic acid sequences, small
chemical molecules or other protein molecules. I was interested
in developing an RNA-based logic gate system to amplify the sig-
nal (RNA-based amplifier).

During the course of these experiments, were there
any surprising results or particular difficulties that altered
your thinking and subsequent focus?

In one of our toehold-mediated strand displacement reaction ex-
periments, contrary to our expectations we noticed a lower signal
with one of the tested ribozymes. Upon further analysis, we ob-
served that the cleaved fragment had a Tm higher than 37°C.
This led us to thinking about the fragment cleaving and dissociat-
ing instead of just cleaving. This stands in stark contrast to denatur-
ing gel separation methodology, as it only takes into account
cleavage and not cleaved and released fragments.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

Science has always been a part of my life. From childhood, I was
very curious about the mechanisms of natural phenomena, espe-
cially of living beings. This led me to choose biology as my major
in high school. Later, I attended seminars, company site visits,
and field trips while at Uka Tarsadia University (India). While at
the university, lectures in basic molecular biology piqued
my interest toward this field. My bachelor’s in biotechnology
can be marked as a milestone for my career development as a
scientist.
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If you were able to give one piece of advice to your younger
self, what would that be?

I would saymake plans but don’t worry if you have tomake changes
to them. Be dynamic and have a mindset to adapt to difficult situa-
tions and make the most out of it. Lastly, have fun, do not overwork
yourself as having fun is as important as following your passion.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

My parents, my supervisors (especially Dr. Jonathan Perreault, Dr.
Christian Tebid Tebid, and Dr. Jamal Daoud). Their perceptions

about life, problem solving, troubleshooting, managing people,
critical thinking and views on science have greatly fine-tuned my
overall way of rationalization.

What are your subsequent near- or long-term
career plans?

Prospectively, I envisage a career involving a postdoctoral fellow-
ship in the United States.
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