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ABSTRACT

Mutations in ribosomal RNA (rRNA) have traditionally been detected by the primer extension assay, which is a tedious and
multistage procedure. Here, we describe a simple and straightforward fluorescence assay based on binary deoxyribozyme
(BiDz) sensors. The assay uses two short DNA oligonucleotides that hybridize specifically to adjacent fragments of rRNA, one
of which contains a mutation site. This hybridization results in the formation of a deoxyribozyme catalytic core that produces
the fluorescent signal and amplifies it due to multiple rounds of catalytic action. This assay enables us to expedite semi-
quantification of mutant rRNA content in cell cultures starting from whole cells, which provides information useful for
optimization of culture preparation prior to ribosome isolation. The method requires less than a microliter of a standard
Escherichia coli cell culture and decreases analysis time from several days (for primer extension assay) to 1.5 h with hands-on
time of ∼10 min. It is sensitive to single-nucleotide mutations. The new assay simplifies the preliminary analysis of RNA
samples and cells in molecular biology and cloning experiments and is promising in other applications where fast detection/
quantification of specific RNA is required.
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INTRODUCTION

In the last 20 years, molecular reengineering of ribosomal
RNA (rRNA) has been widely used for understanding the
mechanisms of protein synthesis and translation regulation
(O’Connor and Dahlberg 1993, 1996; Gregory et al. 1994;
Spahn et al. 1996; Bocchetta et al. 1998; O’Connor et al.
2001; Thompson et al. 2001; Cochella and Green 2004;
Sergiev et al. 2005; Hirabayashi et al. 2006; Walker et al.
2008; Persaud et al. 2010; Burakovsky et al. 2011). The meth-
od usually requires introducing a mutated region in the
ribosomal operon inserted into a plasmid under a strong in-
ducible promoter. Subsequent expression of the mutated op-
eron in Escherichia coli results in the synthesis of a mutated
ribosomal protein or rRNA, which allows study of effects
of the mutation on protein synthesis and/or translation reg-
ulation. To eliminate the effect of wild-type ribosomes, an E.
coli strain with all 7 chromosomal rRNA operons inactivated
(Δ7 prrn) was created (Asai et al. 1999). This strain is useful
for the study of mutant ribosomes that support cell growth

(Vila-Sanjurjo et al. 1999; Sergiev et al. 2000; Thompson
et al. 2001), but inadequate for the investigation of the
most interesting lethal mutations. Studying lethal mutations
in rRNA requires coexpression of wild-type and modified
ribosomes in cells followed by isolation of the modified ribo-
somes (Leonov et al. 2003; Youngman et al. 2004; Youngman
and Green 2005). This is a useful but work-intensive ap-
proach that requires addition of a genetic tagging in rRNA
followed by affinity purification. In many cases, however, iso-
lation of pure modified ribosomes is not required. Hence,
each preparation of the transformed culture needs to be char-
acterized in terms of the content of the modified ribosomes.
For this purpose, the primer extension method has been used
traditionally (Sigmund et al. 1988). This method consists
of multiple steps including isolation of ribosomal particles,
rRNA extraction, reverse transcription of the RNA template
using a labeled primer, and electrophoretic analysis of prim-
er elongation products. The method cannot be used for
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monitoring the appearance of mutant ribosomes or mutant
rRNAs in bacterial culture before time-consuming prepara-
tion of ribosomal particles and rRNA extraction. Overall, it
is a work-intensive and time-consuming procedure requiring
2–3 d to complete. Finally, although fluorescently labeled
primers can be used (Ying et al. 2007), radioactive (32P) label-
ing is still more popular due to its greater sensitivity. The
need for the use of the environmentally and health unfriendly
radioactive label in the primer adds to the time and hazard
of the assay. Here we describe a simple, cost-efficient method
for quantification of mutant rRNA in cell cultures, which
takes advantage of recent developments in catalytic DNA
and sensor design. The advantages of the assay over the prim-
er extension method include shorter time (1.5 h total with
hands-on time of ∼10 min), reduced effort, the possibility
for use directly with cultured cells without RNA isolation,
low detection limits (requirement of only minute amounts
of bacterial culture), and low reagent cost.
Deoxyribozymes (Dz) are artificial catalytic DNA mole-

cules (Emilsson and Breaker 2002) that are used as sensors
for metal ions (Lan and Lu 2012), proteins (Stojanovic et
al. 2000), small biological molecules (Liu et al. 2009), and
nucleic acids (Stojanovic et al. 2001; Kolpashchikov 2007,
2010; Mokany et al. 2010; Gerasimova and Kolpashchikov
2013a; Gerasimova et al. 2010, 2013; Sando et al. 2013;
Zagorovsky and Chan 2013). Here, we take advantage of bi-
nary deoxyribozyme (BiDz) fluorescent sensors (Kolpashchi-
kov 2007; Gerasimova et al. 2010; Mokany et al. 2010) to
replace the tedious primer extension assay for E. coli rRNA
analysis. The assay uses two DNA strands—Dza and Dzb—
acting cooperatively (Fig. 1). Each of the strands contains
a partial sequence of the Dz catalytic core, a reporter sub-
strate-binding arm, and a fragment complementary to the
analyzed RNA target (analyte-binding arm). The reporter
substrate is double-labeled with a fluorophore and a quench-
er at the opposite sides of the cleavage site. The fluorescence
of the intact substrate is low due to the quenching of the fluo-
rescence of fluorophore by closely situated quencher moiety.

In the presence of the specific 23S rRNA sequence, Dza and
Dzb hybridize to the target re-forming the catalytic core.
This core catalyzes cleavage of the reporter substrate produc-
ing enhanced fluorescence, which results from spatial separa-
tion of the fluorophore from the quencher. Multiple cleavage
reactions result in the accumulation of fluorescent signal over
time, thus improving the limit of detection (LOD). Strand
Dza is complementary to the mutated region, so it hybridizes
only to the fully complementary analyte. The length of the
analyte-binding arm and the concentration of Dza are adjust-
ed to ensure high selectivity of the assay. It is important to
note that due to the binary character, the BiDz approach
demonstrates particularly high selectivity for the differentia-
tion of analytes with as little as single-nucleotide differences
(Kolpashchikov 2007, 2010; Gerasimova et al. 2010; Mokany
et al. 2010).

RESULTS

Engineering mutant 23S rRNA

Previously, Dedkova et al. (2012) have shown that reengi-
neering the 23S rRNA gene in rrnB operon in the positions
2057–2063 can support the erythromycin resistance of E.
coli cultures possessing mutant phenotype of plasmid-borne
ribosomes. Eight mutant variants were described. One of
them, having the 7-nt substitution 2057AGCGUGA2063,
was selected as a target analyte in this study. We constructed
two plasmids: pEC23M-04 with the above-mentioned muta-
tion in the 23S rRNA gene, and pEC23M-wt carrying the
wild-type 23S rRNA gene. Both genes were under the control
of a T7 promoter. The sequence of the mutant 23S rRNA
gene inserted in the plasmid was confirmed by DNA se-
quencing (data not shown).

Design of binary deoxyribozyme (BiDz) sensors

A concept of binary (split) deoxyribozyme sensors has been
introduced by us (Kolpashchikov 2007; Gerasimova et al.
2010) and independently by Todd and colleagues (Mokany
et al. 2010). Binary probes demonstrate excellent selectivity,
being capable of differentiating even single-base substitutions
in DNA and RNA analytes (Kolpashchikov 2010). Here, we
used binary deoxyribozyme (BiDz) sensors based on split
10–23 deoxyribozyme introduced originally by Mokany
et al. (2010) and used by us recently for detection of E. coli
cells (Gerasimova and Kolpashchikov 2013a) and analysis
of Mycobacterium tuberculosis RNA (Gerasimova et al.
2013). The sequences of Dza, Dzb, and the reporter substrate
used in this study are listed in Table 1.
Three BiDz sensors targeting two different fragments of E.

coli 23S rRNAwere designed (Table 1). The sensor BiDz0 was
complementary to both wild-type (wt) and mutant (m04)
23S rRNA outside the mutation site (positions 451–500 of
E. coli 23S rRNA, Fig. 2A). It served as a control allowing

FIGURE 1. Principle of the BiDz assay. TwoDNA strands, Dza andDzb,
hybridize to the abutting positions of RNA analyte and form a catalytic
core that cleaves a fluorophore- and a quencher-labeled reporter sub-
strate. Fluorescence increases due to the spatial separation of the fluoro-
phore from the quencher upon the substrate cleavage.
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quantification of both wt andm04 23S rRNA sequences. Two
other sensors, BiDz-wt and BiDz-m04, targeted the mutation
site (positions 2050–2098 of E. coli 23S rRNA, Fig. 2B). These
sensors shared the same strand Dzb. Strand Dza-wt was com-

plementary to wt 23S rRNA sequence, while strand Dza-04
was complementary to a fragment of 23S rRNA containing
the 7-nt substitution (bold sequence in Table 1). The ana-
lyte-binding arm of Dza was designed short enough to

TABLE 1. Names and sequences of the oligonucleotides used in this study

Name Sequence

Mut-pr-04 5′-GTA CCC GCG GCA AGA CGA GCG TGA CCC GTG AAC CTT TAC TAT AG
Ext-pr 5′-GTC AAG CTA TAG TAA AGG TTC A
Reporter 5′-AAG GTTFAM TCC TCg uCC CTG GGC A-BHQ1
Dza-wt 5′-TGC CCA GGG A GGCTAGCT CAC GGG GTC TTT CCG TCT TGC
Dza-m04 5′-TGC CCA GGG A GGCTAGCT CAC GGG TCA CGC TCG TCT TGC
Dza-0 5′-TGC CCA GGG A GGCTAGCT GCC TTT CCC TCA CGG TAC TGG TTC A
Dza-wt(15) 5′-TGC CCA GGG A GGCTAGCT CAC GGG GTC TTT CCG
Dza-SNS(15) 5′-TGC CCA GGG A GGCTAGCT CAC GGG GTC TCT CCG
Dzb 5′-TGT TCA GTG TCA AGC TAT AGT AAA GGT T ACAACGA GAGGAAACCTT
Dzb-0 5′-CAC TCC CCT CGC CGG GGT TCT TTT C ACAACGA GAGGAAACCTT
wt analyte 5′-GCA AGA CGG AAA GAC CCC GTG AAC CTT TAC TAT AGC TTG ACA
SNS analyte 5′-GCA AGA CGG AGA GAC CCC GTG AAC CTT TAC TAT AGC TTG ACA

Nucleotides corresponding (in the primer) or complementary (in the Dza strands) to the mutated fragment are shown in bold. The single-nucle-
otide substitution (SNS) site in both the Dza strands and the synthetic wt and SNS analytes are shown in bold as well. Nucleotides constituting
the catalytic core of 10–23 deoxyribozymes are shown in italics. Nucleotides of the Dz strands that are complimentary to the reporter are un-
derlined. Ribonucleotides are in lowercase. (FAM) 6-carboxyfluorescein, (BHQ1) Black Hole quencher 1.

FIGURE 2. Secondary structure model of E. coli 23S rRNA (Noller et al. 1981) with indicated fragments targeted by BiDz0 or BiDz-wt. (A) Domains
I–III. (B) Domains IV–VI.
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form stable hybrid only with the specific target, thus enabling
high selectivity of 23S rRNA recognition.

Characterization of the BiDz sensors

Initially, the BiDz sensors were characterized using wt or m04
23S rRNA obtained by in vitro transcription. It was demon-
strated that all three sensors responded to the presence of
the specific RNA analyte in a concentration-dependent man-
ner (Fig. 3). The linear relation between the fluorescent signal
and the 23S rRNA concentration was observed in the range of
0–100 pM (Fig. 3B, inset). The LOD for the sensors calculated
as 3σ/slope was found to be in the range of 2–7 pM. These
values are in accordance with the LOD found previously for
other BiDz sensors (Gerasimova and Kolpashchikov 2013a;
Gerasimova et al. 2010, 2013). The linear slope for BiDz0
was greater than that for BiDz-m04 (the slope ratio was
4.38). It can be attributed to the fact that the BiDz0-targeting
region of 23S rRNA is a part of mostly single-stranded region
(Fig. 2A), while the RNA region complementary to BiDz-m04
is involved in a stable stem–loop structure (Fig. 2B;Noller et al.
1981). At the same time, BiDz0 produced a similar response
in the presence of the same amounts of either wt or m04 23S
rRNA transcript (cf. BiDz0 curves in Fig. 3A,B). The fluores-
cence at the background level was observed for the probes
targeting the mutated region in the presence of nonspecific
23S rRNA transcript (e.g., BiDz-m04 sensor in the presence
of 23S rRNA-wt, Fig. 3A). This is consistent with the high
selectivity of the BiDz sensors reported earlier (Kolpash-
chikov 2007, 2010; Mokany et al. 2010; Gerasimova and
Kolpashchikov 2013a; Gerasimova et al. 2010, 2013).

Selectivity of the BiDz sensors

The mutated 23S rRNA used in this work contained a 7-nt
substitution. At the same time, for studying the structure-
function relationship of endogenous RNA molecules using
mutagenesis, a single mutation may need to be introduced
into the RNA sequence. In this case, to detect the mutated
nucleic acids even in the presence of the wild-type sequences,
the sensor should have selectivity that ensures reliable dif-
ferentiation between the two sequences differing in one
nucleotide. Splitting the functional roles between several
components of the BiDz sensor allows fine tuning of the sen-
sor’s characteristics, including selectivity. For example, to
make the BiDz sensor more selective, it was required to
shorten the analyte-binding arm of one of the Dz strands
from 21 to 15 nucleotides (nt), since the BiDz sensor with
long analyte-binding arms could not reliably discriminate
the perfectly complementary analyte from the analyte con-
taining a single mismatch (data not shown). To demonstrate
the excellent differentiating power of the BiDz sensors, we de-
signed a strand Dza-wt(15) targeting the same region of E. coli
23S rRNA-wt, but with a shorter (15 nt) analyte-binding
arm. Another truncated Dza strand—Dza-SNS(15)—was de-
signed to contain a single-nucleotide substitution C instead
of T complementary to A2059 of 23S rRNA (Table 1). The
selectivity of the truncated BiDz sensors was tested using syn-
thetic oligonucleotide analytes mimicking the targeted frag-
ment of E. coli 23S rRNA-wt (positions 2050–2098). It was
shown that for both BiDz-wt(15) and BiDz-SNS(15), the
high fluorescent signal was observed only in the presence of
the correspondent fully complementary analyte (wt analyte
and SNS analyte, respectively), while the analyte forming a
single-base mismatch with the sensor triggers the signal close
to the background (Fig. 4). When E. coli 23S rRNA obtained
by in vitro transcription was used as an analyte, it was de-
tected only by the BiDz-wt(15), whereas the signal of the
BiDz-SNS(15) was at the background level (Fig. 4). The
high selectivity of the assay was also observed when BiDz
sensors were used with E. coli cell lysate. The cells containing
only wt sequence of 23S rRNA triggered the high signal only
in the presence of BiDz-wt(15). At the same time, if synthetic
SNS analyte was spiked in the same amount of wt E. coli cells,
the high fluorescent signal was generated with both BiDz-wt
(15) and BiDz-SNS(15) (Fig. 4, last two bars).Therefore, the
BiDz sensors can be used to analyze nucleic acid sequences
differing in a single nucleotide.

BiDz assay enables accurate quantification
of mutant RNA

The accuracy of the BiDz assay for estimation of the level of
mutated 23S rRNA in the total pool of 23S rRNAs was com-
pared with a state-of-the-art method—the primer extension
assay. 23S rRNA transcripts containing wt and m04 sequenc-
es were mixed to produce samples containing 0%–100% 23S

FIGURE 3. Fluorescent response of the sensors BiDz0, BiDz-wt, or
BiDz-m04 in the presence of different concentrations (0–800 pM) of
in vitro 23S rRNA transcripts. (A) Wild-type RNA transcript (23S
rRNA-wt) and (B) mutant m04 RNA transcript (23S rRNA-04).
(Inset) Enlarged linear fragments of the curves in B. BiDz sensors
were incubated with the transcripts for 1 h at 54°C.
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rRNA-04. For the BiDz assay, the total concentration of 23S
rRNA in the sample was 40 pM, which ensured a fluorescence
response in the linear range. Themixtures were analyzed with
BiDz0 and BiDz-m04 sensors (Fig. 5A). It was observed that
BiDz0 produced a similar fluorescence response for all the
mixtures, thus proving that all analyzed samples contained
the same concentration of 23S rRNA (Fig. 5A, open circles).
At the same time, the response of BiDz-m04 increased line-
arly as the percentage of 23S rRNA-04 increased (Fig. 5A,
filled circles). We concluded that the BiDz assay can be
used for quantification of mixtures containing both mutated
and wt rRNA.

The percentage of the mutant 23S rRNA in the samples
was determined using the calibration curve (Fig. 3B, inset)
as (ΔFbiDz-m04/ΔFbiDz0) × k × 100%, where ΔFbiDz0 and
ΔFbiDz-m04 are fluorescence responses of BiDz0 and
BiDz-m04, respectively; k = 4.38 is the slope ratio for the
correspondent sensors. In parallel, the same mixtures were
analyzed by the primer extension method (Fig. 5B). The
quantitative results for both methods are summarized in
Table 2. The values obtained by the BiDz assay correlate
well with those for the primer extension assay.

Detection of 23S rRNA using E. coli cells

Relying on the high selectivity of binary sensors, we used the
BiDz assay with crude cell lysates without isolating target
RNAs. We tested serial dilutions of a standard nontrans-
formed E. coli cell culture (OD600 of 1–1.2) to demonstrate
the performance of all three BiDz sensors. The cells were pel-
leted and resuspended in the reaction buffer containing the
corresponding BiDz sensor, and then the mixtures were
boiled in the presence of Dza and Dzb strands to ensure cell
lysis and liberation of the RNA targets. Next, the reporter
substrate was added, and the samples were incubated for 1
h at 54°C. The fluorescence response of the sensors BiDz0

and BiDz-wt increased with increased cell number (Fig. 6,
dark gray and striped bars, respectively) reaching saturation
when 2 × 108 cells/mL or more were used (data not shown).
At the same time, the response of BiDz-m04 to nonspecific
wt cells was close to the background (Fig. 6, white bars).
To demonstrate the applicability of the BiDz sensors in cell

cultures with a mixture of wt and mutant rRNAs, we pre-
pared samples of wt E. coli cells containing different fractions
of the cells transformed with pEC23M04 plasmid. To prepare
the samples, nontransformed E. coli cell cultures and cell cul-
tures transformed with pEC23M04 were grown to OD600 of
∼1, and then both cell cultures were 50-fold diluted with me-
dium. The diluted cultures were mixed in 0:10, 2:8, 4:6, 6:4,
8:2, or 10:0 ratios to obtain samples of wild-type E. coli cul-
ture containing 0%, 20%, 40%, 60%, 80%, or 100% of the
cell culture transformed with pEC23M04, respectively. The
samples were analyzed using the BiDz assay. The fluorescent
response of the universal BiDz0 sensor was similar for all
samples (Fig. 7A, open circles), thus proving that all samples
contained about the same amount of 23S rRNA. As expected,
the fluorescence intensity of BiDz-m04 increased with in-
creasing percentage of the transformed cells with maximum
fluorescence triggered by the sample containing 100% of
transformed cells (Fig. 7A, filled circles).

Comparison of the rRNA quantification results
of BiDz and primer extension assays

To verify the validity of the assay described in this study, we
compared it with a state-of-the-art primer extension assay.

FIGURE 4. Selectivity of BiDz sensors. Fluorescence intensity of BiDz-
wt(15) (dark gray bars) or BiDz-SNS(15) (light gray bars) in the pres-
ence of either synthetic oligonucleotide analytes (wt analyte or SNS an-
alyte) (200 pM), 23S rRNA-wt (250 pM), wt E. coli cells or cells spiked
with synthetic SNS analyte (200 pM). Blank sample contained no ana-
lyte. The results for three independent experiments were averaged; the
errors are given as standard deviations.

FIGURE 5. Quantification of 23S rRNA-04 in the mixtures of wt and
m04 23S rRNA transcripts. (A) BiDz assay using either BiDz0 (open cir-
cles) or BiDz-m04 (filled circles) sensors. All samples contained 40 pM
total 23S rRNAwith different fractions of m04 RNA transcript. The val-
ues on y-axis represent fluorescence normalized by either the averaged
fluorescence for all samples (for BiDz-wt) or maximum fluorescence
(for BiDz-m04) achieved in the presence of 100% 23S rRNA-m04.
(B) Primer extension assay. The samples contained the same fractions
of m04 RNA transcript as in A.
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The same E. coli culture transformed with pEC23M04 plas-
mid was analyzed by both the BiDz and the primer extension
assays. For the primer extension assay, the total RNA fraction
obtained from the transformed culture was used, while total
RNA from nontransformed E. coli served as a negative con-
trol (Fig. 7B). It was calculated that the transformed culture
contained 49 ± 4% of the mutated ribosomes. For the BiDz
assay, both BiDz0 and BiDz-m04 sensors were used to cal-
culate the amount of total and mutated 23S rRNA in the cul-
ture. Based on three independent experiments using the BiDz
assay, the same cell culture was determined to contain 60 ±
3% mutated ribosomes.

DISCUSSION

The primer extension assay is a commonly used strategy
for determining the copy number of mutant rRNA genes
(Sigmund et al. 1988). The general procedure includes frac-
tionation of cell lysates through sucrose gradients; extraction
of rRNA from the corresponding gradient fractions; exten-
sion of a primer complementary to the mutated region using
the isolated rRNA template; separation of the extension
products using gel electrophoresis; and, finally, quantifica-
tion of the intensity of bands corresponding to extension pro-
ducts from the mutant and wild-type templates. This multi-
stage procedure can take up to three working days, thus mak-
ing it impossible to use this method for express analysis of
transformed cell cultures. To speed up the mutational analy-
sis of ribosomes and avoid the need to work blindly with
the transformed cell cultures, a simpler and faster method
for quantitative analysis of specific ribosome mutants in bac-
terial cultures is of great interest as it is highly desirable to
know the percentage of mutated ribosomes before time-
and labor-consuming isolation of functional ribosomes for
in vitro experiments.
Here we described a rapid alternative to the primer ex-

tension assay—the BiDz assay. The BiDz assay allows quan-
tification of mutant rRNA in cell lysates in ∼1.5 h with

hands-on time of <10 min. The assay consists of the fol-
lowing stages: (i) E. coli cells pelleted from 100 μL of a stan-
dard culture (OD600 1–1.2) diluted 50- to 200-fold are
incubated with sensor strands Dza and Dzb for 5 min at
95°C; (ii) the reporter substrate is added, followed by incuba-
tion for 1 h at 54°C; and (iii) fluorescent signal is measured
using a standard fluorometer. Overall, the procedure takes
<90 min.
The new technique takes advantage of recent develop-

ments in the field of functional DNA biochemistry, namely,
binary deoxyribozyme sensors (Kolpashchikov 2007, 2010;
Mokany et al. 2010; Gerasimova and Kolpashchikov 2013a;
Gerasimova et al. 2010, 2013). The BiDz sensors developed
in this work recognize the targeted rRNA sequence with
high selectivity and a detection limit of ∼2–7 pM. Taking
into account typical ribosome content in an E. coli cell
(Cox 2003), this amount of rRNA corresponds to ∼40,000
cells, or less than a microliter of a typical E. coli cell culture.
The BiDz assay does not require additional stages for cell ly-
sis, since the cell content becomes available for hybridization
with the sensor strands during thermal rupture of the bacte-
rial cells. The sensor components include two unmodified
DNA strands recognizing the target, and a fluorophore-
and quencher-labeled oligonucleotide reporter.
Remarkably, separation of the recognition and reporting
functions of the sensor between its components minimizes
the assay expense while synthesizing and optimizing the sen-
sor for each new target (or mutation in the target). Indeed,
only two new unmodified DNA oligonucleotides (Dz
strands) are required for each new analyte, while the expen-
sive double-labeled reporter is universal and can be used for
analysis of any mutation by the BiDz assay.
In this study, the BiDz assay was used to selectively detect a

fragment containing a 7-nt substitution in the presence of
the wild-type sequence. At the same time, the high selectivity
of the split approach (Kolpashchikov 2010) allows the analy-
sis of sequences differing in as little as single-nucleotide
substitutions (SNSs), even if the targeted fragment is involved
in the formation of stable stem–loop structures. For exam-
ple, using a split probe, we differentiated between stem–loop

TABLE 2. Level of the mutated 23S rRNA in the mixtures of wild-
type and mutated transcripts

Mixed, %

Calculateda, %

Primer extension BiDz assay

0 3 ± 3 0.3 ± 0.3
20 22 ± 3 19 ± 1
40 39 ± 3 41 ± 3
60 61 ± 3 64 ± 8
80 79 ± 3 87 ± 12
100 98 ± 2 92 ± 9

aThe data are the average value of three independent experiments.

FIGURE 6. Normalized fluorescence intensity of BiDz0 (dark gray
bars), BiDz-wt (striped bars), or BiDz-m04 (white bars) in the presence
of nontransformed E. coli cells (6.25 × 106 or 2.5 × 107 cells/mL).
For BiDz0 and BiDz-wt, the fluorescence values were normalized by
the maximum fluorescence of the corresponding sensor achieved at
saturation (in the presence of 2 × 108 cells/mL). For BiDz-m04, the fluo-
rescence values were normalized by the fluorescence of BiDz-wt at
saturation.
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folded analytes containing single- and double-nucleotide sub-
stitutions in a stable stem structure (Nguyen et al. 2011;
Gerasimova and Kolpashchikov 2013b). To achieve this, the
sensor is designed with one analyte-binding arm short enough
to form a stable duplex only with the perfectly matched RNA
sequence. At the same time, the second Dz strand is made
long enough to help unwind the RNA secondary structure
and enable high binding affinity of the sensor to the analyzed
nucleic acid. In this study, we used the same rational to fine-
tune the BiDz sensor targeting E. coli 23S rRNA so as to enable
differentiation between rRNA analytes differing in one nucle-
otide. By shortening the analyte-binding arm of only one Dz
strand, we demonstrated that the target rRNA could be recog-
nized only by the sensor perfectly complementary to the tar-
geted RNA fragment. Importantly, it was achieved without
changing the assay conditions (same buffers, same tempera-
ture, and same concentrations of the sensor’s components).
Therefore, due to dividing the functions of the sensor between
its different components, it is possible to fine-tune the sensor’s
characteristics to the desired performance depending on the
task.

The accuracy of the BiDz assay for determining the copy
number of the mutated rRNA genes was compared with
a state-of-the-art primer extension assay. There was no stat-
istically significant difference when the two methods were
applied for the analysis of RNA transcripts (Table 2). How-
ever, when the BiDz assay was applied in cell lysates without
isolation of rRNA targets, the fraction of mutant ribosomes

was statistically higher (60 ± 3%) than that determined by
the primer extension assay (49 ± 4%). This difference can
be explained by easier liberation of mutant rRNA from cells
upon cell lysis than of wt rRNA, since introduction of 23S
rRNA mutation may affect correct ribosome assembly to fa-
vor formation of partially assembled mutant ribosomes.
At the same time, the observed difference in the values be-
tween the two methods is acceptable for a rapid semi-quan-
titative analysis of mutant ribosomes in bacterial cultures,
at least at the screening stage. The BiDz assay can also be
easily adapted for screening rRNA mutation-based antibiot-
ic-resistant bacterial isolates and, therefore, can serve as
an alternative to the more cumbersome primer extension as-
say currently used for this purpose (Farrell et al. 2003). Final-
ly, we hope that the proposed method will prove useful in
other applications that require rapid analysis of specific
RNAs in cells, such as quantification of mRNA in hyper-pro-
ducing cells.
Among all currently available mix-and-read fluorescent

probes (Kolpashchikov 2010), including molecular beacon
(MB) probes (Tyagi and Kramer 1996; Kolpashchikov
2012) and enzyme-assisted target recycling techniques (Ger-
asimova and Kolpashchikov 2014) such as TaqMan probe,
BiDZ assay is the most promising to use on cells because
of the following characteristics: (i) Unlike the MB probe
(Gerasimova and Kolpashchikov 2013b), the reporter (fluo-
rogenic substrate) produces minimal background signal
when mixed with cell lysate components; (ii) it is more sen-
sitive than the MB probe due to catalytic amplification of
the fluorescent signal; and (iii) the BiDz assay does not re-
quire perishable protein enzymes, which makes it robust
and cost-efficient.

MATERIALS AND METHODS

Site-directed mutagenesis of 23S rRNA genes

Mutagenesis was carried out using a modified Quik-ChangeTN
site-directed mutagenesis kit protocol (Dedkova et al. 2006) with
the use of a plasmid pEC23M (Nitta et al. 1998) carrying the
wild-type 23S rRNA gene, and the primers complementary to the
nucleotides 2041–2084 and containing the mutated sequence
AGCGTGA (pEC23M-04) instead of GAAAGAC of the wild-type
gene.

The mutagenesis primer Mut-pr-04 (Table 1) was phosphorylat-
ed at its 5′ end with T4 polynucleotide kinase as follows. The primer
(100–200 pmol) in 70 mM Tris-HCl, pH 7.6, 10 mMMgCl2, 5 mM
DTT, and 1 mM ATP was incubated with 10 units of T4 polynucle-
otide kinase for 1 h at 37°C. The PCR reaction was carried out in a
50 µL reaction mixture, containing 300 ng of template, 14 pmol of
primer, 10 nmol of dNTPs, 2.5 units of Pfu polymerase, and 20 units
of Taq DNA ligase in 35 mM Tris-HCl pH 8.0, containing 12 mM
potassium acetate, 5 mM DTT, 0.05% Triton X-100, 0.05 mM
EDTA. The terminal cycler was programmed as follows: preincuba-
tion 95°C for 2 min, 18 cycles at 95°C for 1 min, 53°C for 1 min, and
65°C for 24 min. Then samples were incubated for 7 min at 75°C

FIGURE 7. Level of the mutated 23S rRNA in E. coli cells transformed
with pEC23M04 plasmid. (A) Normalized fluorescence intensity of ei-
ther BiDz0 (open circles) or BiDz-m04 (filled circles) sensor in the pres-
ence of mixtures of E. coli cells containing a different amount of the cells
transformed with pEC23M04 plasmid. The fluorescence values were
normalized by either the averaged fluorescence for all samples (for
BiDz-wt) or maximum fluorescence (for BiDz-m04) achieved in the
presence of 100% transformed cell cultures. (B) Gel electrophoretic
analysis of the products of primer extension assay. (TC) Transformed
cells, (NC) nontransformed E. coli cells used as a control.
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and cooled to room temperature, followed by addition of 1 µL of
restriction endonucleaseDpnI fromDiplococcus pneumoniae and in-
cubation of the mixture for 1 h at 37°C. Then 0.5 µL of Pfu polymer-
ase was added, and the samples were subjected to denaturation for
1 min at 95°C, followed by three cycles at 95°C for 1 min, 45°C
for 1 min, and 70°C for 24 min.
Control samples (no enzymes) were processed using the same

procedure. All samples were precipitated by addition of 0.1 volumes
of 3 M sodium acetate, pH 5.0, and 3 V of 100% ethanol, then in-
cubated for 20 min at −20°C, centrifuged (15,000g, 20 min, 4°C),
washed with 70% EtOH, air dried, and solubilized in 6 µL of deion-
ized water. Five microliters of each sample was transformed in
DH5α competent cells (efficiency was ∼107 cfu/µg).

Bacterial transformation

Frozen competent cells were thawed in ice for 15 min, and then
placed in prechilled on ice centrifuge tubes (50 µL per tube). The
samples after PCR mutagenesis (5 µL) were added to the competent
cells, carefully mixed and incubated for 30 min on ice, then shocked
for 50 sec at 42°C and again incubated for ∼5 min on ice. After add-
ing 450 µL of Luria-Bertani (LB) broth medium, the samples were
incubated for 60 min at 37°C with shacking. Then 50 µL of each
sample was mixed with 450 µL of LB and placed on LB agar supple-
mented with ampicillin (100 µg/mL). The agar plates were incubat-
ed overnight at 37°C. Plasmids from single clones (five to eight per
mutated sample) obtained were isolated and sequenced.

Preparation of 23S rRNA transcripts

To obtain wild-type and mutant E. coli 23S rRNA transcripts, line-
arized plasmids pEC23M-wt or pEC23M-04 having the corres-
ponding gene under control of a T7 promoter were used as a
template. The plasmids were linearized with either BamHI or PstI
(1 h at 37°C). The linear product was analyzed by 1% agarose gel
electrophoresis, treated with phenol-chloroform-isoamyl alcohol
mixture, pH 8.0, and precipitated by the addition of 0.1 volume
of 3 M sodium acetate, pH 5.0, and 3 volumes of 100% ethanol,
incubated 20 min at −20°C, centrifuged (15,000g, 20 min, 4°C),
washed with 70% ethanol, air dried, and solubilized in 100 µL of de-
ionized water.
Transcription of the 23S RNA gene using the linearized plasmids

as templates was performed according to AmpliScribe T7 transcrip-
tion kit protocol in a 100-µL reactionmixture. The reaction was per-
formed for 6 h at 37°C. The products of transcription were treated
with 5 µL of RNase-free DNase (included in the kit) for 30 min at
37°C, then 5 µL of 0.5 M EDTA was added, and the mixture was in-
cubated for 10 min at 65°C. The samples were mixed with 575 µL of
deionized water and 75 µL of 3 M sodium acetate, pH 5.0, and the
rRNA transcript was extracted with an equal volume (750 µL) of
phenol-chloroform (1:1), pH 5.0. The extraction procedure was re-
peated twice. The final product was precipitated by adding 2.5 vol-
umes of cold 100% ethanol, incubated 20 min at−20°C, centrifuged
(15,000g, 20 min, 4°C), washed by 70% ethanol, air dried, and dis-
solved in 100 µL of deionized water. Concentration of the transcripts
has been determined based on their absorbance at 260 nm and ver-
ified on a 1% agarose gel by comparison of the transcript band in-
tensity with that of a similar length fragment of an RNA ladder.

Preparation of BL-21 (DE-3) E. coli cultures, carrying
plasmids pEC23M-wt or pEC23M-04

To prepare cells with overexpression of 23S rRNA transcripts, BL21
(DE-3) E. coli competent cells suitable for working with bacterio-
phage T7 promoter-based expression systems were transformed
with pEC23M-wt or pET23M-04 plasmids. A single colony from a
corresponding agar plate after transformation was transferred into
3 mL of LB medium, supplemented with ampicillin (100 µg/mL)
and IPTG (0.5 mM). IPTG was required to activate the lac operon
and to allow T7 RNA polymerase expression. Cultures were grown
at 37°C until ∼1 OD 600 and directly used for assay. In parallel, the
concentration of cells in both cultures was determined using dilu-
tion assay. Aliquots (0.5 mL) of eight 10-fold serial dilution (from
107 to 1015) were put on LB agar plates, supplemented with ampicil-
lin (100 µg/mL), incubated overnight at 37°C, and the number of
colonies was estimated. As a control, a cell culture was prepared in
the absence of IPTG, thus preventing synthesis of 23S rRNA from
the plasmid-borne gene.

Fluorescent assay

The reactionmixture (60 µL) containing 15 nMDza, 15 nMDzb, and
calibration or test samples containing a defined amount of 23S rRNA
in a reaction buffer (50 mMHEPES, pH 7.4, 50 mMMgCl2, 20 mM
KCl, 120mMNaCl, 0.03%Triton X-100) was incubated for 5min at
95°C, followed by addition of 200 nM reporter and incubation of the
mixture for 1 h at 54°C. When the assay was performed with cell ly-
sates, the cells were first pelleted by centrifugation and resuspended
in the reaction buffer containing Dza and Dzb. The samples were
heated for 5 min at 95°C to enable cell lysis, centrifuged to pellet
the cell debris, the supernatant was transferred to a clean tube before
adding the reporter to minimize the background, and then incubat-
ed for 1 h at 54°C. Fluorescence intensity of the samples was mea-
sured at 517 nm following excitation at 485 nm.
To calculate the amount of total and mutated 23S rRNA in cell

cultures, calibration curves for fluorescence response of the sensors
BiDz0 and BiDz-m04 in the presence of 0–100 pM mutant (m04)
23S rRNA obtained by in vitro transcription were used.

Primer extension assay

The assay was performed with a primer Ext-p (Table 1) complemen-
tary to a fragment (nt 2069–2090) of 23S rRNA. The primer (10
pmol) was 32P-labeled at its 5′-end according to a standard protocol.
Superscript III reverse transcriptase from Invitrogen was used for
primer extension. All reactions were carried out in 20-μL volume.
Prior to extension, 0.4 pmol of the primer was annealed with
∼120 ng of the mixture of wild-type and mutant 23S rRNA tran-
scripts. The ratio of wild-type to mutant rRNA was varied from
0% to 100%. Annealing was done in 10 µL of 1× first-strand buffer
by heating the mixtures to 95°C for 2 min and slowly cooling to
55°C. After that, 10 µL of themixture containing 100 units of reverse
transcriptase and dCTP, dGTP, dTTP, and ddATP (to a final con-
centration of 0.5 mM each) were added to the annealed samples.
An extension reaction was carried out for 1 h at 55°C. After that,
reverse transcriptase was heat inactivated (70°C, 5 min), and 3 µL
of each sample was mixed with 7 µL of formamide loading buffer,
heated for 4 min at 95°C, and analyzed by 12% PAA-7M urea
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gel electrophoresis followed by 32P quantification in bands using a
phosphorimager.
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