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Much attention has been paid to the design of RNA-binding
molecules capable of binding to non-coding RNAs that can
regulate gene expression.' This class of molecules have great
potential as drug candidates by modulating the expression of
genes related to various diseases.” In addition, the molecules
that show the fluorescence response upon binding to non-
coding RNAs have been useful probes for the analysis of non-
coding RNAs.*® For instance, the fluorescent intercalators
were shown to be useful for detection of small interfering RNAs
(siRNAs), typically 21-mer double-stranded RNAs (dsRNAs)
containing 3’-overhanging dinucleotides,® as well as the anal-
ysis of siRNA delivery into the cells by means of carriers.*® They
can provide simple and easy-to-use analysis for target siRNAs
with a view toward the development of siRNA therapeutics.

In this context, we have recently reported on new class of
peptide nucleic acid (PNA)-based fluorescent probes for siRNA
analysis.” PNA dinucleotide that can recognize 3'-overhanging
dinucleotide through Watson-Crick base pairing was conju-
gated with a fluorescent intercalator, thiazole orange (TO).®
Our probe thus targeted both 3’-overhanging nucleotides and
the dsRNA region near the overhangs of target siRNAs, which
is characteristic compared to other siRNA-binding fluorescent
probes that simply aim dsRNA region. The PNA-TO conjugate
was further attached with pyrene unit at C-termini for
enhancing the binding ability and selectivity to target siRNAs.
The resulting probe, Py-AA-TO, exhibited light-up response of
the TO unit upon selective binding to the target siRNAs con-
taining the overhanging nucleotides that are complementary
to the PNA units of the probes, which rendered it useful for
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We developed a new fluorescent peptide nucleic acid (PNA) probe, COT probe, capable of simultaneous
recognition of 3'-overhang and double stranded sequences of target small interfering RNA (siRNA).

selective detection of target siRNAs. Moreover, the use of Py-
AA-TO as an affinity-labeling agent for the siRNAs enabled
the selective visualization of siRNAs encapsulated in the
carriers in the living cells.” One of the key issues is to enhance
the binding ability of the probe for target siRNAs with a view
toward the goal of sensitive siRNA analytical assays suitable
for practical use.
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Fig. 1 (A) Schematic illustration of COT probe binding for simulta-
neous recognition of 3’-overhang and dsRNA sequences of target
siRNA. (B) Chemical structures of COT probe. (C) Target siRNA
sequence against red fluorescent protein gene (X = dT) used in this
study. The sequence that can be recognized by COT probe was
indicated by dots. We also showed the sequences of control siRNAs
having no overhangs (no overhang siRNA: X = none) or mismatched
overhanging nucleotides (mismatched siRNA: X = dA).
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In this work, we developed a new fluorescent PNA probe with
the improved binding affinity and selectivity for siRNAs, where
the probe can simultaneously recognize 3’-overhang and dsRNA
sequences near the overhang of target siRNAs (Fig. 1A). In case
of Py-AA-TO, TO unit linked with PNA dinucleotide was
designed to intercalate into the dsRNA region of target siRNAs,
which results in little selectivity to dsRNA sequence. Instead, we
explored triplex-forming PNAs (TFPs) as the dsRNA-binding
units so as to achieve sequence-selective recognition of dsRNA
region.” TFPs are fundamentally composed of homopyrimidine
PNA oligomers and can strongly and selectively form triplex
structures with the homopurine sequences of target dsRNA
tracts at acidic pH, by forming T (U)-A-U and C'-G-C base
triples through Hoogsteen base pairing (Fig. 1A). Besides the
sequence-selective recognition property, TFPs feature the strong
binding to target dsRNAs, where even 6-mer oligomers show the
dissociation constant (K4) less than 100 nM.° This affinity is
superior to against ds-nucleic acids (Kg = 1.0-10 uM)."* There-
fore, we expect that the integration of TFP as a dsRNA-binding
unit into siRNA-targeting probe enables to achieve stronger
affinity compared to Py-AA-TO as well as the sequence-selective
binding to dsRNA region of target siRNAs. Specifically, a TFP
possessing TO as a base surrogate was utilized in the probe
design. This class of TFPs named as triplex-forming forced
intercalation (tFIT) probes exhibit the significant light-up
response of the TO unit upon triplex formation with dsRNA
tracts, as demonstrated in our previous work.'" tFIT probes were
shown to be useful for analyzing dsRNA sequences at single-
base pair resolution. Here, such a tFIT probe was directly
attached to C-terminus of PNA dinucleotide capable of recog-
nition of 3’-overhang sequence of target siRNA. The resulting
probe which we call COT (combination of overhang recognition
and triplex formation) probe was discussed based on the
examination of the binding and fluorescence sensing of target
SiRNAs.

COT probe (H,N-aac(TO)cccte-Lys,-CONH,, Fig. 1B) was
designed for targeting siRNA sequence that can knockdown red
fluorescent protein (RFP) gene (Fig. 1C)."> Overhang recognition
unit (italic base) would recognize 3’-overhanging dTdT in the
antisense strand while tFIT unit (underlined base) would
recognize the purine-rich sequence of the sense strand. TO base
surrogate was placed so as to face the uracil nucleotide in
dsRNA region because it can function as a universal base that
non-discriminatorily binds to all four kinds of base pairs in the
triplex."* Furthermore, two lysine residues were introduced to
the C-terminus of the probe in order to increase the solubility as
well as the binding affinity to target siRNA through electrostatic
interaction.'® We also designed the control probe that lacks the
overhang recognition unit (H,N-c(TO)cccte-Lys,-CONHy;
Fig. S1f). These probes were manually synthesized by solid-
phase synthesis, purified by reverse phase HPLC, and charac-
terized by MALDI-TOF-MS (ESIt). Besides target siRNA, we
examined a control siRNA with noncognate dsRNA sequence
and 3'-overhanging dTdT (noncognate siRNA;* 5-CGU ACG
CGG AAU ACU UCG AdTdT-3'/3'-dTdTG CAU GCG CCU UAU
GAA GCU -5'). In addition, we used another control siRNAs
having fully-matched dsRNA sequence with no overhang (no
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overhang siRNA) or 3’-overhanging dAdA that was mismatched
with the overhang recognition unit of COT probe (mismatch
siRNA), as shown in Fig. 1C.

First, UV melting experiments were performed in order to
evaluate the binding of COT probe to target siRNA, in 10 mM
sodium acetate (pH 5.5) buffer solutions containing 100 mM
NaCl and 1.0 mM EDTA (Fig. S4t1). We monitored absorbance
change at 300 nm, where the triplex-duplex transition of tFIT
unit can be selectively detected.”*'* As the temperature
increased from 10 °C to 80 °C, the absorbance remarkably
decreased. This is most likely due to deprotonation of N3
protonated PNA cytosines (C") involved in Hoogsteen base pairs
with G-C (C"-G-C triplets) in the triplex structures. The melting
temperature (T,,) was obtained as 66 + 0.5 °C, which indicates
the tFIT unit can form a thermally stable triplex with dsRNA
region of target siRNA. Triplex formation is also supported by
the results of circular dichroism (CD) spectral change of target
siRNAs upon addition of the probe (Fig. S5T). We found the Ty,
value was significantly reduced for noncognate siRNA contain-
ing unrelated dsRNA sequence (AT, > 30 °C) whereas the
mismatches (mismatch siRNA) or deletion of 3’-overhang
sequence (no overhang siRNA) led to little influence on triplex
stability (Table S2+t). This result indicates that tFIT unit of COT
probe retains the sequence selectivity for dSRNA region of target
SiRNA.

Next, we examined the fluorescence response of COT probe
for target siRNA in pH 5.5 buffer at 25 °C (Fig. 2). In the absence
of target siRNA, the probe (100 nM) showed negligible fluores-
cence (Pgee < 0.01), because of non-radiative energy loss by free
rotation of the benzothiazole and quinoline rings in the TO base
surrogate.® The addition of the equimolar target siRNA caused
the remarkable light-up response of the TO unit, in which the
light-up factor (I/I,, where I and I, denote the fluorescence
intensities in the presence and absence of a target, respectively)
was more than 104-fold. The fluorescence quantum yield of
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Fig. 2 Fluorescence spectra of COT probe (100 nM) in the absence
and presence of siRNAs (100 nM) at pH 5.5. Inset: fluorescence titration
curve for the binding of COT probe (500 nM) to target siRNA (0-6.0
uM) at pH 5.5. Excitation: 509 nm. Analysis: 534 nm. Temperature,
25 °C.
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COT probe bound to target siRNA reaches 0.29. The light-up
property is almost comparable to those of tFIT probes for
dsRNA tracts.”? In contrast, almost no response was found at
pH 7.0 where cytosines are hardly protonated (Fig. S61). This is
consistent with that the COT probe binding involves triplex
formation of tFIT unit by Hoogsteen base pairing of C* with G.
Fluorescence titration experiments were carried out to estimate
the binding affinity of COT probe for target siRNA (inset of
Fig. 2). The resulting titration curve was well fitted by a 1: 1
binding isotherm, which gave the dissociation constant (Ky) of
340 + 43 nM (n = 3). Significantly, this affinity is one order of
magnitude larger than that of Py-AA-TO (Kq = 3.5 £ 0.40 pM).”™
It suggests that the use of tFIT unit as dsRNA-binding unit leads
to the improved binding affinity for target siRNAs.

Fluorescence response of COT probe was found to be very
sensitive to the overhang sequence as well as dsRNA sequence
of target siRNAs. As shown in Fig. 2, the light-up response is
much pronounced for target siRNAs over three kinds of control
siRNAs under the identical conditions. As for noncognate
siRNA, very small response can be attributed to little formation
of triplex structure at 25 °C (Table S27). On the other hand, it
was shown that both mismatch siRNA and no overhang siRNA
were able to form a thermally stable triplex with the probe
(Table S2+). Thus, we reasoned small response for these control
siRNAs resulted from high flexibility of the TO unit in the
resulting complexes.”* Considering that TO unit is located
close to the terminal of triplex-forming region, the intra-
molecular rotation of TO unit would be less restricted in the
complex between the probe with these siRNAs. Accordingly, the
fluorescence response of COT probe allows to discriminate not
only the overhanging sequence but also dsRNA sequence near
the overhang of target siRNAs.

The observed abilities of COT probe for target siRNA were
compared with those of control probe having no overhang
recognition units. While the control probe could form the
triplex structure (Table S2+), its light-up response upon binding
to siRNAs was very low (Fig. S7t). This can be attributed to
weaker binding affinity (kg = 2.3 £ 0.36 uM) as well as the
increased flexibility of the TO unit in the resulting triplex dis-
cussed above, due to the loss of overhang recognition. Also, we
found relatively large response for mismatch and no overhang
siRNAs whereas the response for noncognate siRNA was very
weak. This resulted in the reduced selectivity for target siRNA
over control siRNAs compared to COT probe. These results
indicate that the overhang recognition in COT probe is crucial
for high affinity and selectivity to overhang and dsRNA
sequences for target siRNAs.

In order to understand more details about COT probe
binding to target siRNAs, we characterized the binding kinetics
by stopped-flow experiments (Fig. 3). The absorbance change at
260 nm was monitored upon mixing COT probe with target
siRNA, which enables to estimate the association rate constant
(kon) by a nonlinear least-squares regression analysis."'“** We
then calculated the dissociation rate constant (k.g) by the
equation (koir = Kgq X kon), where we assume two-state binding
for the biomolecular complexes. The obtained kinetic parame-
ters were summarized in Table 1. k,, value was determined as
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Fig. 3 Stopped-flow kinetics trace for COT probe (3.0 uM) binding to
equimolar target siRNA at 25 °C. The fitting curve is the bold line, and
the corresponding residual plot is presented below the kinetics trace.

3.0 £ 0.31 x 10° M~ ' s ', which indicates COT probe binding
rapidly proceeds. It is noteworthy that this value is 5.7-fold
larger than that of control probe without overhang recognition
units (kon = 5.2 + 0.45 x 10° M~ ' s %; Fig. $8t). Meanwhile, ko
values were comparable (k.¢/s~'; COT probe, 1.0; control probe,
1.2). Therefore, the overhang recognition is highly likely to be
important for the rapid association for the binding to target
siRNA, which would be responsible for strong binding affinity of
COT probe over control probe.

Further kinetic analysis of COT probe provided the insights
into the binding pathway for target siRNA. We estimated the
dissociation constants and kinetic parameters for mismatched
and no overhang siRNAs (Fig. S9 and S107). It was clearly seen
that k., values were reduced for these controls siRNAs relative
to target siRNA whereas k¢ values were comparable. This again
points out that the binding preference for target siRNA over
control siRNAs was characterized by more rapid association due
to the overhang recognition. In addition, these results showed
that the dissociation of COT/siRNA complexes were insensitive
to overhang recognition (k¢ = 1.0-1.2 s~ ), as observed for that
of control probe without overhang recognition units (c¢f.
Fig. S8t). Therefore, it is highly likely that the dissociation of

Table1 Dissociation constants, and kinetic parameters for COT probe
binding to the various kinds of siRNA at 25 °C“

Target Mismatch No overhang
K4 [nM] 0.34 £ 0.043 2.1+ 0.17 1.0 + 0.12
kon [10° M 571 3.0 £0.31 0.53 + 0.055 1.1+ 0.11
o’ [s71] 1.0 £ 0.17 1.1+ 0.15 1.2 £ 0.18

“ Errors are standard deviations obtained from three independent
experiments. b ks values were calculated from kog = Ky X kon.
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triplex structure is rate-limiting in the binding event of COT
probe.

According to the principle of microscopic reversibility, the
reaction necessarily follows the same pathway in the forward
and reverse directions. Since both reactions pass through
a common intermediate, the rate-limiting step is the same.'®
Thus, the rate-limiting step of the association reaction would be
triplex formation in this system. Taken together with the ob-
tained binding kinetics, we could propose the association
mechanism for COT probe with target siRNA. Here, it should be
recalled that k,, values are highly correlated with the 3’-over-
hang sequence of target siRNA (Table 1). If the first associative
step involves rate-limiting triplex formation with dsRNA region
near the overhang of target siRNAs, we should observe the k,,
values that correlated only with the sequence of dsRNA region,
not overhang sequence. Therefore, we reasoned that overhang
recognition first occurred and subsequently, tFIT unit formed
triplex with dsRNA region for COT probe binding to target
siRNA. This is quite characteristic compared to triplex tethered
oligonucleotide probes (TOPs)" which simultaneously bind to
one single-stranded RNA and one dsRNA region of target RNA
structures by Watson-Crick and Hoogsteen base-pairing,
respectively, similar to the present probe design. In case of
a triplex TOPs having 8-mer ssRNA-binding unit and 12-mer
dsRNA-binding unit, it was shown that duplex formation was
rate-limiting and preceded triplex formation.” The observed
difference in the kinetic nature would partly result from the
length of single-stranded RNA region that can be recognized by
Watson-Crick base-pairing between our probe and triplex
TOPs.

In summary, we described useful binding and fluorescence
sensing abilities of COT probe that was developed based on the
combination of overhang recognition and triplex formation for
target siRNA. To the best of our knowledge, this is the first
report on fluorescent probes capable of simultaneous discrim-
ination of the overhanging sequence as well as dsRNA sequence
near the overhang of target siRNAs. COT probe displayed the
improved binding affinity and selectively to target siRNAs
compared to Py-AA-TO that was previously developed in our
group (Table S371). Thus, this class of COT probes can find
various analytical applications, such as in vitro siRNA detection
and quantification,* with a view toward the implementation of
siRNA therapeutics. In this context, as has been demonstrated
for TOPs," the introduction of the spacer linking the overhang
recognition unit and tFIT unit is a possible approach for further
enhancement of the binding abilities for target siRNAs, where
the spacer should be carefully designed (Fig. S11). Meanwhile,
we observed the light-up response of COT probe for single-
stranded RNAs in addition to target siRNA due to possible
duplex formation under the present condition (Fig. S127). Thus,
the selectivity to target siRNA over single-stranded RNAs should
be improved for the practical use, for which the connection of
TO base surrogate through the propyl spacer would be useful, as
shown in our previous study.” It should be noted that the
present COT probe can work only at acidic pH because the
protonation of cytosine is required for effective triplex forma-
tion. Therefore, the incorporation of cytosine nucleotide
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analogues such as thio-pseudoisocytosine®® in place of cytosine
would be useful for the probe design which achieved the
binding ability at neutrality toward in vivo applications. We are
now undertaking further studies in these directions.
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