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ABSTRACT

Molecular analysis of RNA through hybridization with sequence-specific probes is challenging due to the intrinsic ability of
RNA molecules to form stable secondary and tertiary structures. To overcome the energy barrier toward the probe–RNA
complex formation, the probes aremade of artificial nucleotides, which aremore expensive than their natural counterparts
and may still be inefficient. Here, we propose the use of a multicomponent probe based on an RNA-cleaving deoxyribo-
zyme for the analysis of highly structured RNA targets. Efficient interrogation of two native RNA from Saccharomyces cer-
evisiae—a transfer RNA (tRNA) and 18S ribosomal RNA (rRNA)—was achieved at ambient temperature. We achieved
detection limits of tRNA down to ∼0.3 nM, which is two orders of magnitude lower than that previously reported for mo-
lecular beaconprobes. Importantly, no probe annealing to the targetwas required,with the hybridization assay performed
at 37°C. Excess of nonspecific targets did not compromise the performance of the probe, and high interrogation efficiency
was maintained by the probes even in complex matrices, such as cell lysate. A linear dynamic range of 0.3–150 nM tRNA
was demonstrated. The probe can be adapted for differentiation of a single mismatch in the tRNA–probe complex.
Therefore, this study opens a venue toward highly selective, sensitive, robust, and inexpensive assays for the interrogation
of biological RNA.

Keywords: structured RNA; nucleic acid analysis; tRNA; rRNA; deoxyribozyme; multicomponent probes

INTRODUCTION

As our knowledge of the biological functions of ribonucleic
acids (RNA) increases, so does the importance of their se-
quence-specific detection. RNA has been implicated in
many biological functions, including the storage, transfer,
and interpretation of genetic information, as well as con-
trol of gene expression. RNA analysis has proven an invalu-
able tool for understanding the epidemiology and
pathogenesis of diseases, regulation of cellular response
to therapy and drug efficiency, and in clinical disease diag-
nostics. Interrogation of RNA targets with a known primary
structure using complementary DNA oligonucleotides is
one of the approaches used for RNA analysis (Brown
et al. 2004; Simon 2013; Fang et al. 2018; Ranasinghe
et al. 2018). However, the inherent ability of RNA mole-
cules to fold into complex three-dimensional shapes
because of base-pair interactions makes interrogation of
natural RNA challenging and limits molecular analysis to
the easily accessible loop and bulge RNA regions

(Herschlag et al. 2018). Indeed, scrupulous and costly anal-
ysis of the target accessibility is generally required to select
an optimal design of a conventional hybridization probe
(e.g., molecular beacon probe [MBP]) (Rhee et al. 2008;
Li et al. 2017). The intrinsic stem in the MBP structure sta-
bilizes the probe, thus disfavoring its interactions with a
stem–loop folded targeted fragment to form a probe–tar-
get complex (Fig. 1A). Alternatively, the probes can be
made of unnatural nucleic acid analogs—L-DNA (Kim
et al. 2007), locked nucleic acids (LNAs) (Wang et al.
2005), and peptide nucleic acids (PNAs) (Petersen et al.
2004), which interact with DNA/RNA targets with higher
affinities than those of natural DNA oligomers.
Unfortunately, high cost makes their use for routine RNA
analysis less appealing.

A promising tool for nucleic acid analysis using unmod-
ified DNA oligonucleotides is multicomponent hybridiza-
tion probes (MHPs) (Kolpashchikov 2010). The modular
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MHPdesign allows for allocationof eachprobe component
to a given function (Grimes et al. 2010; Nguyen et al. 2011;
Nedorezova et al. 2019). For example, such probes can be
highly selective and, at the same time, able to tightly bind a
specific nucleic acid target, which is generally unattainable
with conventional hybridization probes (Demidov and
Frank-Kamenetskii 2004). This property of MHP can be uti-
lized to interrogate highly structured natural RNA targets
(Nguyen et al. 2011; Li et al. 2012; Gentry et al. 2015;
Gerasimova et al. 2015). For example, an MBP-based tri-
component probe was able to effi-
ciently interrogate and, at the same
time, discriminate single-nucleotide
substitutions (SNSs) in a target con-
taining a stem of up to 13 bp
(Nguyen et al. 2011). This was
achieved due to the presence of two
target-specific strands of the probe
that served as adaptors between the
target and MBP reporter (Fig. 1B). A
similar approach was later proven suc-
cessful for analysis of SNSs positioned
in the middle of a stable stem using a
solid-phase-conjugated MHP (Sun
et al. 2019).
In this work, we demonstrate the

advantages of MHPs by challenging
their ability to interrogate a highly
structured and heavily modified natu-
ral RNA target—a transfer RNA (tRNA)
molecule. Even though the nucleo-
tide sequence is variable among
different tRNAs, the secondary struc-
ture of tRNA is well-conserved.
According to the cloverleaf model, it

consists of the acceptor stem, the variable loop, and three
hairpin elements (the D-arm, the anticodon arm, and the
TΨC-arm) (Robertus et al. 1974). The loops are involved
in tertiary interactions (Shi and Moore 2000), which add
to the great thermal stability of the L-shaped native tRNA
molecule and resistance to unfolding, and further disfavors
tRNA interactions with complementary probe sequences.
Even thoughMBPs that can detect specific tRNA sequenc-
es have been previously reported (Li et al. 2012; Miyoshi
et al. 2019), it required designing and testing multiple ex-
pensive MBPs to find the one that achieves moderate per-
formance. The optimized MBPs exhibited detection limits
of ∼23–27 nM with nonmodified tRNA transcripts as tar-
gets, which are known to be less thermodynamically stable
than mature tRNA (Serebrov et al. 1998). These detection
limits increase at least 20-fold the values reported for un-
structured targets (Kolpashchikov 2012). This is not surpris-
ing because of the high thermodynamic stability of the
tRNA targets and stoichiometric probe–target binding.
Here, we used a split deoxyribozyme (sDz) probe for sensi-
tive and cost-efficient tRNA interrogation. The probe is
made of two DNA strands (Dza and Dzb), each containing
half of the catalytic core of the RNA-cleaving deoxyribo-
zyme 10–23 (Fig. 2A; Santoro and Joyce 1997) elongated
with the fragments complementary to the abutting posi-
tions of the tRNA target, as well as the fragments recogniz-
ing a fluorogenic substrate (Fsub) (Fig. 2B; Kolpashchikov
2007; Gerasimova et al. 2010; Mokany et al. 2010). The
substrate is labeled with a fluorophore and a quencher at
the opposite sides of the cleavage site. Target-initiated

B

A

FIGURE1. Detection of structured nucleic acids usingmolecular bea-
con probe (MBP)-based approaches. (A) Interaction of a stem–loop
foldedMBPwith a structured nucleic acid target is thermodynamically
unfavored. (B) Two target-specific adaptor strands of the MBP-based
MHP serve to unwind the target’s secondary structure and shift the
equilibrium toward the high-fluorescent probe–target complex. The
dotted curves represent triethylene glycol linkers in the adaptor
strands.
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FIGURE 2. Design and catalytic cycle for signal generation by a split deoxyribozyme (sDz)
probe based on the 10–23 deoxyribozyme (Dz). (A) Catalytic core of the 10–23 Dz and sche-
matic representation of the Dz-substrate complex. (B) In the sDz probe, the sequence of the
10–23 catalytic core is split between two strands, Dza and Dzb, which also contains fragments
complementary to a tRNA target and fluorogenic substrate (Fsub). The core is assembledonly in
the presence of the target, which brings Dza and Dzb into proximity. Active Dz catalyzes cleav-
age of Fsub, which results in an increase in the fluorescence signal. The complex of tRNA with
Dza and Dzb can bind another Fsub molecule to enable signal amplification.
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formation of the catalytic core, when each target simulta-
neously binds both sDz strands (Fig. 2B), and respective
cleavage of the fluorogenic substrate result in decreased
affinity of the sDz strands to the substrate fragments and,
thereby, separation of the fluorophore from the quencher
causing an increase in fluorescence in a target-dependent
manner. Even though the substrate requires conjugation
with two dyes, similarly to MBP, it does not interact with
the target directly and so is universal for the sDz probes in-
terrogating different target sequences. Moreover, the flu-
orogenic substrate does not directly interact with the
target, so the background and the target-triggered signal
can be independently fine-tuned by varying the length of
the Fsub- and target-binding regions of sDz, respectively.

RESULTS AND DISCUSSION

Design and optimization of the sDz probes

We designed split Dz (sDz) probes targeting cytosolic
tRNAPhe from Saccharomyces cerevisiae as a model tRNA
target. The secondary structure and targeted regions of
tRNAPhe are shown in Figure 3. The probe interrogated
the 3′-terminal fragment of tRNA containing the variable
loop, since this region is the least conserved among differ-
ent tRNA sequences (Goodenbour and Pan 2006). The tar-
get-binding regions for the sDz probe were designed to

interact with the tRNA target via Watson–Crick base pairs,
whenever possible (Supplemental Table S1). For the mod-
ified bases, the base pairs were chosen tominimize disrup-
tions to the helix of the target–probe complex if a logical
pairingwasnot evident. For example,S. cerevisiae tRNAPhe

contains a wybutosine (yW) base in its anticodon loop,
which does not pair well with any of the natural nitrogenous
bases. In the probe–target complex, a T was placed oppo-
site to yW. The target fragment interacting with Dza was lo-
cated immediately next to theDzb-binding fragment. In the
initial probe optimization stage, though, a synthetic DNA
analog of tRNAPhe (DNAPhe) was utilized. The bases chosen
to replace the modified bases in this analog can be seen in
Supplemental Table S2.

The catalytic core of the 10–23 Dz was used in the
probe design, since it is the most efficient RNA-cleaving
Dz currently available (Santoro and Joyce 1997), and the
Dz catalytic efficiency correlates with the ability of the
Dz-based probes to detect the lowest target concentra-
tion (Gerasimova et al. 2010). The core splitting and the
fluorogenic substrate sequence have been previously re-
ported to operate at 55°C (Mokany et al. 2010;
Gerasimova et al. 2015), which would make it easier to un-
wind long and highly structured natural RNA (e.g., bacte-
rial rRNA). At ambient temperatures (e.g., 37°C),
formation of the probe–RNA complex would not be as fa-
vored. Indeed, when we tested sDz55Phe containing
Dza55

Phe and Dzb55
Phe with the Fsub-binding regions previ-

ously optimized for 55°C, high background and little de-
pendence of the signal on the DNAPhe concentration
was observed (Supplemental Fig. S1). High background
fluorescence likely resulted from the target-independent
formation of the catalytic core upon binding of Dza and
Dzb to Fsub. Too-stable duplexes between Fsub and the
complementary regions of Dza55

Phe and Dzb55
Phe (predict-

ed Tm values were 50.3°C and 42.9°C, respectively) could
help maintain stable association of the probe strands with
the substrate at the assay temperature (37°C) regardless of
the target’s presence. Moreover, the products of Fsub
cleavage would remain associated with the probe, thus
preventing binding to new Fsub molecules, which can ex-
plain the lack of target-induced signal increase. To enable
the probe’s operation at 37°C, the Fsub-binding sDz re-
gions were shortened to design probes sDz37Phe. The
Tm values of the Fsub-binding fragments of the new
strands (∼25°C) were below the operating temperature
to ensure Fsub turnover and that the Fsub can only be
bound when Dza and Dzb are brought into proximity
by the target. This indeed helped to mitigate high back-
ground and achieve target concentration-dependent
increase of the signal (Supplemental Fig. S2). The signal
increased with increasing concentration of probe strands
without compromising the background, so all subsequent
experiments used 200 nM Dza/Dzb, unless otherwise not-
ed. The high strand concentration favored formation of

FIGURE 3. Secondary structure of S. cerevisiae tRNAPhe (Serebrov
et al. 1998) and its regions interrogated by the sDz probes. A set of
sDz probes containing strands Dza37.x

Phe and Dzb37.y
Phe, where x

and y stand for the number of nucleotides in their tRNAPhe-binding re-
gions (Supplemental Table S1), are schematically shown in orange and
blue, respectively. The solid lines indicate the target-binding regions
of strands Dza37.17

Phe and Dzb37.21
Phe. Elongation of the fragments to

make Dza37.22
Phe and Dzb37.25

Phe. The positions of strand shortening
to make other Dza and Dzb strands are indicated by triangles. The
Fsub-binding fragments of the probes (indicated by black curves) are
designed to work at 37°C. The 3′-ends of the target and probes are
indicated with arrows. For the identity of the modified bases in yeast
tRNAPhe, see Supplemental Table S2.
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the probe–target complex, which enable RNA detection
at low concentration.
We further optimized the performance of sDz37Phe by

varying the lengths of the tRNA-binding fragments of
Dza and Dzb. The melting temperature (Tm) for the frag-
ments interacting with their complementary sequences
ranged from ∼51°C to 71°C (Supplemental Table S1).
The values significantly above the hybridization tempera-
ture (37°C) were needed to efficiently interrogate the
tRNA structure, which is known to have high thermody-
namic stability (Liu and Tan 1995). It should be noted
that all sDz37Phe variants shared the same Fsub-binding
fragments, so the background signal in the absence of
the target remained the same. At the same time, for
most of the probes tested with yeast tRNAPhe, the signal-
to-background ratio (S/B) increased with the length of
the target-binding fragments of the sDz strands (Supple-
mental Fig. S3A). For the detection of 25 nM tRNAPhe

with an S/B of at least 3, the target-binding regions of
Dza and Dzb with a Tm of ∼60°C or above was required.
Therefore, we chose the sDz37Phe probe consisting of
strands Dza37.1

Phe and Dzb37.2
Phe for subsequent character-

ization, unless indicated otherwise. As expected, for
DNAPhe lacking a stable tertiary structure of tRNA and
modified bases, the sDz37Phe probes with lower Tm for
the target-binding regions were also efficient (Supplemen-
tal Fig. S3B).

Detection of tRNAPhe by sDz37Phe

We further characterized sDz37Phe containing Dza37.1
Phe

and Dzb37.2
Phe in terms of the time-dependence of signal

generation, linear dynamic range, and limit of detection
(LOD) of yeast tRNAPhe. The target-dependent sDz signal
increases over time (Fig. 4A; Supplemental Fig. S4A),
which is consistent with the signal-generation mechanism

of the sDz probe relying on the Fsub cleavage catalyzed
by the deoxyribozyme core (Fig. 2B). The background re-
mained at the same level for up to 5 h (longer time points
were not tested). Concentration of the catalytically active
sDz is limited by the target concentration, since the deox-
yribozyme core can be formed only when both Dza and
Dzb are stoichiometrically bound at the adjacent fragments
of the target molecule. Therefore, for the signal at low
tRNA concentration (less than that of Fsub) to reach the
same fluorescence intensity as exhibited at high concen-
tration of target (equal to that of Fsub), multiple rounds of
sDz-catalyzed Fsub cleavage are required. The calculated
number of turnovers for the substrate cleavage within 70
min by sDz37Phe at different concentrations of tRNAPhe

are listed in Supplemental Table S3. It should be noted
that these calculations were performed under the assump-
tion that each target molecule forms the Dz core. The ob-
served catalytic rate constants under multiple turnover
conditions (5 nM target) were calculated to be 0.05±
0.01 min−1 and 0.6±0.1 min−1 for tRNAPhe and DNAPhe,
respectively (Supplemental Fig. S4B). The 10-fold differ-
ence in the case of tRNA versus DNA target can be ex-
plained by the presence of modified bases that stabilize
the tertiary structure. For theDNA target lacking tertiary in-
teractions but exhibiting stable secondary structure, the
catalytic rate was only three- to fivefold lower than that
of the monolith 10–23 Dz under similar conditions as
used in this paper (Santoro and Joyce 1998).
The signal increased linearly with the tRNA concentra-

tion up to 150 nM (Fig. 4B; Supplemental Fig. S5A). The
large linear dynamic range can be helpful in quantifying
tRNA targets in samples, if needed. This has a potential ap-
plication in clinical molecular diagnostics, since changes in
levels of tRNA or tRNA-derived fragments have been re-
ported to be associated with various diseases including
cancer (Abbott et al. 2014; Lant et al. 2019). As expected,

because of the higher thermal stabil-
ity of tRNA in comparison to that of
its correspondent DNA analog, as
well as the presence of modified bas-
es in the tRNA target, a narrower line-
ar dynamic range (0–5 nM) was
observed in the presence of DNAPhe

(Supplemental Fig. S5A). Indeed, a
Tm value for the folded DNAPhe con-
formation at 150 mM Mg2+ is ∼60°C
(as predicted by the melt profile of
NUPACK software), while the Tm of
tRNA (sequence not specified)
under the same condition has been
previously reported to be ∼72°C
(70.4°C and 78.0°C for 100 mM and
300 mM Mg2+, respectively), assum-
ing a linear correlation (Stein and
Crothers 1976).

BA

FIGURE4. Response of sDz37Phe to tRNAPhe. (A) Time-dependence for the signal of the probe
containing Dza37.22

Phe and Dzb37.21
Phe at different concentrations of tRNAPhe (5–200 nM). (B)

Response of the probe containing Dza37.22
Phe and Dzb37.21

Phe to different concentrations of
tRNAPhe (0.1 to 1000 nM) with a hyperbolic fit. (Inset) Dependence of the fluorescent response
on tRNAPhe concentration in the low range (0–1 nM) for calculation of the limit of detection.
Data is the average of three independent experiments for 70-min incubation at 37°C, with error
bars representing one standard deviation.
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For the LOD calculation, a 70-min assay timewas chosen
as a compromise between a short assay time and high S/B
values. The LOD calculated according to the 3σ rule
(Skoog et al. 2018) was 16 and 284 pM for synthetic
DNAPhe target and natural tRNAPhe, respectively (Fig. 4B,
inset; Supplemental Fig. S5B). By increasing the assay’s
time and/or temperature, it is possible to further improve
the LOD. The 70-min LOD for tRNAPhe is about two orders
of magnitude lower than the previously reported LOD de-
termined for the in-stem MBP targeting a similar region of
the unmodified tRNA transcript (Miyoshi et al. 2019).

It is known that unmodified RNA transcripts can acquire
secondary and tertiary structures that closely resemble that
of mature tRNA (Byrne et al. 2010), but some base modifi-
cations can affect the thermal stability of the fully folded
RNA molecules (Serebrov et al. 1998; Helm 2006).
Therefore, to directly compare the two probes, we de-
signed a MBPPhe probe (Supplemental Table S1) targeting
the same region of yeast tRNAPhe as the sDz probes de-
scribed here. The MBPPhe demonstrated the LOD of 15.2
nM while interrogating the DNAPhe target, which is within
an order of magnitude from the LOD values reported for
MBPs (≈1 nM) (Kolpashchikov 2012). The slightly higher
higher LOD observed for DNAPhe was expected because
of the highly stable secondary structure of the target. At
the same time, there was no statistically significant re-
sponse of MBPPhe to tRNAPhe at up to 200 nM target con-
centration (Supplemental Fig. S6). Indeed, previous works
required tRNA concentrations in the high nM to µM range
to trigger the target dependent response (Li et al. 2017;
Miyoshi et al 2019).

Effect of 1-methyladenosine in tRNAPhe

The primary structure of yeast tRNAPhe contains 1-methyl-
adenosine (m1A) at position 58 (Fig. 3). This modification is
conserved in tRNA from different organisms and is known
to be important formaintaining tRNA tertiary structure (An-
derson and Droogmans 2005). Presence of the methyl
group at N1 of adenosine has been reported to cause
switching from the canonical Watson–Crick base-pairing
to T·m1A Hoogsteen base pair (Fig. 5A; Yang et al.
2008), which reduces the thermodynamic stability of the
B-DNA double helix (Yang and Lam 2009). At the same
time, formation of the A–UHoogsteen base pair is strongly
disfavored in A-RNA duplexes (Zhou et al. 2016). To shed
light on interactions between m1A58 of tRNAPhe and a
DNA-based hybridization probe sDz37Phe, we designed
a set of strands Dzb37.21N

Phe that differed in the nucleotide
(N) to pair with m1A58 (Supplemental Table S1). We then
compared the response of four sDz37Phe variants
(each containing the same Dza37.17Phe and different
Dzb37.21N

Phe) to the same concentration of tRNAPhe. While
all four probes efficiently interrogated the target with high
S/B, clear preference of the m1A-containing tRNA frag-

ment to interact with the T-containing sDz37Phe was ob-
served (Fig. 5B; P=0.05–0.09). These data deviate from
the stability trend T·m1A≈G·m1A<A·m1A<C·m1A ob-
served for DNA duplexes (Yang and Lam 2009). This dis-
crepancy may reflect different conformations of base-
pairing in B–DNA and tRNA–DNA hybrids. High signal ob-
served for all the sDz37Phe probes studied can be attribut-
ed to the long target-binding region of Dzb37.21N

Phe, which
can tolerate imperfections in tRNA–probe base-pairing.

Generality of the design and selectivity
of the sDz probe

To demonstrate that the same design principles can be ap-
plied to a sDz specific to another native structured RNA tar-
get, probe sDz3718S interrogating a 5′-terminal fragment
(nt 15–51) of S. cerevisiae 18S rRNA was designed
(Supplemental Fig. S7). The probe consisted of Dza37

18S

and Dzb37
18S (Supplemental Table S1), which shared the

sequences of the Dz core and Fsub-binding fragments
with the corresponding strands of sDz37Phe. Figure 5A
shows response of sDz3718S or sDz37Phe to the total RNA
preparation from S. cerevisiae and to purified tRNAPhe,
18S rRNA, or 26S rRNA. Each probe showed appreciable
response only in the presence of its cognate target or
the target-containing total RNA sample.

To demonstrate the selectivity of target recognition for
different tRNA species, the probe sDz37Ser targeting
another tRNA from S. cerevisiae—tRNASer(UGA) (Sup-
plemental Table S1)—was designed and initially character-
ized with the DNASer analyte, since isolated tRNASer is not
commercially available. The designed sDz37Ser probe
demonstrated an LOD of 29.7 pM and a linear dynamic
range of 10–500 pM DNASer (Supplemental Fig. S8).
Then, the response of both sDz37Ser and sDz37Phe to iso-
lated tRNAPhe or to a total transfer RNA sample obtained
from S. cerevisiae was analyzed (Fig. 6B). An S/B of 5.3 ±
0.8 was observed for sDz37Phe in the presence of tRNAPhe,

BA

FIGURE 5. Response of the sDzPhe probes differing in the nucleotide
pairing with m1A58 of tRNAPhe. (A) 1-Methyladenosine can form a
Hoogsteen base pair with thymidine (Yang et al. 2008). (B) Four
probes containing Dza37.17

Phe and one of the four Dzb37.21N
Phe (N cor-

responds to the nucleotide pairing with m1A and is indicated below
the correspondent bars of the graph) were incubated with 50 nM
tRNAPhe for 3 h. The data of five independent experiments were aver-
aged, with the error bars corresponding to one standard deviation.
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while sDz37Phe responded to the same tRNAPhe concentra-
tion with an S/B of 1.15±0.06, which is almost at the back-
ground level (S/B=1, denotedwith a dotted threshold line
in Fig. 6B). At the same time, the total tRNA sample trig-
gered high signal for both probes. The higher response
observed for sDz37Phe relative to sDz37Ser can result from
higher abundance of the tRNAPhe in the total tRNA prepa-
ration, as well as better sDz37Phe sensitivity (as can be seen
by comparing the LOD values obtained for the cognate
synthetic DNA targets). However, when the same amount
of total tRNAwas spiked with 50 nM tRNAPhe, a statistically
significant signal increase was observed for sDz37Phe but
not for sDz37Ser (Fig. 6B). Indeed, for the data sets with
sDz37Phe and sDz37Ser, P =0.009 and P=0.6, respectively,
sDz37 has shown to differentiate between tRNA targets.
Moreover, both sDz37Phe and sDz37Ser demonstrated ex-
cellent selectivity of DNA target recognition (Supplemen-
tal Fig. S9). Indeed, each probe exhibited high signal in
response to its specific DNA target in a concentration-de-
pendent manner, even at high concentration of the non-
specific target, no signal above the background was
observed. If taking into account that the sDzprobes interro-
gate their cognate DNA targets more efficiently than tRNA
(Supplemental Fig. S5A), selective DNA target recognition
ensures high selectivity of the probe with respect to tRNA.
Therefore, high affinity of the sDz probe to the target does
not compromise the probe’s selectivity, unlike that of state-
of-the-art hybridizationprobes (Demidov and Frank-Kame-
netskii 2004).
In the analysis of tRNA sequences, some applications

may require a hybridization probe to discriminate against
single mismatches in the tRNA structure. Indeed, single
mutations in mitochondrial and cytosolic tRNA have been
linked to pathogenesis (Florentz and Sissler 2001; Abbott
et al. 2014; Huang et al. 2018). To demonstrate such dis-

criminatory capabilities of sDz37, we
used the probe containing one of the
strandswith a single nucleotide substi-
tution at the position interacting with
C48 of tRNAPhe (strand Dza37.13C

Phe;
Supplemental Table S1). This probe
responded to tRNAPhe with an S/B of
only 1.4 ± 0.2, while the matched
sDz37Phe probe containing target-
complementary strand Dza37.13

Phe ex-
hibited an S/B of 5.4± 0.7 (Fig. 7). It
should be noted that some optimiza-
tion of the probe’s design was re-
quired for the signal of the mismatch
probe to be close to the background
level. Indeed, the used probe con-
tained the mismatched strand with a
short (13-nt) target-binding fragment.
Such optimization required lower
monetary investment than that for

MBP since this strand is a relatively short inexpensive un-
modified DNA oligomer.

Detection of tRNA in cellular lysates

Following characterization of the sDz37 probes targeting
two different tRNA and an rRNA from S. cerevisiae, we ex-
plored the use of the probes for a practical laboratory ap-
plication: detection of tRNA directly from cellular lysates.
Ideally, little to noworkup of the sample should be needed
to obtain a quantitative measure of a particular tRNA.
Here, we demonstrated that the probes can work with min-
imally processed yeast cells that underwent lysis by boil-
ing. For this purpose, S. cerevisiae cells were grown to
the beginning of stationary phase, and the cell culture
was then diluted with the liquid media to prepare samples
containing 10%–100% original cell culture. The samples
were then tested with both sDz37Phe and sDz37Ser probes

BA

FIGURE 6. Selective target recognition by sDz3718S, sDz37Phe, and sDz37Ser. (A) Response of
sDz37Phe (gray bars) and sDz3718S (white bars) to total RNA from S. cerevisiae (20.5 ng/µL), or
isolated yeast tRNAPhe (50 nM), 18S rRNA (18 nM), or 26S rRNA (26 nM). The probe sDz37Phe

contained strands Dza37.17
Phe and Dzb37.21

Phe. Higher S/B for sDz3718S in comparison to
sDz3718S reflects higher abundance of the probe’s cognate target in the total RNA sample.
(B) Response of sDz37Phe (gray bars) and sDz37Ser (white bars) to total transfer RNA from S. cer-
evisiae (100 ng/µL) with or without isolated tRNAPhe (50 nM) spiked, or to the isolated yeast
tRNAPhe (50 nM), as indicated below the bars. A threshold of S/B=1 is shown with a
dotted line.

FIGURE 7. Ability of sDz37 to differentiate single base mispairing
with tRNAPhe. tRNAPhe triggered response of two variants of
sDz37Phe containing the same Dzb37.21

Phe strand and either
Dza37.13

Phe or Dza37.13C
Phe strand (Supplemental Table S1), which con-

tained either G or C residue, respectively, in the position interacting
with C48 of tRNAPhe (indicated as C48-G or C48-C below the bars).
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(Fig. 8). It can be seen that the signal for both probes in-
creasedwith the amount of cells used in the assay (Fig. 8A).

We then confirmed the selectivity of the sDz probes
by spiking yeast cells with different concentrations of
tRNAPhe. In the case of sDz37Phe, the signal triggered by
10% cell lysate was similar to that in the presence of 10
nM tRNAPhe in the assay buffer (Fig. 8B, gray bars). Addi-
tion of 10 nM tRNAPhe to the cell lysate sample roughly
doubled the signal. An increase in the spiked tRNAPhe con-
centration resulted in correspondent increase of the
sDz37Phe signal. At the same time, the signal of the
sDz37Ser triggered by 10% cell lysate was not affected
much by the addition of increased concentrations of
tRNAPhe (Fig. 8B, compare last four bar sets). Therefore,
the high selectivity of the sDz probes is not compromised
by the presence of other components of such a complex
matrix as cellular lysates. We also demonstrated the feasi-
bility of sDz probes for tRNA level monitoring during cell
growth (Supplemental Fig. S10). Thus, the sDz assay can
be used to selectively monitor the levels of specific RNA
targets in the presence of other cellular components.

Conclusions

Here, we designed a multicomponent deoxyribozyme-
based hybridization probe that can efficiently interrogate
such highly structured and modified RNA targets as eu-
karyotic tRNA and rRNA. We demonstrated the ability of
the probe to detect low levels of tRNA (down to the subna-
nomolar range) and its high selectivity in recognition of its
specific tRNA target even in a complex medium, such as
cell lysate. Moreover, the ability of the multicomponent
probe to differentiate between single mispairing in the
tRNA–probe complexes was shown, which can be used
in the analysis of disease-associated tRNA mutations.
The probe can be used for monitoring specific RNA mole-
cules in cells in biomedical research and may find applica-
tion in molecular diagnostics.

MATERIALS AND METHODS

Materials

All chemicals were purchased from Fisher Scientific. Oligonucleo-
tides were purchased from IntegratedDNATechnologies. Fluoro-
genic reporter substrate (Fsub) was purchased from TriLink
BioTechnologies. Phenylalanine-specific tRNA from brewer’s
yeast, and Saccharomyces cerevisiae yeast cells were obtained
from Millipore Sigma.

Nucleic acid preparation

Oligonucleotides and yeast tRNAPhe were dissolved in RNase free
water, and their stock concentrations were determined based on
their absorbance at260nmusingextinction coefficients estimated
by OligoAnalyzer tool (Integrated DNA Technologies).

Probe design

tRNA sequences (Supplemental Table S1) were obtained from the
tRNA database (Universitat Leipzig, http://trnadb.bioinf.uni-
leipzig.de/). The probes were designed using minimal free ener-
gy values for target-binding regions of the probes and probe–tar-
get complexes predicted with the NUPACK software (www
.nupack.org). Initial probe design was done using a DNA se-
quence analog of the tRNA target. The canonical bases chosen
to replace the modified bases of tRNA can be seen in
Supplemental Table S2. Melting temperatures of the probe’s
fragments bond to their complementary sequences were predict-
ed by the OligoAnalyzer tool (https://www.idtdna.com/calc/
analyzer) under the optimized assay conditions.

Fluorescent assay with sDz probes

To a mixture containing Dza/Dzb (200 nM) and Fsub (200 nM) in
an assay buffer (50 mM HEPES (pH 8.0), 150 mM MgCl2, 20
mM KCl, 120 mM NaCl, 1% v/v DMSO), a target at varying con-
centrations (1–200 nM) was added, and the reaction mixture was
incubated at 37°C. For the experiments with yeast cells, a sam-

ple of lysed cells was mixed with the
equal volume of the assay buffer×2 con-
taining Dza/Dzb/Fsub (each at 200 nM) fol-
lowed by incubation at 37°C.
Fluorescence measurements were taken
using a Tecan M200Pro plate reader,
and excitation at 475 nm (9-nm slit) and
emission at 525 nm (20-nm slit). The
data analysis was performed with Excel.
The response of the probe was shown ei-
ther in relative fluorescent units (RFU) or
as signal-to-background ratio (S/B) calcu-
lated by dividing the RFU values for the
probe in the presence of the target by
that of the background (no-target blank).
Limit of detection (LOD) was determined
by dividing three standard deviations of
the average blank by the slope of the

BA

FIGURE 8. Response of the sDz probes to S. cerevisiae cell lysate. (A) Response of sDz37Phe

(circles) and sDz37Ser (squares) to different cell culture dilutions. (B) Response sDz37Phe (gray
bars) and sDz37Ser (white bars) to the 10% cell culture dilution spiked with different concentra-
tions of yeast tRNAPhe. The data is the average of three independent experiments, with error
bars as one standard deviation.
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best fit line of the RFU values plotted as a function of target
concentration.

Catalytic turnover

The samples containing Fsub (200 nM), strands Dza37.1
Phe and

Dzb37.2
Phe (200 nM each), and either tRNAPhe or DNAPhe (5–200

nM) were incubated in the assay buffer at 37°C for 70 min.
Fluorescence measurements were taken every 10 min using a
Tecan M200Pro plate reader, and excitation at 475 nm (9-nm
slit) and emission at 525 nm (20-nm slit). As a background, fluores-
cence of the sample in the absence of the target was used. The
percent and concentration of the cleaved Fsub was calculated by
dividing the fluorescence intensity of the target-containing sam-
ple after subtraction of the background at each target concentra-
tion at every time point by the maximal intensity for the sample
containing 200 nM target (single turnover conditions). To calcu-
late the number of cleavage reactions, it was assumed that each
target molecule triggers formation of the catalytic core by inter-
acting with Dza and Dzb. The calculated concentration of the
cleaved Fsub for each target concentration was divided by the tar-
get concentration to obtain the number of cleavage rounds. The
data of three experiments were analyzed independently, and the
calculated numbers were averaged with an error in the form of
one standard deviation. The observed rate constant for Fsub cleav-
agewas calculated as a slop of a linear trendline obtained by plot-
ting the number of cleavage rounds (turnovers) for the sample
containing 5 nM target (multiple-turnover condition) as a function
of time for the first 60 min or 40 min for tRNAPhe and DNAPhe tar-
gets, respectively.

Yeast cell growth and lysis

Freeze-dried yeast cells from Saccharomyces cerevisiae type II
(50–150 mg) were suspended in 10 mL of a liquid medium
(37 mM KH2PO4, 15 mM (NH4)2SO4, 3.3 mMMgSO4, 28 mM glu-
cose, and 0.1% w/v yeast extract) and incubated at 37°C with
constant shaking at 200 rpm for 24 h. A 1 mL-aliquot of the cell
culture was pelleted by centrifugation at 12,000 rpm for 5 min.
The liquid medium was decanted, and the cell pellet was resus-
pended in 1.0 mL of a lysis buffer (50 mM HEPES-NaOH [pH
8.0], 100 mM NaCl, 7.7% v/v glycerol). Absorbance at 600 nm
was measured prior to centrifugation and then after cell pellet re-
suspension in the lysis buffer. Serial dilutions of the cell suspen-
sion in the lysis buffer were performed to obtain the samples
containing 100%, 75%, 50%, 25%, and 10% of the stock cell sus-
pension. The prepared cell samples were then lysed by heating in
boiling water for 5 min (note: samples were usually frozen and
thawed prior to use, this may have contributed to further lysing).
The lysed samples were used directly in the fluorescent assay
(above) with no further purification.

Isolation of total RNA from S. cerevisiae

Isolation of total RNA from S. cerevisiae was carried out using a
one-step hot formamide extraction method reported by Pestov
and colleagues (Shedlovskiy et al. 2017). Specifically,
Saccharomyces cerevisiae cells were grown in the liquid medium

at 30°C with constant shaking at 200 rpm for 16 h. The cells
(OD600 =1.0) were harvested by centrifugation and resuspended
in 35 µL of FAE solution (98% formamide, 10 mM EDTA, pH 8.0).
the suspension was heated at 70°C for 10 min, briefly vortexed
and centrifuged at 14,800 rpm for 2 min. The RNA-containing su-
pernatant was transferred into a new tube, and RNA was ethanol
precipitated. The concentration of total yeast RNA was deter-
mined by measuring OD260.

Purification of yeast 18S and 26S rRNAs

Yeast total RNA was separated into 26S rRNA, 18S rRNA, and
small RNA fractions using 0.8% agarose gel electrophoresis.
The correspondent bands were excised from the gel, purified us-
ing the crash-and-soak method, and ethanol-precipitated. The
RNA pellets were dissolved in RNase-free water. The isolated
RNA samples were analyzed in 0.8% agarose gels, and their con-
centration was determined by comparing the intensities of the
correspondent bands with the intensities of the bands containing
RNA markers of similar size.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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