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Abstract

Split spinach aptamer (SSA) probes for fluorescent analysis of nucleic acids were designed and
tested. In SSA design, two RNA or RNA/DNA strands hybridized to a specific nucleic acid
analyte and formed a binding site for DFHBI dye, which was accompanied by up to 270-fold
increase in fluorescence. The major advantage of the SSA probe over state-of-the art fluorescent
probes is high selectivity: it produces only the background fluorescence in the presence of single
base mismatched analyte even at room temperature. SSA is a promising tool for label-free analysis
of nucleic acids at ambient temperatures.
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Hybridization probes that fluoresce upon binding to specific nucleic acid sequences
(instantaneous probes) have attracted significant attention due to the possibility of immediate
detection of specific nucleic acids in mix-and-read format i. e. without the need for time-
consuming and effort-intensive downstream analysis (e.g. by electrophoresis).[!] Practically
significant representatives of such probes include adjacent hybridization probes,[?] molecular
beacon (MB) probes,[3] and their variations.[3¢ 4] Special emphasis is given to the
development of the probes that enable RNA detection in live cells.[>] Such probes should
operate under physiological conditions (pH, salt concentration, temperature) and should be
selective enough to fluoresce only in the presence of specific RNA. Here, we report on new
fluorescent probes that operate in the mix-and-read format. The major advantages of the
probes are (i) label-free design and (ii) high selectivity of DNA and RNA recognition under
physiological conditions.

The probes were designed based on the recently isolated spinach aptamer, [l an RNA
molecule with the affinity to a low-fluorescent dye 3,5-difluoro-4-hydroxybenzylidene
imidazolinone (DFHBI, Fig. 1). Binding of DFHBI to the aptamer increases its
fluorescence.[®] To design the split spinach aptamer (SSA) probes, we divided the structure
of spinach aptamer into two parts (SSA_f and SSA_m) and linked each part with an analyte-
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binding arm, a fragment complementary to DNA or RNA analyte (dashed lines in Fig. 1A).
Splitting of the dye-binding core of the aptamer prevented DFHBI from binding, and the
fluorescence of the dye remained low, when no nucleic acid analyte was present.
Hybridization of strands SSA_fand SSA_m to the adjacent fragments of the analyte
stabilized the DFHBI -binding site, thus resulting in tighter binding of the dye to the
aptameric core, which was accompanied by the increase in fluoresce (Fig. 1A bottom).

Two types of probes were designed: SSA" and SSDY. SSA' consisted entirely of
ribonucleotides. To enable greater conformational flexibility, diuridylate (UU) linker was
used to attach the analyte-binding arm of strand m to the aptamer half-core (Fig. 1A). The
linker was crucial to prevent the interference between the hybridization of the strand to the
analyte and the correct formation of the aptamer’s DFHBI binding pocket (see examples of
less successful SSA designs in supporting materials, Fig. S1-S3). SSA' can potentially be
expressed in live cells and used for imaging of specific mMRNAs.[5] On the other hand, for /in
vitro RNA/DNA analysis, DNA probes are preferable due to greater chemical stability, lower
synthetic cost and reduced ability to form intramolecular structures. Therefore, in our SSAd
design the analyte-binding arms were made of deoxyribonucleotides, and connected to the
aptameric portion of SSAY_m via triethylene glycol linker. In this proof-of-concept study,
we targeted a fragment of /nAA gene from Mycobacterium tuberculosis (Mth), which
contains point mutation associated with Mtb resistance to one of the key drug of tuberculosis
treatment — isoniazid. In this work, a C->T mutation was targeted using the following DNA
and RNA analytes: matched DNA analyte A4, (5’-GCG GCA TGG GTA TGG GCC ACT
GAC A C A ACA CAA GGA C) and a single-base mismatched A9ym (5°-GCG GCA TGG
GTA TGG GCC ACT GAC AT A ACA CAA GGA C), as well as their RNA counterparts
A'mand ATy

Emission spectra of SSA probes recorded in the absence or presence of the fully matched
analytes demonstrated turn-on ratio (Fon/Foff) Up to 270 and 76 for SSAT and SSAY probes,
respectively (Fig. 1B,C), which exceeds that of the instantaneous probes currently used for
nucleic acid analysis.[2: 3¢ 7] Importantly, the increase in fluorescence was observed
immediately after addition of analytes (Fig. 2A). Both SSAY and SSA™ demonstrated limits
of detection (LODs) in the low nanomolar range: 1.8 nM for SSA'/A",,, 5.3 nM for
SSAY/AT ., or 1.5 nM SSAY/AY,, (Figs. 2B and S4). These LODs fall in the range of that
reported for a typical MB probe.[3¢] Further we demonstrated that SSA probes are highly
selective and can differentiate single base substituted analytes even at room temperature.
Indeed, no fluorescence above the background was observed when fully matched analyte
was replaced with a single based mismatched one (Fig. 3 A and B). The high selectivity of
the analyte recognition can be visually monitored upon light irradiation of the samples (Fig.
3C). This high selectivity of SSA" was preserved at 37°C (Fig. S5), which might be
important for future application of the probe for RNA monitoring in live cells. Overall, the
performance of SSA probes is comparable with currently used state-of-the-art practically
useful MB probes in terms of LOD, but SSA probes have better turn-on ratios and selectivity
at ambient temperatures.[3¢]

Split (binary) hybridization probes have attracted significant attention due to their high
selectivity in recognition of nucleic acids at ambient temperatures,[2: 7- 81 which otherwise is
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difficult to achieve. In split probe design, one of the analyte-binding arms can be short (7-9
nucleotides in this study, see SI for more details) to form stable hybrid only with a perfectly
matched sequence, while the entire recognition site remains long (e.g. 28 nucleotides in this
study). Earlier, we introduced the strategy of split aptameric probes for nucleic acid
recognition by designing split malachite green (MGA) aptamer probe.[8a] The probe was
proven to be a versatile tool of RNA nanotechnology and synthetic biology.[®] The
disadvantages of split MGA probe was low fluorescence intensity and strong
photobleaching, which limited its practical applications. Spinach aptamer isolated by Paige
et al.[6] has attracted significant attention both as a tool for fluorescent monitoring of
endogenous RNA in live cells[*%] and as a sensor platform for detection of biological
molecules and metal ions in vitro.[11] Self-reconstituting split spinach aptamer constructs
were designed recently for fluorescent monitoring of RNA assembly, functional imaging of
viral genome trafficking and for monitoring of ribozyme activity.[*2] However, these
constracts did not operate as missmatch-selective sensors for nucleic acid analysis.
Additionally, structural swithching spinach aptamer-based monolith sensors were developed
for the detection of RNA and DNA.[23] However, long RNA probes have a disadvntage of
misfolding in non-fuctional structure, which can be as much as 80% in case of spinach
apatamer,[4] and lead to low (ca. 5) turn-on ratio.[138] They may also respond slowly[132]
due to the time required for structural switch between the two energetically close RNA
conformations. Even though spinach molecular beacon has been shown to diffrentiate
several specific single nucleotide substitutions,[*32] in general, structural switching
constructs are shown to poorly differentiate single base mismatches.[*>] Moreover, long
RNA structure-switching sensors requier tedious optimization and are expesive commersial
products. Finally, structural swithcing spinach construct was able to detect only about 25 nM
analytes even when sophisticated amplification stratages are implemented.[13c]

In this work, we took advantage of the recently published X-ray structure of spinach
aptamer,[16] which reviled actual folding of spinach aptamer and localized the G- quadruplex
-based binding site for DHFBI. Our prior attempts to design SSA based on predicted
secondary structurel8] were unsuccessful. Practically important features of SSA probes are
the following. (i) High selectivity at ambient temperatures. (ii) Mix-and-read reporting
format with up to 270-fold turn-on ratios, which is better than that of other mix-and-read
probes including adjacent(?! and MB probes.[3! (iii) LOD in low nanamolar range, which is
about one order of magnitude better than that for structure switching spinach sensors.[130]
(iv) Label-free design: there is no need for conjugation of oligonucleotides with a
fluorophore or quencher dye, which eliminates the need for purification of SSA strands prior
to usage (note that all SSA_fand SSA_m stands used in this study were only desaulted after
solid-phase synthesis, see Table S1). (v) It is easy to tailor SSA probes for recognition of
each new analyte by simple change of the analyte-binding arms. (vi) Finally, being short,
RNA or RNA/DNA strands, SSA components can be convinently obtained from industrial
suppliers of custom-made nucleic acids.

In conclusion, we have designed two label-free fuorescent probes for nucleic acid analysis.
The probes demmostrate supperior performance in comparison with relevant atate-of-the art
probes. The probes can be custom-designed and purchased as synthetic products, which
makes them affordable by any laboratory. The applicability of SSA for in vivo detection of
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single nucleotide differences in RNA or in PCR products are the subjects of the follow up
studies.

Experimental Section

All oligonucleotides were purchased from Integrated DNA Technologies, Inc. (Coralville,
IA). DNAse/RNAse free water was purchased from Fisher Scientific and used for all assays.
DFHBI was purchased from Lucerna, Inc. (New York, NY). All experiments were done at
room temperature (22.5°C) or at 37°C in a buffer containing 10 mM Tris-HCI (pH 7.4) 100
mM KCI, 5 mM MgCl,. The fluorescent spectra were taken on a Fluorescence Spectrometer
LS55 (PerkinElmer). The emission was registered at 500 nm upon excitation at 450 nm. The
data were processed using MS Excel. The data of at least 3 independent experiments are
included in the calculation of average values and standard deviations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
General design and fluorescent response of the split spinach aptamer (SSA) probe and the

fluorescent reposed of SSA" and SSAU probes. A) Two strands, SSA_m and SSA_f
hybridize to a specific DNA or RNA analyte and re-form a binding site for DFHBI organic
dye. Binding of the dye by the aptamer results in fluorescent increase. Dashed lines
represent analyte-binding arms, which were DNA in SSAY or RNA in SSA'. Dotted line is
either diuridylate (UU) linker for SSA' or triethylene glycol for SSAY (see Fig. S1 for
detailed design). B) Fluorescent response of SSA"_m (2.6 pM), SSA'_f (3.6 uM) and
DFHBI dye (1 uM) in the absence or presence of fully matched analyte A" (1.38 uM).
Emission spectrum (Agx = 450 nm) were recorded after 90 min of incubation. C) Fluorescent
response of SSAY m (2 uM), SSAY_f (3.6 uM) and DFHBI dye (2 pM) in the absence or
presence of fully matched DNA analyte Apy,@ (5.5 uM). Emission spectrum (Aey = 450 nm)
were recorded after 30 min of incubation.
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Kinetics and limit of detection (LOD) of the SSA probes. A) Time dependence of
fluorescent response of SSA" and RNA analytes (left) and SSAY and DNA analytes (right).
The apparent difference in signal-to-noise ratio in comparison with Figure 1 B and C is due
to the different analyte concentrations. Reaction mixtures contained: 1 pM DFHBI, 2.6 pM
SSA"_mand 3.6 uM SSA"_f, 275 nM RNA analytes; or 2 uM DFHBI, 2 uM SSAY m and
3.6 uM SSAY f, 275 nM DNA analytes. B) Limits of detection (LOD) for SSA" and SSAY
after 30 min of incubation. Averaged data from three independent experiments with standard

deviations are presented.
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Figure 3.
Selectivity of the SSA probes. A) Fluorescence response of SSA; in the presence of 100 nM

of either matched (A',y,) or single base mismatched (A" m) RNA analytes. B) Fluorescence
response of SSAY in the presence of 100 nM of either matched (A9, or single base
mismatched (A9,m) DNA analytes. The data are average values of 3 independent
experiments with standard deviations. C) Photograph of the SSAY samples from panel B
upon excitation with transilluminator. The controls samples were as follows: DFHBI,
DFHBI dye only; SAA, DFHBI dye, SSA_m, and SSA_f (no analyte). The concentrations
were as specified in Figure 2 legend.
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